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SUMMARY

The f i r s t  p a r t  o f  t h i s  t h e s i s  d e a l s  w i t h  some 

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

w i t h  p a r t i c u l a r  e m p h a s i s  on t h o s e  t e c h n i q u e s  employed 

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

on m e t a l  n i t r a t e  co m p lex e s  i s  t h e n  b r i e f l y  r e v i e w e d  

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

t e n  m e t a l - n i t r a t o  co m p lex es  w i t h  h e t e r o c y c l i c  am in es  

a r e  d e s c r i b e d .  The l a t t e r  r e s u l t s  a r e  d i s c u s s e d  i n  

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

Many p h y s i c a l  t e c h n i q u e s  h a v e  been  u s e d  i n  a t t e m p t s  

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

c o m p l e x e s .  I n  p a r t i c u l a r ,  s p e c t r o s c o p i c  e v i d e n c e  

s u g g e s t e d  t h a t  co m p lex es  o f  f o r m u l a  g [A -~

a m in e ,  M = C o ( l l ) ,  N i ( I l ) ,  C u ( l l )  and  Z n ( l l ) ]  h a v e  

s t r u c t u r e s  s i m i l a r  t o  CofMe^POjgCNO^^* i . e .  s i x -  

c o o r d i n a t e  w i t h  c i s - b i d e n t a t e  n i t r a t e  g r o u p s .  However ,  

t h e  s t r u c t u r e  a n a l y s e s  now r e p o r t e d  o f  some b i s - p y r i d i n e  

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

s t e r e o c h e m i s t r y .

The co m p lex ,  [ C u ( p y ) 2 (N0 ^ ) 2 1 2 (p«y) (VJ = p y r i d i n e ) ,  

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

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

c o n t r a s t ,  Z n C p y ^C N O ^)£ h a s  a  m onom er ic ,  t e t r a h e d r a l  

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

I t  d i d  n o t  p r o v e  p o s s i b l e  t o  i s o l a t e  t h e  a n h y d r o u s
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b i 3 - p y r i d i n e  c o m p le x e s  o f  c o b a l t ( I l )  and n i c k e l ( l l )  

n i t r a t e s  b u t  one o f  t h e  h y d r a t e s ,  N i ( p y ) 2 (N0 ^ ) 2 (H20 ) 2 , 

was e x a m in e d .  In  t h i s ,  t h e  n i c k e l  h a s  a  f a i r l y  

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

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

i n t e r m o l e c u l a r  h y d r o g e n  bonds  w i t h  c o o r d i n a t e d  w a t e r  

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

t o  t h e  s t a b i l i t y  o f  t h i s  c o m p le x .

T h e re  h a v e  been  c o n f l i c t i n g  r e p o r t s  on t h e  s t e r e o 

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

M (p y ) 3 (N05 ) 2 [M = C o ( I I ) ,  N i ( I I ) ,  C u ( l l ) ,  Z n ( I l )  and  

C d ( l l )  ] • T h ese  h a v e  b een  r e s o l v e d  by f o u r  s e p a r a t e  

X - r a y  s t r u c t u r e  d e t e r m i n a t i o n s  w h ich  a l l  r e v e a l  d i s t o r t e d  

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

c o m p le x e s  [M = C o ( I l ) ,  C u ( I l )  and  Z n ( I I ) ]  may be 

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

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

e a c h  c a s e .  I n  t h e  s e r i e s  e x a m in e d ,  t h e  a sym m etry  o f  

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

C o ( I l )  ■<! Z n ( l l )  ^  C u ( l l ) .  The an o m a lo u s  p o s i t i o n  o f  

C u (p y )^ (X C ^ ) 2 i n  t h i s  s e r i e s  i s  e x p l i c a b l e  i n  t e r m s  o f  

a  s t a t i c  J a h n - T e l l e r  e f f e c t .

The d e t a i l e d  mode o f  n i t r a t o - c o o r d i n a t i o n  i s  

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

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

t o  i n v e s t i g a t e  t h e  e f f e c t  on t h e  n i t r a t e  g e o m e t r y  o f  

l i g a n d s  h a v i n g  g r e a t e r  s t e r i c  r e q u i r e m e n t s  t h a n  p y r i d i n e .
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C u ( a ~ p i c ) 2 (NO^)p ( a - p i c  = 2- m e t h y l  p y r i d i n e )  was 

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

Co(Me^PO) ^(NO^) 2 * However ,  t h e  X - r a y  a n a l y s i s  h a s  

shown t h a t  t h e  m o l e c u l a r  g e o m e t r y  i s  v e r y  s i m i l a r  t o  

[ CuCpyj^CNO^)^ ] 2 (P y )  a l t h o u g h  one  o f  t h e  a x i a l  s i t e s  

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

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

I n  a  s i n g l e - c r y s t a l  e . s . r .  and  e l e c t r o n i c  s p e c t r a l  s t u d y  

o f  t h i s  com plex  by P r o f e s s o r  B . J .  H a thaw ay ,  a  s e c o n d  

c r y s t a l l i n e  fo rm  was d i s c o v e r e d .  S u b s e q u e n t  s t r u c t u r a l  

e x a m i n a t i o n  h a s  r e v e a l e d  t h a t  t h e  two fo rm s  e x h i b i t  an 

a l m o s t  u n i q u e  t y p e  o f  p o ly m o rp h i s m  w i t h  v i r t u a l l y  

i d e n t i c a l  m o l e c u l a r  s t r u c t u r e s  an d  u n i t  c e l l s ,  b u t  

d i f f e r e n t  c r y s t a l  p a c k i n g .

The co m p lex ,  C d C q u i n ^ C N O ^ ^  ( q u i n  = q u i n o l i n e )  

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

s i m i l a r  t o  t h a t  o f  C d ( p y ) ^ (H O ^ ) 2 . I n t e r m o l e c u l a r  

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

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

t h a t  i s  i n v o l v e d  i n  c o n t r a s t  t o  t h e  t e r m i n a l  oxygen 

u t i l i s e d  i n  N i C p y ^ C N O ^ ^ C ^ O ^ .  r ^ e  n i t r a t e  g r o u p s  

a r e  b i d e n t a t e  r e f l e c t i n g  t h e  s i z e  o f  t h e  C d ( I I )  

c o o r d i n a t i o n  s h e l l  i n  c o m p a r i s o n  w i t h  N i ( I I ) .
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CHAPTER 1

Some A s p e c t s  o f  C r y s t a l - S t r u c t u r e  A n a l y s i s

1 , 1 . 1 .  HISTORICAL

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

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

"by Hooke,  H uygens ,  S t e n s e n  ( S t e r n o ) ,  G u g l i e l m i n i  and  

D e l i s l e  and  o t h e r  w o r k e r s  o f  t h i s  p e r i o d ,  who w ere  a b l e  

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

b a s e d  on a  s t u d y  o f  t h e  e x t e r n a l  fo rm  o f  c r y s t a l s .

I n  1784,  Hauy d i s c o v e r e d  t h e  f u n d a m e n t a l  l a w  o f  

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

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

p o s s i b l e  u n i t ,  a  ‘m o l e c u l e  i n t ^ g r a n t e * .  B r a v a i s  

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

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

t y p e s  o f  s p a c e  l a t t i c e  a r e  p o s s i b l e .  The 230 s p a c e  

g r o u p s  w ere  l a t e r  d e r i v e d  by F e d e r o v  and S c h o e n f l i e s  i n  

1 8 9 0 .

A l l  o f  t h i s  e a r l y  work  p r o c e e d e d  w i t h o u t  

a n y  means o f  e x a m i n i n g  c r y s t a l s  on an a t o m i c  s c a l e .  The 

m eans  w ere  p r o v i d e d  by t h e  d i s c o v e r y  o f  X - r a y s  by R d n tg en  

( i n  1895)  and  by von L a u e ' s  f i r s t  X - r a y  d i f f r a c t i o n  

e x p e r i m e n t  i n  1912.  The d e t e r m i n a t i o n  o f  t h e  f i r s t  

c r y s t a l  s t r u c t u r e s  o f  some a l k a l i - m e t a l  h a l i d e s  by Bragg 

i m m e d i a t e l y  f o l l o w e d ,  sh o w in g  t h a t  t h e  e x a c t  l o c a t i o n s  o f
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a to m s  i n  c r y s t a l s  c o u l d  be m e a s u r e d .  At f i r s t ,  t h e s e  

d e t e r m i n a t i o n s  were  l i m i t e d  t o  i n o r g a n i c  compounds i n  

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

m e th o d s  o f  a n a l y s i s  and  t h e  a d v e n t  o f  h i g h - s p e e d  

e l e c t r o n i c  c o m p u te r s  h a s  l e d  t o  t h e  e l u c i d a t i o n  o f
(11many h i g h l y - c o m p l e x  c r y s t a l  s t r u c t u r e s  s u c h  a s  p r o t e i n s  v ' .

1 . 1 . 2 .  THE DIFFRACTION OF X-RAYS BY CRYSTALS

A p e r f e c t  c r y s t a l  may be c o n s i d e r e d  a s  a 

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

a t o m s .  T h i s  a r r a y  i s  known a s  t h e  c r y s t a l  l a t t i c e , 

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

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

d e t e r m i n e s  t h e  c o n d i t i o n s  f o r  t h e  d i f f r a c t i o n  o f  X - r a y s  

b y  a  c r y s t a l .

The d i f f r a c t i o n  o f  X - r a y s  by c r y s t a l s  was
( 2 )d i s c o v e r e d  by von Laue i n  1912 , who was a b l e  t o  show

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

d i f f r a c t i o n  f rom  a  t h r e e - d i m e n s i o n a l  g r a t i n g  ( i . e .  t h e

c r y s t a l  l a t t i c e ) .  However ,  t h e  e q u a t i o n s  d e r i v e d  by

von  Laue w ere  n o t  i n  a  s u i t a b l e  m a t h e m a t i c a l  fo rm  f o r

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

n o t  f u l l y  u t i l i s e d  u n t i l  W.L. B rag g  n o t i c e d  t h e  s i m i l a r i t y

o f  d i f f r a c t i o n  t o  r e f l e c t i o n  and was a b l e  t o  d e r i v e  a

s i m p l e  e q u a t i o n  by t r e a t i n g  X - r a y  d i f f r a c t i o n  a s
(3  )’ r e f l e c t i o n 1 f rom  p l a n e s  i n  t h e  l a t t i c e  v . B r a g g 1s
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l a w , 2d s i n  0 = nA (w h ere  0 = a n g l e  o f  i n c i d e n t  and 

r e f l e c t e d  r a y s  f rom a c r y s t a l  p l a n e ,  d = i n t e r p l a n a r  

s p a c i n g ,  A = w a v e l e n g t h  o f  r a d i a t i o n  u s e d  and n = i n t e g e r ) ,  

p l a c e s  von L a u e ! s t r e a t m e n t  on a  p h y s i c a l  b a s i s  and h a s  

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

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

B r a g g 1s l a w  may be c o n s i d e r e d  more 

c o n v e n i e n t l y  i n  t h e  f o rm ,  s i n  0  = ^ - ( 1/ d )  • • • ( 1 ) .

T h u s ,  s i n  0 i s  i n v e r s e l y  p r o p o r t i o n a l  t o  d ,  t h e  

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

i n v e r s e  p r o p o r t i o n a l i t y  may a d v a n t a g e o u s l y  be r e p l a c e d  

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

l a t t i c e  b a s e d  on t h e  q u a n t i t y  ( 1 / d ) .  The c o n s t r u c t i o n  

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

l a t t i c e  p l a n e s  ( h ,k , ( ? )  t o  r a d i a t e  f rom  a  l a t t i c e  p o i n t  

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

t e r m i n a t e d  a t  a  p o i n t  O / d j ^ g )  f rom  t h i s  o r i g i n  [  =

p e r p e n d i c u l a r  d i s t a n c e  b e tw een  p l a n e s  ( h , k , 6 ) ]  , t h e  s e t  

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

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

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

v a r y i n g  o r i e n t a t i o n ,  i t  i s  e a s i e r  t o  t h i n k  o f  t h e  n o r m a l s  

t o  t h e  p l a n e s  r a t h e r  t h a n  t h e  p l a n e s  t h e m s e l v e s .

1 . 1 . 3 .  DATA COLLECTION

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



s i n g l e - c r y s t a l ,  X - r a y  s t r u c t u r a l  d e t e r m i n a t i o n  may be

d i v i d e d  i n t o  two p a r t s :  ( i )  G eom etry  o f  d i f f r a c t i o n

w h i c h  e n a b l e s  t h e  e l u c i d a t i o n  o f  t h e  s i z e ,  s h a p e  and

s y m m etry  o f  t h e  r e c i p r o c a l  and d i r e c t  l a t t i c e s ;  ( i i )

A s s i g n m e n t  o f  an  o b s e r v e d  i n t e n s i t y  t o  e v e r y  p o i n t  i n

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

c o n t a i n e d  i n  S e c t i o n s  I I  and  I I I  b e lo w ,  t h e  g e o m e t r y  o f

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

u s i n g  b o t h  W e i s s e n b e r g  and P r e c e s s i o n  g e o m e t r y .  The

i n t e n s i t y  d a t a  h a s  i n  some i n s t a n c e s  been  o b t a i n e d  f rom

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

c a s e s  by c o u n t e r  m e a s u re m e n t  on a  c o m p u t e r - c o n t r o l l e d

f o u r - c i r c l e  d i f f r a c t o m e t e r .  D e t a i l s  o f  t h e s e  m e th o d s
(4- 5 6a r e  a v a i l a b l e  i n  many s t a n d a r d  t e x t b o o k s  ( e . g .  ' 9 9 9

7 ,  8 , 9 ,  1 0 ) )#

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

e x p e r i m e n t  -  t h e  d a t a  c o l l e c t i o n  -  t h e  q u a n t i t y  m e as u re d

i s  t h e  i n t e g r a t e d  i n t e n s i t y . A u s e f u l  d e f i n i t i o n  o f
( 51 1t h i s  f u n d a m e n t a l  v J i s  a  m e a s u re  o f  t h e  t o t a l  number  

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

w h i c h  a r e  d i f f r a c t e d  i n  t h e  p r o p e r  d i r e c t i o n  by a  r e c i p r o c a l  

l a t t i c e  p o i n t  p a s s i n g  f rom t h e  o u t s i d e  t o  t h e  i n s i d e  o f  

t h e  s p h e r e  o f  r e f l e c t i o n  o r  v i c e  v e r s a . 1 (The s p h e r e  o f  

r e f l e c t i o n  d e f i n e s  t h a t  r e g i o n  o f  s p a c e  w here  B r a g g 1s 

l a w  i s  s a t i s f i e d ) .  U l t i m a t e l y ,  t h e  i n t e n s i t y  d a t a  may 

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

i n  t h e  u n i t  c e l l  and  t h e  m e th o d s  o f  c a l c u l a t i n g  t h i s
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r e l a t i o n s h i p  a r e  e n u m e r a t e d  b e lo w .

1 . 1 . 4 .  FACTORS AFFECTING IN T E N SIT IE S

( a )  A tom ic  S c a t t e r i n g  F a c t o r

The maximum s c a t t e r i n g  power  ( f )  o f  an atom 

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

i s  e q u a l  t o  t h e  a t o m i c  number  ( Z ) .  T h i s  a t o m i c  

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

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

a to m  t o  t h e  a m p l i t u d e  o f  t h e  r a d i a t i o n  w h ich  an e l e c t r o n  

w o u ld  s c a t t e r  u n d e r  t h e  same c o n d i t i o n s  a c c o r d i n g  t o  t h e  

c l a s s i c a l  t h e o r y ,  and  i s  a  f u n c t i o n  o f  ( s i n  9 / X ) (w h e re  

0  i s  t h e  s c a t t e r i n g  a n g l e  and  A t h e  w a v e l e n g t h  o f  t h e  

r a d i a t i o n )  s i n c e  t h e  atom h a s  a  f i n i t e  s i z e .  S c a t t e r i n g  

f a c t o r s  c a l c u l a t e d  by  d i f f e r e n t  m e th o d s  f o r  v a r i o u s  a tom s  

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

f u n c t i o n s  em ployed  and  a r e  o n l y  a c c u r a t e l y  known f o r  t h e  

h y d r o g e n  a to m .

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

r e l a t i v e  s c a t t e r i n g  p o w ers  o f  d i f f e r e n t  t y p e s  o f  a tom s  

a s  b e i n g  t h e  same i n d e p e n d e n t  o f  t h e  r a d i a t i o n  u s e d .  

However ,  i f  t h e  w a v e l e n g t h  o f  t h e  i n c i d e n t  beam l i e s  

n e a r  an  a b s o r p t i o n  edge  i n  t h e  s c a t t e r i n g  e l e m e n t ,  and 

t h e  b o u n d - e l e c t r o n  s c a t t e r i n g  o f  t h e  h i g h - e n e r g y  X - r a y
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p h o t o n  i s  c o n s i d e r e d ,  an o m a lo u s  s c a t t e r i n g  ( o r  anom alous  

d i s p e r s i o n ) o c c u r s .  T h i s  may be a c c o u n t e d  f o r  by 

r e p r e s e n t i n g  t h e  a t o m i c  s c a t t e r i n g  f a c t o r  a s  a  complex  

Q u a n t i t y

f  = f  + A f  + i  A f " ............................. ( 2 )

w h e r e  a  f* and  A f "  a r e  t h e  r e a l  and  i m a g i n a r y  

d i s p e r s i o n  c o r r e c t i o n s ,  A s t u d y  o f  an o m a lo u s  d i s p e r s i o n  

c an  be  em ployed  t o  t e s t  f o r  t h e  c e n t r i c  n a t u r e  o f  a
( 1 1 )s t r u c t u r e  an d  t o  d i s t i n g u i s h  e n a n t i o m o r p h i c  s t r u c t u r e s  v .

( 1 2 )A f u r t h e r  u s e  i s  i n  d i r e c t  s t r u c t u r e  a n a l y s i s  v •

( b )  T e m p e r a t u r e  F a c t o r

T h e rm a l  m o t io n  c a u s e s  t h e  s p r e a d i n g  o u t
o-cUcrBaSeô

o f  t h e  e l e c t r o n  d i s t r i b u t i o n  o f  an atom w h ich  r e s u l t s  i n  1 

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

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

g i v e n  by

f  = f  exp  - B ( s l n  0/x ) 2 ...................................... ( 3 )

o r  f  = f  exp  - 8 t t ^ u ( s i n 0 /x  ) 2 ............................( 4 )

w h e re  f  i s  t h e  s c a t t e r i n g  f a c t o r  f o r  an  atom a t  r e s t ,

t h e  Debye f a c t o r ,  B, i s  r e l a t e d  t o  U ( t h e  mean s q u a r e  

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

p l a n e )  by B = 8 ^ U ,

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

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

v i b r a t i o n s .  However ,  i t  may f r e q u e n t l y  be more a p p r o p r i a t e
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t o  c o n s i d e r  t h e  t h e r m a l  m o t io n  a s  a n i s o t r o p i c  an d  t o  

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

N o n - e q u i v a l e n t  a to m s  w i l l  h a v e  d i f f e r e n t  e l l i p s o i d s  and 

t h e s e  w i l l  be d i f f e r e n t l y  o r i e n t a t e d  so t h a t  t h e  c o r r e c t i o n  

t e r m  w i l l  be  more co m p lex .  C r u i c k s h a n k  h a s

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

f  = f Qe x p [  - 2  n  2 (U1 ^ a * 2 + U22k 2b *2 + U556.2c *2

+ 2U23k£b*c*  + 2U3 l e h a * c *  + 2Ul 2h k a * b * ) ]  . . ( 5 )

F o r  U . . ,  i , j  a r e  w i t h  r e f e r e n c e  t o  t h e  r e c i p r o c a l  a x e s
J

a * ,  b* and  c * .

( c ) Some g e o m e t r i c  and  P h y s i c a l  F a c t o r s

The m o s t  i m p o r t a n t  q u a n t i t y  d e r i v e d  f rom  t h e  

i n t e g r a t e d  i n t e n s i t i e s  i s  t h e  s t r u c t u r e  a m p l i t u d e ,  | F ( h k £ ) | ,  

T h i s  q u a n t i t y  may be  c a l c u l a t e d  f rom  a  k n o w led g e  o f  t h e  

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

t o  t h e  e m p i r i c a l l y  r e l a t e d  i n t e n s i t i e s  by |FJ ( I ) ^ 2 .

T h i s  r e l a t i o n s h i p  d e p e n d s  upon a  num ber  o f  f a c t o r s  wh ich  

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

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

more  i n f o r m a t i v e  e q u a t i o n

li ’ChkOI =
:(hkC) 1 / 2

 ( 6 )K . L ( h k 6 ) , p ( h k t )

w h e r e  l ( h k 6) = L o r e n t z  f a c t o r ,  p ( h k 6 ) = p o l a r i s a t i o n  

f a c t o r ,  an d  E ( h k t )  = am ount  o f  e n e r g y  d i f f r a c t e d  i n  t h e
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o r d e r  (hkC) a s  an i d e a l l y  i m p e r f e c t  c r y s t a l  r o t a t e s  

u n i f o r m l y  a b o u t  an a x i s  n o rm a l  t o  t h e  X - r a y  beam. K i s  

a  c o n s t a n t  w h ich  may be d e r i v e d  f rom  a  d e t a i l e d  k now ledge  

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

some f u n d a m e n t a l  c o n s t a n t s  However ,  some q u a n t i t y

p r o p o r t i o n a l  t o  E ( h k £ ) i s  n o r m a l l y  m e a s u re d  and  s i n c e  

t h e  v a l u e s  t h u s  o b t a i n e d  a r e  on an a r b i t r a r y  s c a l e ,  t h e  

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

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

i n c i d e n t  X - r a y  beam i s  n o t  p l a n e  p o l a r i s e d .  T h i s  

f a c t o r ,  p ( h k 6 ) i s  g i v e n  by :

p ( h k £ ) = 1 ( 1 +  c o s 2 2 0  ) ...................................  ( 7 )

a n d  t h e r e f o r e  i s  a  s i m p l e  f u n c t i o n  o f  29 and  i s  i n d e p e n d e n t  

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

L ( h k £ )  i s  c a l l e d  t h e  L o r e n t z  f a c t o r  and 

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

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

T h i s  f a c t o r  v a r i e s  w i t h  t h e  m ethod  u s e d  f o r  d a t a  

c o l l e c t i o n .  The form  u s e d  f o r  e q u i - i n c l i n a t i o n  

W e i s s e n b e r g  d a t a  i s  g i v e n  by

L ( h k 6 ) = s i n  0  ^ 1 / s i n 2 ©  ( s i n 20 -  s i n ^ a ) ^ 2^ .  • ( 8 )

w h e re  i s  t h e  e q u i - i n c l i n a t i o n  a n g l e .  F o r  4 - c i r c l e  

d i f f r a c t o m e t e r  d a t a  o r  z e r o - l e v e l  Y /e i s s e n b e r g  p h o t o g r a p h s ,  

t h i s  e x p r e s s i o n  r e d u c e s  t o

L ( h k O  = 1 / s i n 2 G .............................................( 9 )



A b s o r p t i o n , t h e  m os t  i m p o r t a n t  o f  t h e  

p h y s i c a l  f a c t o r s ,  o c c u r s  b e c a u s e  p a r t  o f  t h e  X - r a y  beam 

i s  a b s o r b e d  by t h e  c r y s t a l  and c o n s e q u e n t l y  i t s  

i n t e n s i t y  i s  r e d u c e d .  T h i s  can  be  e x p r e s s e d  a s :

I  = I Qe x p ( - / x t ) .......................................................( 1 0 )

w h e re  I  i s  t h e  i n t e n s i t y  o f  t h e  i n c i d e n t  beam, and  I  

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

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

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

w a v e l e n g t h  o f  X - r a y s  em p lo y e d .  The a b s o r p t i o n  

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

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

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

c o e f f i c i e n t  i s  n o t  h i g h  t h e n  t h e  e r r o r  due t o  a b s o r p t i o n  

becom es  a  v e r y  s m a l l  q u a n t i t y  w h ic h  i s  f r e q u e n t l y  

i g n o r e d .

A n o t h e r  p h y s i c a l  phenomenon a f f e c t i n g  t h e  

i n t e n s i t i e s  i s  c a l l e d  e x t i n c t i o n , w h ic h  r e s u l t s  i n  

a t t e n u a t i o n  o f  t h e  i n c i d e n t  beam when t h e  c r y s t a l  i s  i n  

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

d i f f r a c t e d  beam i s  r e d u c e d .  T h i s  e f f e c t  d e p e n d s  

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

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

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



1 . 1 . 5 . THE STRUCTURE FACTOR

In  a  s e r i e s  o f  a to m s  s c a t t e r i n g  X - r a d i a t i o n ,  

t h e  wave s c a t t e r e d  f rom e ac h  atom i s  c h a r a c t e r i s e d  hy an 

a m p l i t u d e  f ^ ,  f ^ ,  f^> . . . f  ̂  ( a t o m i c  s c a t t e r i n g  f a c t o r s )

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

a  c o m b i n a t i o n  o f  t h e s e  waves  i s  known a s  t h e  s t r u c t u r e  

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

g i v e n  by

F (h k C )  = 51 f ^ e x p  ^  2 w i ( h x ^  + ky^ + . . . ( 1 1 )

t h e  sum m ation  b e i n g  c a r r i e d  o u t  o v e r  a l l  t h e  a tom s  i n  t h e

u n i t  c e l l ,  and  w here  x . ,  y .  and  z .  a r e  t h e  f r a c t i o n a l
J J J

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

a ,  b ,  and  c .  T h u s ,  t h e  s t r u c t u r e  f a c t o r  i s  a  com plex  

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

iFl an d  p h a s e  c o n s t a n t  a may be e v a l u a t e d  f rom

F ( h k l )  = (Ah k l 2 + B j ^ 2 ) 1^ 2 ....................... (12)

or a (h k ? ) = t a n -1 ( B ^ / A ^  ) ............................ (13)

w h e r e ,  A ,vt) = 51 f  .cos27v ( h x .  + k y .  + £ z . ) .............................( 1 4 )
n i c t  j  j  J ' J  J

and Bh k e  = f  -js i n 2 7 ^ ( h x -j + ky^ + g z j ) ..............................(1 5 )
t)

T h e s e  e q u a t i o n s  may be s i m p l i f i e d  by t h e  p r e s e n c e  o f  

s y m m e t ry .  F o r  ex a m p le ,  i f  t h e  o r i g i n  i s  c h o s e n  on a  

c e n t r e  o f  i n v e r s i o n ,  B^kfc becomes i d e n t i c a l l y  z e r o .



1 . 1 . 6 .  ELECTRON DENSITY

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

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

a t  t h e  p o i n t  ( x y z )  can  be e x p r e s s e d  by a  t h r e e - d i m e n s i o n a l

F o u r i e r  s e r i e s .  I f  e a c h  F o u r i e r  c o e f f i c i e n t ,  C, i s

a l l o c a t e d  t h r e e  i n t e g r a l  i n d i c e s  h 1 , k 1 and  £ ! , t h e n
-+ oo

p ( x . y . z )  = X  r  z.{ C ( h ! , k 1 , £ * ) e x p 2 tv i C h ' x
h f k» V

+ k ' y  + £ ' z ) \  . . (1

a n d  i t  can  be shown t h a t

C ( h ' , k \  e ' )  = 7  F ( h , k , e ) ....................................( 1 7 )

The s t r u c t u r e  f a c t o r  i s  t h e  F o u r i e r  t r a n s f o r m  

o f  t h e  e l e c t r o n  d e n s i t y  and  can be e x p r e s s e d  by

F (h k E )  = / q/ q/ q ( v  p ( x , y ,  z ) e x p - 2 7 T i ( h x  + ky + ? z ) }  dxdydz

. . . ( 18)

w h e re  V i s  t h e  vo lum e o f  t h e  d i r e c t  c e l l  and

v f> ( x , y , z ) d x d y d z  i s  t h e  amount  o f  s c a t t e r i n g  m a t t e r  i n  t h e

v o lum e  e l e m e n t  Vdxdydz.

From t h e s e  e q u a t i o n s  i t  i s  a p p a r e n t  t h a t  i f  

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

i m p l i c i t l y  t h e n  i t  w ould  be a  r e l a t i v e l y  t r i v i a l  m a t t e r  

t o  e l u c i d a t e  a n y  c r y s t a l  s t r u c t u r e .  However ,  i t  was 

shown a b o v e  ( 1 . 1 . 4 . and  1 . 1 . 5 . )  t h a t  t h e  s t r u c t u r e  f a c t o r
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i s  a  c o m p lex  q u a n t i t y  and  i t  i s  o n l y  p o s s i b l e  t o  d e r i v e  

c o m p l e t e l y  t h e  s t r u c t u r e  a m p l i t u d e ,  | F | , f rom t h e  o b s e r v e d  

i n t e n s i t i e s .  T hus ,  t h e  f u n d a m e n t a l  p r o b le m  i n  X - r a y  

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

a p p r o p r i a t e  t o  t h e s e  a m p l i t u d e s  and  some o f  t h e  m ethods  

o f  o v e r c o m in g  t h i s  d i f f i c u l t y  a r e  d e t a i l e d  b e lo w ,

1 . 1 . 7 .  METHODS OP PHASE DETERMINATION

( a )  T r i a l  and  E r r o r

I f  i t  i s  p o s s i b l e  t o  p o s t u l a t e  an  a t o m i c  

a r r a n g e m e n t  f o r  t h e  compound u n d e r  s t u d y  w hich  i s  c o n s i s t e n t  

w i t h  t h e  p a r t i c u l a r  s p a c e  g r o u p  sym m etry  t h e n ,  by 

c a l c u l a t i n g  t h e  c o r r e s p o n d i n g  s t r u c t u r e  a m p l i t u d e s ,  |F C| , 

a n d  by c o m p a r in g  t h e s e  w i t h  t h e  m o d u l i ,  |F o | , d e r i v e d  f rom 

t h e  o b s e r v e d  i n t e n s i t i e s ,  i t  i s  p o s s i b l e  t o  t e s t  t h e  

a c c e p t a b i l i t y  o f  t h i s  s t r u c t u r e .  M o reo v e r ,  t h e  p r o p o s e d  

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

I f  a  p o r t i o n  o f  t h e  m o l e c u l a r  f r a m e w o rk  i s  known, t h i s  

may p r o v i d e  s u f f i c i e n t  p h a s e s  f o r  t h e  r e s t  o f  t h e  s t r u c t u r e  

t o  be d e t e r m i n e d  by s u c c e s s i v e  s t r u c t u r e - f a c t o r  and  

e l e c t r o n - d e n s i t y  c a l c u l a t i o n s ,

( b )  The P a t t e r s o n  F u n c t i o n

M SIP a t t e r s o n  v * d e f i n e d  t h e  f u n c t i o n s
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P (uvw )  = V / q/ q/ q f ( x . y z )  ^ £ ( x + u ) ( y + v ) ( z + w ) ^  dxdydz . . (19 )

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

I f  t h e  e x p r e s s i o n  g i v e n  f o r  t h e  e l e c t r o n  d e n s i t y  ( 1 . 1 . 6 )  

i s  s u b s t i t u t e d  i n  t h i s  e q u a t i o n ,  t h i s  l e a d s  t o

P(uvw) = i  /L 51 5iL |F ( h k £ ) |  2exp f 2 1\ i (hu+ kv+ £w )  \ . . . (20)
v h k t  L J

A P a t t e r s o n  s y n t h e s i s  may t h e r e f o r e  he 

r e g a r d e d  a s  a  F o u r i e r  s e r i e s  summation  w i t h  t h e  p h a s e l e s s
o

q u a n t i t i e s  | F ( h k £ ) |  a s  c o e f f i c i e n t s  and  t h e  r e s u l t i n g  map 

h a s  p e a k s  w h ich  c o r r e s p o n d  t o  t h e  i n t e r a t o m i c  v e c t o r s .

F o r  a  m o l e c u l e  c o n t a i n i n g  N a to m s  i n  a  u n i t  

c e l l ,  t h e r e  a r e  N(N -  1) d i s c r e t e  i n t e r a t o m i c  v e c t o r s  i n  

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

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

c o m p a r i s o n  w i t h  F o u r i e r  p e a k s .  The l a t t e r  p ro b le m  may a t  

l e a s t  be  p a r t i a l l y  s o l v e d  by ’ s h a r p e n i n g 1, i . e .  a p p l y i n g  

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

t h e  a to m s  a s  p o i n t  a t o m s .  However ,  f o r  even  a  m o d e r a t e l y  

c o m p l i c a t e d  s t r u c t u r e ,  i t  i s  s t i l l  a  f o r m i d a b l e  t a s k  t o  

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

t h e  P a t t e r s o n  s y n t h e s i s  a l o n e .

The symm etry  o f  t h e  P a t t e r s o n  f u n c t i o n  may 

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

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

i n  u s i n g  t h e  p h a s e l e s s  |F |  q u a n t i t i e s .  C om par ison  o f  

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

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

r e g a r d l e s s  o f  t h e  s p a c e  g r o u p  f rom  w hich  i t  i s  d e r i v e d .  

M o re o v e r ,  a l l  e l e m e n t s  o f  sym m etry  i n v o l v i n g  t r a n s l a t i o n  

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

A l t h o u g h  some o f  t h e  s p a c e  g r o u p  symmetry  

i s  l o s t  i n  t h e  P a t t e r s o n ,  i t  i s  s t i l l  d e t e c t e d  i n  t h e  form 

o f  s p e c i f i c  c o n c e n t r a t i o n s  o f  v e c t o r  p o i n t s .  T hese  

c o n c e n t r a t i o n s ,  known a s  H a r k e r  l i n e s  and  p l a n e s ,  a r i s e  

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

r e l a t e d  by symmetry  e l e m e n t s  o t h e r  t h a n  c e n t r e s  o f  i n v e r s i o n  

h a v e  one o r  two c o n s t a n t  c o o r d i n a t e s .

F o r  a  s t r u c t u r e  c o n t a i n i n g  a  h e a v y  atom ( o r  

a  few h e a v y  a t o m s )  whose s c a t t e r i n g  pow er  d o m i n a t e s  t h e  

i n t e n s i t y ,  t h e . v e c t o r s  b e tw e e n  i t  and  i t s  s y m m e t r y - r e l a t e d  

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

r e s o l v e d  b a c k g r o u n d  o f  l i g h t  a tom p e a k s .  The p o s i t i o n  

o f  t h e  h e a v y  a tom  can  t h e r e f o r e  e a s i l y  be o b t a i n e d  f rom 

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

f ro m  t h e  h e a v y  a tom  can  be c a l c u l a t e d .  I f  t h i s  a tom 

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

a  f i r s t  a p p r o x i m a t i o n  t o  t h e  p h a s e s  h a s  been  o b t a i n e d  and 

an  e l e c t r o n - d e n s i t y  d i s t r i b u t i o n  can  be computed  which  

may r e v e a l  t h e  p o s i t i o n s  o f  some o f  t h e  l i g h t  a t o m s .  

I n c l u d i n g  t h e s e  l i g h t  a tom s  i n  t h e  p h a s i n g  model  p r o d u c e s  

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

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

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

The s o - c a l l e d  h e a v y - a t o m  m ethod  i s  most  

s u c c e s s f u l  when t h e  sum o f  t h e  s q u a r e s  o f  t h e  a t o m i c

n u m b ers  o f  t h e  h e a v y  a to m s  i s  e q u a l  t o  t h a t  o f  t h e  l i g h t e r
( 5 )  a to m s  v .

r  = £ “ h e a v y / f l i g h t  ~  1 ..................................................................... ( 2 1 )

When r  = 1 and  t h e  s t r u c t u r e  i s  n o n - c e n t r o s y m m e t r i c ,  a b o u t  

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

t h a n  20° i n  t h e i r  p h a s e s  and  80 p e r  c e n t  w i l l  h a v e  e r r o r s  

s m a l l e r  t h a n  60°  F o r  compounds w here  r > 1 ,  t h e

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

H ow ever ,  t h e  a c c u r a c y  o f  d e f i n i n g  t h e  p o s i t i o n s  o f  t h e  

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

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

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

c a l c u l a t e d  f o r  t h e  h e a v y - a t o m  compound.  S u b s e q u e n t  

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

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

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

D i f f i c u l t i e s  a r i s e  i n  s t r u c t u r e  e l u c i d a t i o n  

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

t h e  c e l l  so  t h a t  t h e i r  symm etry  i s  h i g h e r  t h a n  t h a t  o f  

w h o le  m o l e c u l e s .  T h i s  may l e a d  t o  h e a v y - a t o m  c o n t r i b u t i o n  

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

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

A F o u r i e r  map com puted  on t h e  h e a v y  a tom  a l o n e  t h e r e f o r e  

e x h i b i t s  a d d i t i o n a l ,  f a l s e  symm etry  (p se u d o s y m m e try )  b e c a u s e
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t h e  s y s t e m a t i c  o m i s s i o n  o f  a  c l a s s  o f  r e f l e c t i o n s  im p o ses  

a  h i g h e r  symm etry  on t h e  e n t i r e  s t r u c t u r e .  T h i s  p ro b le m  

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

p a r t  o f  t h e  m o l e c u l a r  f ram e w o rk  f rom  t h e  p s e u d o s y m m e t r i c a l l y  

r e l a t e d  p e a k s .  I n c l u d i n g  t h i s  w i t h  t h e  h e a v y - a t o m  p o s i t i o n  

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

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

sy m m e t ry .

( c ) D i r e c t  Methods

D i r e c t  m e thods  r e l y  upon e x a m i n a t i o n  o f  t h e

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

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

The f i r s t  o f  t h e  m e th o d s  were  b a s e d  on i n e q u a l i t y  r e l a t i o n s h i p s

b e t w e e n  s t r u c t u r e  f a c t o r s  d e p e n d i n g  o n l y  on t h e  p o s i t i v i t y
( 1 7 )o f  e l e c t r o n  d e n s i t y  v 7 . However ,  when s t r u c t u r e s  r e a c h  

a  c e r t a i n  s i z e  t h e s e  i n e q u a l i t i e s  a r e  i n e f f e c t i v e .  I n  

t h i s  s i t u a t i o n  t h e  p r o b a b i l i t y  r e l a t i o n s h i p s  d e d u ce d  by 

S a y r e  a r e  g e n e r a l l y  u s e d  w h ich  d e t e r m i n e  p h a s e s  o f  one 

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

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

r e l i a b i l i t y  o f  p h a s e s  so  d e t e r m i n e d .  T h e se  a r e  d e f i n e d  by

| E ( h k t )|2 = | F ( h k t ) |  2/  £ ^  f 2 ........................................( 2 2 )

w h e re  £. i s  an  i n t e g e r  w h ich  i s  g e n e r a l l y  1 b u t  may assume 

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

s p a c e  g r o u p s .  The d i s t r i b u t i o n  o f  |E |  v a l u e s  i s  d e p e n d e n t  

u p o n  t h e  p r e s e n c e  o r  a b s e n c e  o f  a  c e n t r e  o f  i n v e r s i o n  i n
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t h e  s p a c e  g r o u p  and  t h e y  t h e r e f o r e  p r o v i d e  a 3 t a t i s t i c a l m e s t  

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

The b a s i s  f o r  t h e  p r o b a b i l i t y  m e thods  f o r
( 18}t h e  c e n t r o s y r a m e t r i c  c a s e  i s  t h e  r e l a t i o n s h i p  '  '

F(hkC )  = ^ ( h k t )  H  n  F ( h ' k ' C  ) . F ( h - h *  , k - k ' , £ - ( "  )
h ’ k'  e 1

. . . .  ( 2 3 )
w h e re  <p (hk@) i s  a  s i m p l e  s c a l i n g  t e r m .  When F ( h k 0 )  i s  

l a r g e ,  S a y r e  h a s  s u g g e s t e d  t h a t  t h e  s e r i e s  must  t e n d  s t r o n g l y  

i n  one d i r e c t i o n  (+ o r  - )  w h ich  i s  u s u a l l y  d e t e r m i n e d  by t h e  

a g r e e m e n t  i n  s i g n  among p r o d u c t s  b e tw e en  l a r g e  P ' s .  Thus 

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

S t F ( h k C ) J . S [ F ( h ' k ' e ' ) ] . S [ F ( h - h , , k - k * , e - t ' ) ]  «  +1 . . ( 2 4 )  

w h e re  S means t h e  * s ig n  o f 1 .

The p r o b a b i l i t y  o f  t h e  above  r e l a t i o n s h i p
f i q )

b e i n g  t r u e ,  i n  g e n e r a l ,  i s  g i v e n  by v

P r o b a b i l i t y ,  P = 1 /2  + 1 /2  t a n h  o^ / ) .

| E ( h k t ) . E ( h ’ k '  V  ) .E ( h - h *  , k - k '  , t ~ V  )| j

.  .  .  ( 2 5 )
N ? N ,

w h e re  o2 a3 ~ • n i  ’ n i  * s ^ r a c ‘t i ° ri

t h e  t o t a l  s c a t t e r i n g  pow er  r e p r e s e n t e d  by t h e  i t h  a to m .

The u s u a l  means o f  a p p l y i n g  S a y r e * s  e q u a t i o n  

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

a d d i t i o n  m ethod  o r i g i n a l l y  r e p o r t e d  by Z a c h a r i a s e n  ( ^ 0 )^
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I n  t h i s  m e thod  a  s m a l l  number  o f  p h a s e s  a r e  a r b i t r a r i l y  

a s s i g n e d  r e p r e s e n t i n g  a  c h o i c e  o f  o r i g i n .  T hese  p r o v i d e  

m ore  p h a s e s  i n  an  i n v e r t e d  p y ra m id  f a s h i o n .  However,  

when t h i s  o p e r a t i o n  can p r o c e e d  no f u r t h e r ,  o t h e r  p h a s e s  

may be a s s i g n e d  sy m b o ls  and  t h e  r e m a i n d e r  d e t e r m i n e d  i n  

t e r m s  o f  t h e s e  s y m b o l s ,  w h ich  can t h e n  be v a r i e d  and t h e  

r e s u l t i n g  s e t  o f  p h a s e s  c h e c k e d  m a t h e m a t i c a l l y ,  'Alien a  

s e t  o f  p h a s e s  f o r  t h e  E ' s  h a s  been  d e t e r m i n e d ,  a  F o u r i e r  

s e r i e s  can be  summed u s i n g  t h e s e  n o r m a l i s e d  s t r u c t u r e  

f a c t o r s  a s  c o e f f i c i e n t s  and  f rom t h i s  t h e  s t r u c t u r e ,  o r  a  

p a r t i a l  s t r u c t u r e ,  may be d e d u c e d .

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

may be m e a s u re d  by t h e  v a r i a n c e  o f  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  

o f  t h e  sum o f  t h e  t h r e e  p h a s e s .  T h i s  can  be e x p r e s s e d  i n  

t e r m s  o f

The p r o b le m  w i t h  n o n - c e n t r i c  s p a c e  g r o u p s  i s  f i n d i n g  an i n i t i a l  

s e t  o f  p h a s e s .  However ,  i f  t h e r e  a r e  s e v e r a l  known p a i r s  

o f  p h a s e s  g i v i n g  a  p h a s e  i n d i c a t i o n  f o r  an unknown 

r e f l e c t i o n  t h e n  i t s  p r o b a b l e  p h a s e  i s  g i v e n  by t h e  t a n g e n t

F o r  n o n - c e n t r o s y m m e t r i c  s t r u c t u r e s  w i t h
( p ' l  )

g e n e r a l i s e d  p h a s e s ,  t h e  t r i p l e  p h a s e  r e l a t i o n s h i p ^  '

c o s ( <f> k  -  -  p  h - h f  ̂ 1 • • • • ( 2 6 )

K ( 2 7 )

( PP)f o r m u l a ^  1

( 2 8 )

^  | V * V h ' |  0 0 S ( * h-  + t  h - h ' J
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T h u s ,  a  l a r g e  q u a n t i t y  o f  p h a s e s  can he d e r i v e d  and  t h e  

s t r u c t u r e  ( o r  p a r t i a l  s t r u c t u r e )  may he d e t e r m i n e d  by an 

E-map a s  i n d i c a t e d  f o r  t h e  c e n t r i c  c a s e  a b o v e .

1 . 1 . 8 .  STRUCTURE REFINEMENT

When a  model  o f  t h e  s t r u c t u r e  h a s  been  fo u n d  

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

i t s  c o r r e c t n e s s .  I t  h a s  become a  common u s a g e  t o  h a v e  a s  

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

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

a s

The p u r p o s e  o f  r e f i n e m e n t  i s  t o  s h i f t  t h e  

d e r i v e d  a t o m i c  p a r a m e t e r s  so  t h a t  t h e y  a g r e e  more c l o s e l y  

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

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

( a )  S u c c e s s i v e  E l e c t r o n - D e n s i t y  D i s t r i b u t i o n s

In  t h i s  m e th o d ,  t h e  e l e c t r o n  d e n s i t y  i s  

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

d e n s i t y  maxima a r e  d e t e r m i n e d  and  u s e d  a s  a  b a s i s  f o r  a  

new s t r u c t u r e - f a c t o r  c a l c u l a t i o n .  S u c c e s s i v e  c y c l e s  a r e  

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

i n s i g n i f i c a n t .
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The m a j o r  d ra w b a c k  o f  t h e  m ethod  i s  t h e  s e r i e s

t e r m i n a t i o n  e r r o r  w h ic h  i s  due t o  o n l y  a  f i n i t e  number  o f

F o u r i e r  t e r m s  i n  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 n - d e n s i t y

d i s t r i b u t i o n .  T h i s  means t h a t  t h e  d e n s i t y  maxima a r e  n o t

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

f i n i t e  w i d t h  s u r r o u n d e d  by d i f f r a c t i o n  r i p p l e s .  T hus ,  t h e

p r o b le m  i s  t o  e s t i m a t e  t h e  c e n t r e s  o f  F o u r i e r  p e a k s  and

d e t e r m i n e  t h e  b e s t  a t o m i c  c o o r d i n a t e s .  S e v e r a l  ways o f
(d e a l i n g  w i t h  t h i s  d i f f i c u l t y  h a v e  been  s u g g e s t e d  '  '  b u t

t h e s e  a r e  n o t  n o r m a l l y  c u r r e n t l y  employed a s  t h e  F o u r i e r  

m e th o d  i s  now m a i n l y  u s e d  o n l y  a s  an i n i t i a l  means o f  

s t r u c t u r e  r e f i n e m e n t .

( b )  L e a s t - S q u a r e s  Methods

m e th o d  o f  l e a s t - s q u a r e s  by m i n i m i s i n g  some f u n c t i o n  o f  t h e  

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

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

m o s t  commonly m i n i m i s e d  i s

w h e re  t h e  summ ation  i s  o v e r  a l l  s t r u c t u r e  a m p l i t u d e s  f rom 

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

random e x p e r i m e n t a l  e r r o r s ,  t h e  v a l u e  o f  w w h ich  g i v e s  t h e  

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

A c r y s t a l  s t r u c t u r e  may be r e f i n e d  by t h e

(3 0 )
h k t hk£

I f  a^(hk£)  i s  t h e  e s t i m a t e d  v a r i a n c e  o f  | P  ( h k £ ) |  due  t o
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w (h k e )  = 1/ a 2 ( l i k C ) .......................................................( 3 1 )

How ever ,  a ( h k C )  i s  n o r m a l l y  n o t  known and i t  i s  u s u a l  t o  

u s e  w e i g h t s  w h ich  r e f l e c t  t r e n d s  i n  t h e  A *  s .  A number  

o f  w e i g h t i n g  schem es  h a v e  been  p r o p o s e d  and t h e s e  may be 

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

s i n  Q / \  . The a v e r a g e  v a l u e  o f  w s h o u ld  r e m a in  

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

M o re o v e r ,  a t  t h e  end o f  t h e  a n a l y s i s  t h e  f i n a l  v a l u e  o f  

2L(w I A |  ) / ( m  -  n)  (m i s  t h e  number  o f  s t r u c t u r e  f a c t o r s ,  

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

t h e  p r e s e n t  work ,  a  w e i g h t i n g  scheme o f  t h e  form

W1 / 2  = j j 1 -  e x p ( - p 1 ( s i n  B / \  ) 2 ) ]  /  [1 + p ? | P 0 I

+  p 3 i f 0 i 2 +  p 4 ip 0 i M 1 / 2  • • • ( 3 2 )

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

c o n d i t i o n s .

I n  e q u a t i o n  ( 3 0 ) ,  f o r  M t o  be a  minimum

w[
  = 0 w here  j  = 0 , 1 , 2,  . . n p a r a m e t e r s  i n
~ i p 1

J t h e  d e t e r m i n a t i o n  o f  F .c

A  ~^F c = 0 ............................................................( 3 3 )
- a P j

I f  t h e  v a l u e s  o f  p .  a r e  c l o s e  t o  t h e i r  t r u e  v a l u e  and
J

i s  a  s m a l l  c h an g e  i n  t h e  p a r a m e t e r  p ^ ,  i t  can  be shown 

t h a t



- 2 2 -

i  = 1 hki
w ( 3 4 )

J = 2, 3 ,  4 n

T h e se  n e q u a t i o n s  a r e  c a l l e d  t h e  n o rm a l  e q u a t i o n s  o f  l e a s t -  

s q u a r e s .  F o r  r e f i n e m e n t ,  t h e s e  s i m u l t a n e o u s  e q u a t i o n s  a r e  

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

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

d e v i a t i o n s .  By t h e s e  m eans ,  p o s i t i o n a l ,  t h e r m a l  and s c a l e  

p a r a m e t e r s  may be im p r o v e d .

n o r m a l  e q u a t i o n s  i n  m a t r i x  f o rm .  The f u l l  n o r m a l  m a t r i x  

f o r  n p a r a m e t e r s  h a s  1 / 2  n ( n  + 1 ) u n i q u e  e l e m e n t s  which  

h a v e  i n  g e n e r a l  t o  be k e p t  i n  t h e  main  s t o r e  o f  a  c o m p u te r  

s i m u l t a n e o u s l y  and  r e q u i r e  1 / 2  mn(n + 1 ) [m = number  o f  

o b s e r v a t i o n s ]  o p e r a t i o n s  f o r  t h e i r  e v a l u a t i o n .  T h e r e f o r e ,  

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

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

w i t h  t h o s e  on t h e  main d i a g o n a l  and t h i s  r a d i c a l l y  r e d u c e s  

c o m p u t e r - s t o r e  r e q u i r e m e n t s .  C o n v e rg en ce  i s  r e a c h e d  more 

s l o w l y  when t h e  b l o c k - d i a g o n a l  a p p r o x i m a t i o n  i s  u s e d  h o w e v e r ,  

a n d  c a r e  m us t  be t a k e n  t o  s e l e c t  t h e  c o r r e c t  number  and 

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

n o r m a l - m a t r i x  t o  be computed  t o  o b t a i n  maximum e f f i c i e n c y .

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



( c ) D i f f e r e n c e  S y n t h e s i s

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

i s  c a l c u l a t e d  on t h e  b a s i s  o f  some model  u s i n g  a s  c o e f f i c i e n t s

t h e  A F ’ s , i . e .  t h e  q u a n t i t i e s  ( | F  | -  |F  | ) .  I f  t h eo c
p r o p o s e d  s t r u c t u r e  i s  c l o s e  t o  t h e  a c t u a l  on e ,  f l a t  

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

some u n d u l a t o r y  c h a r a c t e r i s t i c s  c a u s e d  by random e r r o r .

T h u s ,  d i f f e r e n c e  F o u r i e r  c a l c u l a t i o n s  a r e  u s e d  f o r  s t r u c t u r e  

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

c o r r e c t n e s s  o f  t h e  f i n a l  s t r u c t u r e .  The m ethod i s  f r e e  

f ro m  e r r o r  r e s u l t i n g  f rom  t h e  s e r i e s  t e r m i n a t i o n  e f f e c t  

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

X - r a y  d a t a .

1 . 1  . 9 .  ANALYSIS OF RESULTS

( a )  S t a n d a r d  D e v i a t i o n s  o f  P a r a m e t e r s

The s t a n d a r d  d e v i a t i o n s  o f  t h e  p a r a m e t e r s  ( p . )
J

c an  be d e r i v e d  f rom t h e  l e a s t - s q u a r e s  r e s i d u a l  by t h e  

e q u a t i o n
i  5 1  w A 2

a ( P l ) = — -------------= ..............................   ( 3 5 )
3 (m -  n ) ] T (  ^ F c / ^ P j )

o r ,  i n  m a t r i x  n o t a t i o n

a ( P i )l = ( a " 1 ) . ,  ^  W A , 2  ( 3 6 )
J J J  (m -  n )

w h e re  ( a ” 1 ) . ,  i s  t h e  i n v e r s e  m a t r i x  o f  a . . ,  n i s  t h e  number 
J j  J J
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o f  p a r a m e t e r s  and  m i s  t h e  number  o f  i n d e p e n d e n t  o b s e r v a t i o n s .  

I n  t h e  b l o c k - d i a g o n a l  a p p r o x i m a t i o n ,  t h e  i n v e r s e  o f  t h e  

b l o c k - m a t r i c e s  i s  u s e d  i n  ( 3 6 ) .

The c o - v a r i a n c e  o f  p a r a m e t e r s  and  p^ i s

g i v e n  by

c o v ( p . p . )  = ( a ” 1 ) . ,  T . w A
J J (m -  n )

=   ( 3 7 )

w h ere  r ^  i s  t h e  c o r r e l a t i o n  c o e f f i c i e n t  b e tw e e n  t h e  

p a r a m e t e r s •

( b )  S t a n d a r d  D e v i a t i o n  o f  Bond L e n g th s

The s t a n d a r d  d e v i a t i o n  o f  t h e  bond l e n g t h  

AB may be d e f i n e d  a s

a 2 ( g )  = a 2 ( A) + a 2 ( B ) ................................................. ( 3 8 )

P Pw h ere  C i s  t h e  l e n g t h  AB, and a (A) and a ' ( B )  a r e  t h e  

v a r i a n c e  o f  A and  B i n  t h e  d i r e c t i o n  AB.

( c ) S t a n d a r d  D e v i a t i o n s  i n  Bond A ngles

The s t a n d a r d  d e v i a t i o n  i n  t h e  a n g l e  0  i s

g i v e n  by

o 2 ( 0  ) = a 2 ( A)/AB2 + 02 ( B ) I ( 1/AB2 ) -  ( 2 o o s  e /A B .B C )

+ ( 1/BC2 )] + a 2 (C ) /B C 2 . . . ( 3 9 )
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? pw h e re  © i s  t h e  a n g l e  ABC, a (A) and a  (C)  a r e  t h e  v a r i a n c e

o f  A and C i n  p l a n e  ABC and p e r p e n d i c u l a r  t o  AB and  BC,

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

o r t h o g o n a l  a x e s ,  t h e  g e n e r a l  c a s e  b e i n g  much more c om plex .

( d )  S t a n d a r d  D e v i a t i o n s  o f  Atoms f rom L e a s t - S q u a r e s  P l a n e s

The e s t i m a t e d  s t a n d a r d  d e v i a t i o n s  o f  a tom s  

f ro m  l e a s t - s q u a r e s  b e s t  p l a n e s  i s  g i v e n  by

m

w h e re  d^ a r e  t h e  p e r p e n d i c u l a r  d i s t a n c e s  o f  t h e  m a toms 

f ro m  t h e  p l a n e .

Pw h i l e  a  (B)  i s  t h e  v a r i a n c e  o f  B i n  t h e  d i r e c t i o n  t a n g e n t i a l

p
a ( p l a n e ) ( 4 0 )
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CHAPTER 2

The S t r u c t u r a l  C h e m i s t r y  o f  M e ta l  N i t r a t e  Complexes

1 . 2 . 1 .  INTRODUCTION

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

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

h a v e  been  known f o r  many y e a r s ;  t h e  f i r s t  a n h y d r o u s

compounds c o n t a i n i n g  t h e  n i t r a t e  g r o u p  w i t h  t r a n s i t i o n

m e t a l s  (Co,  Cu, Mn and  Ni)  were  i s o l a t e d  o n l y  i n  1909 by
( )G u n tz  an d  M a r t i n  However ,  i t  was n o t  u n t i l  1954

when t h e  f i r s t  v o l a t i l e  n i t r a t o - c o r a p o u n d s  o f  chromium and
(of.')

v a n a d iu m  w ere  p r e p a r e d  by S c h m e i s s e r  and  c o - w o r k e r s  v ,

t h a t  f u r t h e r  s u p p o r t  was ad d e d  t o  t h a t  p o i n t  o f  v ie w

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

c o m p l e x i n g  a g e n t  ( 2 7 ,  28)^ s i n c e  t h a t  d a t e  many m e t a l s

h a v e  b een  shown t o  form s l i g h t l y  v o l a t i l e  n i t r a t e s  o r  h i g h l y
(29  30)v o l a t i l e  n i t r a t o - c o m p o u n d s  v * 1 and  i t  i s  now w e l l

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

i s  c o v a l e n t ,  even  when o t h e r  s t r o n g l y - d o n a t i n g  l i g a n d s  a r e  

p r e s e n t

The f i r s t  d e f i n i t i v e  s t r u c t u r a l  r e p o r t s  o f
( 3 2 )i n t e r e s t  i n  n i t r a t e  c h e m i s t r y  were  t h o s e  o f  n i t r i c  a c i d

(3 3 )  (33  34)f l u o r i n e  n i t r a t e  and  o f  some a l k y l  n i t r a t e s  * '

a l l  o f  w h ich  c o n t a i n  u n i d e n t a t e  n i t r a t o - g r o u p s . B i d e n t a t e

n i t r a t o - g r o u p s  w ere  fo u n d  i n  t h e  s t r u c t u r e  o f  U 0 £ t (E tO )^ P O ]^

(NO^)^  and  s i n c e  t h i s  d e t e r m i n a t i o n  t h e  m a j o r i t y  o f
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n i t r a t o  co m p le x e s  s t u d i e d  by d i f f r a c t i o n  t e c h n i q u e s  h a v e  

c o n t a i n e d  t h i s  mode o f  b o n d i n g .

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

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

e x p e c t e d  t o  e x h i b i t  T h e se  a r e  shown i n  F i g u r e  1 . 1 .

A p a r t  f rom  s y m m e t r i c  u n i d e n t a t e  [ I ( i )] and  t e r d e n t a t e  

b o n d i n g  [IV] a l l  o f  t h e  o t h e r  s p e c i e s  h a v e  been  e x p e r i m e n t a l l y  

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

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

v a r i e s  w i d e l y  w i t h  t h e  m u l t i p l i c i t y  o f  t h e  m e t a l - n i t r a t e
r *57)

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

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

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

o t h e r  t h a n  d i f f r a c t i o n  ( X - r a y ,  e l e c t r o n  o r  n e u t r o n ) ,  w h ich  

h a v e  b e en  u s e d  i n  a t t e m p t s  t o  d i s c o v e r  how many n i t r a t e  

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

t h e  a c t u a l  mode o f  b o n d i n g  i n v o l v e d .  The s c o p e  o f  some o f  

t h e s e  t e c h n i q u e s  w i l l  be b r i e f l y  d i s c u s s e d  i n  s e c t i o n s  1 . 2 . 2  

a n d  1 . 2 . 3  an d  t h e  r e s u l t i n g  s t r u c t u r a l  i n f o r m a t i o n  i s  t h e n  

c o n s i d e r e d .



FIGURE 1 ,1
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1 . 2 . 2 .  NUCLEAR MAGNETIC RESONANCE, ELECTRONIC SPECTROSCOPY 

AND VIBRATIONAL SPECTROSCOPY

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

t o  an y  g r e a t  e x t e n t  i n  n i t r a t e  c h e m i s t r y  m a i n l y  b e c a u s e  o f
17 15t h e  low n a t u r a l  a b u n d a n c e  o f  t h e  i s o t o p e s  0 and N

14-a n d  t h e  q u a d r u p o l e  b r o a d e n i n g  e f f e c t  found  f o r  N i n  an 

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

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

p r o p e r t i e s  o f  t h e  n i t r a t e  g r o u p  a l t h o u g h  n o t  on i t s  mode 

o f  b o n d i n g  ^ 5 8 ’

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

f r e e  n i t r a t e  i o n  shows two s t r o n g  b a n d s  a s s i g n e d  t o  tx*-<— n 

a n d  — Tv t r a n s i t i o n s .  C o o r d i n a t i o n  o f  t h e  n i t r a t e

g r o u p  c a u s e s  t h e  — n band  t o  s h i f t  t o  l o w e r  e n e r g y  (4 0 )^

H ow ever ,  t h i s  h a s  n o t  b ee n  u s e d  a s  a  s y m p t o m a t i c  t e s t  

b e c a u s e  o f  t h e  common o c c u r r e n c e  o f  c h a r g e - t r a n s f e r  

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

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

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

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

b o n d i n g  o f  t h e  n i t r a t e  g r o u p s .  However ,  t h e s e  p r e d i c t i o n s  

a r e  n o t  n o r m a l l y  r e l i a b l e  b e c a u s e  t h e  low m o l e c u l a r  symmetry  

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

u n e q u i v o c a l  a s s i g n m e n t s  t o  be  made.
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By f a r  t h e  m os t  w i d e l y  u s e d  t e c h n i q u e  f o r  s t u d y i n g  t h e

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

l o w e r i n g  o f  symm etry  t h a t  o c c u r s  upon c o o r d i n a t i o n

[ D-zv. ( f r e e )  0 o o r  C ( c o o r d i n a t e d ) ]  a l l o w s  t h e  f r e eon c v s
a n d  c o o r d i n a t e d  n i t r a t e  g r o u p  t o  be r e a d i l y  d i s t i n g u i s h e d  

i n  t h e  i n f r a r e d  and  Raman s p e c t r u m .  To d e t e r m i n e  t h e  

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

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

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

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

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

s p e c t r o s c o p y  o f t e n  e n a b l e s  t h e s e  modes o f  b o n d in g  t o  be 

d i s t i n g u i s h e d .  However ,  b e tw e e n  t h e s e  e x t r e m e s  e x i s t s  a 

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

i n  F i g u r e  1,2 f o r  some known C u ( l l )  n i t r a t o - c o m p l e x e s .

The w ide  r a n g e  means t h a t  i t  i s  n o t  g e n e r a l l y  p o s s i b l e  t o  

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

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

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

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

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

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

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

t h e  s t r u c t u r e s  o f  unknown compounds t o  be p r e d i c t e d  more 

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



FIGURE 1 . 2

D im e n s io n s  o f  a s y m m e t r i c  u n i d e n t a t e  and  “b i d e n t a t e  n i t r a t o -  

g r o u p s  f o r  some c o p p e r  n i t r a t e  co m p lex es

COMPLEX REF. A B ( b- a )
S u g g e s t e d  Mode 
o f  Bond ing

C u(P h 2MeP)3 (N0 5 )

Cu(pyN0 ) 2 (N0 5 ) 2

41

42

2 .2 0 6

1 .9 7

1 .9 7

3 .2 4 9

2 .8 0

2 .7 5

1 .04

0 . 8 3

0 . 7 8

U n i d e n t a t e

<°8 >
U n i d e n t a t e

<°8 >
Cu(NO^)2 ( 1 , 4 - d i a z o -  
c y c l o h e p t a n e ) 20 . 5H20

43 2 .3 6 3 . 0 9 0 . 7 3 U n i d e n t a t e

<C8 >
Cu(N03 ) 2 (H? 0 ) 20 .5 H 20 44 1 .9 9 2 2 .6 5 3 0 . 6 6 Asym. B i d e n t a t e

Cu(N03 ) 2 (MeCN) 2 45 1 .8 9 2 .5 0 0 .6 1 As yin. B i d e n t a t e

( ° s>
Cu(N03 ) 2 ( p y r a z i n e ) 46 2 . 0 1 0 2 .4 9 0 0 . 4 8 Asym. B i d e n t a t e

Cu(Ph3P ) 3 (N03 ) 47 2 . 2 2 2 . 2 2 0 S y m . B i d e n t a t e  

(C 2 v )

Cu(N03 ) 2 (g ) 48 2 . 0 0 2 . 0 0 0 S y m . B i d e n t a t e

(C2V)



1 . 2 . 3 .  DIFFRACTION STUDIES

T h e se  t e c h n i q u e s  ( X - r a y ,  e l e c t r o n  and n e u t r o n  

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

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

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

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

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

i m p o r t a n t  a s  t h e  e x a m i n a t i o n  o f  e l e c t r o n i c  and  v i b r a t i o n a l  

s p e c t r a  can  be p u t  on a  more q u a n t i t a t i v e  b a s i s  when 

d e a l i n g  w i t h  known s t r u c t u r e s .

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

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

r e c e n t  y e a r s .  A r e v i e w  i n  1967 o f  n i t r a t o  co m p lex es

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

i n  1 9 7 1 , f o r t y - s e v e n  n i t r a t e  s t r u c t u r e s  were  r e c o r d e d  

In  o r d e r  t o  a s s e s s  how r e p r e s e n t a t i v e  t h e s e  s t r u c t u r e s  a r e  

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

1 /  A nhydrous  m e t a l  n i t r a t e s ,  o r  m e t a l s  o n l y  c o o r d i n a t e d  by 

n i t r a t e  g r o u p s .

I I /  H y d r a t e d  m e t a l  n i t r a t e s ,  o r  n i t r a t e s  c o n t a i n i n g  

c o o r d i n a t e d  -OH.

I l l /  N i t r a t o  c o m p lex es  c o n t a i n i n g  a t  l e a s t  one c o o r d i n a t e d  

l i g a n d  o t h e r  t h a n  w a t e r .

The s t r u c t u r e s  known a t  t h e  p r e s e n t  t i m e  a r e  shown i n  

T a b l e  I . I ,  w here  t h e y  a r e  a r r a n g e d  a c c o r d i n g  t o  t h e  modes o f  

n i t r a t o - c o o r d i n a t i o n  f o u n d .  The d i v i d i n g  l i n e  b e tw een
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T h e se  t e c h n i q u e s  ( X - r a y ,  e l e c t r o n  and n e u t r o n  

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

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

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

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

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

i m p o r t a n t  a s  t h e  e x a m i n a t i o n  o f  e l e c t r o n i c  and  v i b r a t i o n a l  

s p e c t r a  can  be p u t  on a  more q u a n t i t a t i v e  b a s i s  when 

d e a l i n g  w i t h  known s t r u c t u r e s .

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

by  d i f f r a c t i o n  m e th o d s  i n  n i t r a t e  c h e m i s t r y  h a s  o c c u r e d  i n
( 3 1 )r e c e n t  y e a r s .  A r e v i e w  i n  1967 o f  n i t r a t o  co m p lex es

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

i n  1 9 7 1 , f o r t y - s e v e n  n i t r a t e  s t r u c t u r e s  were  r e c o r d e d  

I n  o r d e r  t o  a s s e s s  how r e p r e s e n t a t i v e  t h e s e  s t r u c t u r e s  a r e  

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

1 /  A nhydrous  m e t a l  n i t r a t e s ,  o r  m e t a l s  o n l y  c o o r d i n a t e d  by 

n i t r a t e  g r o u p s .

I I /  H y d r a t e d  m e t a l  n i t r a t e s ,  o r  n i t r a t e s  c o n t a i n i n g  

c o o r d i n a t e d  -OH.

I l l /  N i t r a t o  c o m p lex es  c o n t a i n i n g  a t  l e a s t  one c o o r d i n a t e d  

l i g a n d  o t h e r  t h a n  w a t e r .

The s t r u c t u r e s  known a t  t h e  p r e s e n t  t i m e  a r e  shown i n  

T a b l e  I . I ,  w here  t h e y  a r e  a r r a n g e d  a c c o r d i n g  t o  t h e  modes o f  

n i t r a t o - c o o r d i n a t i o n  f o u n d .  The d i v i d i n g  l i n e  b e tw een
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R e ( C O ) 5 ( N 0 3 ) 2 ( 8 9 )

c i s - P d ( K 0 3 ) 2 (MeS0)2 ^9 0 '

t o ( n o 3 ) 3 ( c h 3 c n ) ( 9 1 )

Cu(PPhMe2 ) 3 (N0 3 ) ^ 4 1 ^

C u ( M e - p i c o l y a m i n e ) 2 (N03 ) 2 ^9 2  ̂

[Cu(N03 ) 2 ( M p y ) 2 ] (N 0 3 )H20 ( 9 3 )  

MeSn(N0 3 ) 3H20 ' 9 4 '

N i ( p y ) 2 (N03 ) 2 (H20 ) 2* ( 9 5 )

Z n ( p y ) 2 (N0 3 ) 2 * ^ 9 6 ^

[N i (N 0 3 ) ( T R I ) ( H 20 ) 2] (N03 ) (9 7 )

A g ( 2 , 2 ' d i p y ) ( N 0 3 ) 2 ^8 4 ^

*  p r e s e n t  w o r k
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D. BRIDGING

I  a -C u(N 03 ) / 9 8 )

I I  N i(N 03 ) 2 (H20 ) 2 ^9 9  ̂

c u ( n o 3 ) 2 ( h 2o ) 2o . 5h 2o ( 4 4 ^

Zn(N03 ) 2 (H20 ) 2 (1 0 0 )

c u 4 ( n o 3 ) 2 ( o h ) 6 ( 1 0 1 )

I I I  Cu(N03 ) 2 (MeCN)2 ^4 5  ̂

Cu(N0 3 ) 2 (MeN0 2 ) ( 1 0 2 ) 

[ C u ( p y ) 2 (N03 ) 2 ] 2p y * ( 7 5 '  76 )

* p r e s e n t  work
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u n i d e n t a t e  (G ) and  a s y m m e t r i c  b i d e n t a t e  (0  ) b o n d in g  i s  s s
t a k e n  w here  t h e  d i f f e r e n c e  b e tw e en  t h e  two c l o s e s t  

m e t a l - o x y g e n  c o n t a c t s  e x c e e d s  0 .8& ( e x c e p t  f o r  Z n ( p y r i d i n e ) ^ -  

( NO j ) 2 f s e e  s e c t i o n  I I . 1 . 4 )  a s  s u g g e s t e d  by A dd ison  e t  a l
( 'Zf. )

, b u t  t h i s  i s  a  f a i r l y  a r b i t r a r y  d i v i s i o n  and  would be 

b e t t e r  made f o r  i n d i v i d u a l  co m p le x e s  u s i n g ,  i n  a d d i t i o n ,  

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

From t h e  t a b l e ,  i t  i s  a p p a r e n t  t h a t  t h e  v a s t  

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

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

g r o u p s .  However ,  many o f  t h e s e  compounds c o n t a i n  o n l y  

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

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

mode o f  b o n d i n g  m ost  f a v o u r a b l e .  A n o t h e r  m a j o r  c l a s s  o f  

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

n um ber  w h ic h  a r e  known t o  s u p p o r t  c o o r d i n a t i o n  numbers  

g r e a t e r  t h a n  s i x .  The main d i s a d v a n t a g e  o f  X - r a y  d i f f r a c t i o n  

s t u d i e s  o f  compounds c o n t a i n i n g  t h e s e  e l e m e n t s  i s  t h e  h i g h  

c o n t r i b u t i o n  t o  t h e  s c a t t e r i n g  by t h e  h e a v y  m e t a l  atom w hich  

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

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

o u r  e x a m i n a t i o n  t o  co m p lex es  o f  f i r s t  and  s e c o n d  g r o u p  

t r a n s i t i o n  m e t a l s .  Complexes  o f  t h e s e  m e t a l s  c o n t a i n i n g  

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

a r e  n o t  so  w e l l  known and do n o t  fo rm  a  w e l l - d e f i n e d  p a t t e r n .  

However ,  (M e^PO ^CoC N O ^^  ^ a s  ^ een  u s e d  a s  a  s t r u c t u r a l  model 

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



FIGURE 1 . 3

MOLECULAR GEOMETRY OF (Me3PO )2Co(NO, ) 2
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o f  co m p lex es  o f  t h y  t y p e  L2M(NO^ ) 2 (L = u n i d e n t a t e  l i g a n d )  

an d  i s  w o r t h  c o n s i d e r i n g  i n  some d e t a i l .

The m o l e c u l a r  g e o m e t r y  o f  (Me^PO)2 Co(NO^ ) 2 i s  

shown i n  F i g u r e  1 . 3 ,  and  i t  i s  a p p a r e n t  t h a t  t h e  n i t r a t e  

g r o u p s  a r e  n o t  s t r o n g l y  bonded  t o  t h e  c o b a l t  ( c f .  Go(NO^)^ 

( 5 0 ) ^ .  rj ^ e o v e r a n  s t e r e o c h e m i s t r y  o f  t h e  com plex  may be 

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

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

a l t e r n a t i v e  d e s c r i p t i o n  i s  c i s - d i s t o r t e d  s i x - c o o r d i n a t e  

( C 2 v ) ,  t h e  a p p r o x i m a t e  C2 a x i s  b i s e c t i n g  t h e  two n i t r a t e  

g r o u p s .  No o t h e r  exam ple  c o m b in in g  t h i s  t y p e  o f  g e o m e t r y  

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

an d  i t  may w e l l  be t h a t  t h i s  com plex  was a  f o r t u i t o u s  c a s e  

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

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

p h o s p h i n e  o x i d e  l i g a n d s  a t  b o n d i n g  d i s t a n c e s  t o  t h e  m e t a l .

The o t h e r  modes o f  n i t r a t o - b o n d i n g  a r e  l e s s  w e l l  

r e p r e s e n t e d  by r e p o r t e d  s t r u c t u r e s  b u t ,  i n  t h e s e  e x a m p le s ,  

co m p le x e s  o f  f i r s t - r o w  t r a n s i t i o n  m e t a l s  ( i n  p a r t i c u l a r  o f  

C u ( l l ) )  p r e d o m i n a t e .  F o r  t h e  h y d r a t e d  m e t a l  n i t r a t e s  a  h i g h  

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

t e t r a - a q u o  compounds a c h i e v e  t h i s  t h r o u g h  a  n e tw o r k  o f  

h y d r o g e n  b o n d i n g  w h e r e a s  t h e  d i a q u o - s p e c i e s  a s s o c i a t e  t h r o u g h  

b r i d g i n g  n i t r a t o  g r o u p s .  T h e re  a r e  few known ex a m p le s  o f  

b r i d g i n g  n i t r a t e  g r o u p s  an d ,  a p a r t  f rom  t h e  d i h y d r a t e s  o f  Ni 

and  Zn(NO^)2 , a l l  o t h e r  e x a m p le s  h a v e  b ee n  C u ( I I )  c o m p le x e s .
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A sy m m e tr ic  b i d e n t a t e  and  u n i d e n t a t e  b o n d i n g  can  g e n e r a l l y  

be  r a t i o n a l i s e d  by c o n s i d e r a t i o n  e i t h e r  o f  s t e r i c  e f f e c t s  

o r  o f  h y d r o g e n  b o n d i n g  t o  t h e  n i t r a t e  g r o u p s .  Asym metr ic  

b o n d i n g  i s  a l s o  f r e q u e n t l y  fo u n d  i n  C u ( l l )  compounds 

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

c o p p e r  i o n .  However ,  a l l  o f  t h e  s t r u c t u r e s  show s u c h  v a r i e t y  

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

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

n i t r a t o  c o m p l e x e s .
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1 . 2 . 4 .  NITRATE DIMENSIONS

The n i t r a t e  i o n  i n  a  r e g u l a r  e n v i r o n m e n t  i s  

p l a n a r  w i t h  a l l  O-N-O a n g l e s  e q u a l  t o  120° and t h e  N-0 

b o n d s  o f  l e n g t h  1 .245  + 0 .01  % A f t e r  c o o r d i n a t i o n

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

f r e q u e n t l y  i n c l u d e s  t h e  m e t a l  a tom .  However,  t h e  d i m e n s i o n s  

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

t h i s  d i s t o r t i o n  may be r e l a t e d  t o  t h e  mode o f  b o n d i n g  and 

t o  t h e  s t r e n g t h  o f  t h e  m e t a l - n i t r a t e  i n t e r a c t i o n .

( i )  U n i d e n t a t e  Bond ing  (C_) and A sym metr ic  B i d e n t a t es

B o n d in g  (CQ) -  I  s

The O-N-O i n t e r b o n d ,  a n g l e  (£ )  o p p o s i t e  t h e
i

s t r o n g e s t  m e t a l - o x y g e n  i n t e r a c t i o n  i s  i n c r e a s e d  f rom 120 

w h i l e  t h e  o t h e r  two a n g l e s  ( a ,  |3 ')  a r e  g e n e r a l l y  l e s s  t h a n  

1 2 0 ° ,  w i t h  {3’ > a  by an amount r e l a t e d  t o  t h e  s t r e n g t h  o f  t h e  

M . . . 0 ( 2 )  i n t e r a c t i o n .  P r e d i c t i o n s  105) j>roiT, -khe mag

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

n i t r o g e n  a - o r b i t a l s  s u g g e s t  N-0 bond l e n g t h s  i n  t h e  o r d e r  

b < c < a ,  b u t  c h a n g e s  i n  t h e  v r - b o n d i n g  would  s u g g e s t  t h e  o r d e r  

c < b < a .  The l a t t e r  o r d e r  h a s  been  fo u n d  t o  p r e d o m i n a t e  a n d ,  

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

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

t r e n d .  One r e c e n t  e x c e p t i o n  t o  t h e s e  p r e d i c t i o n s  h a s  been
(  A . 1 ^

f o u n d  i n  t h e  s t r u c t u r e  o f  (Ph^MeP)^GuC NO^) '  where  t h e
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N-0 'bond l e n g t h s  a r e  i n  t h e  o r d e r  a < c < b .  In  t h i s  c a s e  

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

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

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

The M -0 (1 ) -N  a n g l e  ( y )  h a s  a l s o  been  u s e d  a s  

a  g u i d e  t o  t h e  mode o f  c o o r d i n a t i o n  o f  t h e  n i t r a t e  g r o u p .

a n g l e  i s  e x p e c t e d  f o r  n o r m a l  (C ) u n i d e n t a t e  b o n d i n g  a l t h o u g hs

a r e  c o r r e s p o n d i n g l y  i n c r e a s e d .  The t e r m i n a l  N-0 d i s t a n c e  ( c )  

b ecom es  s h o r t e r  w h i l e  t h e  N-0 bonds  i n v o l v i n g  t h e  

c o o r d i n a t e d  o x y g en s  ( a ,  a 1) become l o n g e r  t h a n  t h e  v a l u e s  

f o u n d  i n  t h e  f r e e  i o n .  T h ese  c h a n g e s  can  be e x p l a i n e d  u s i n g  

s i m p l e  v a l e n c e  bond t h e o r y  a s  t h i s  p r e d i c t s  t h a t  t h e  a  N-0 

( c o o r d i n a t e d )  bon d s  h a v e  more n i t r o g e n  p - c h a r a c t e r  t h a n  sp  ,

Cu— 0

0

Cu— 0

0

(A) (B) (C)

I t  h a s  been  s u g g e s t e d  a  v a l u e  o f  110° f o r  t h i s

t h i s  v a l u e  may be i n c r e a s e d  t o  c a .  120° by s t e r i c  e f f e c t s  o r  

by  e x t e n s i v e  h y d r o g e n  b o n d i n g .  V a l u e s  o f  y l e s s  t h a n  110° 

i n d i c a t e  an i n c r e a s i n g  M . . . 0 ( 2 ) i n t e r a c t i o n .

( i i )  S y m m e t r i c a l  B i d e n t a t e  Bond ing  (C 2 v ) ~ I I

The O-N-O a n g l e  ( a )  b e tw e e n  t h e  c o o r d i n a t e d  

o x y g e n s  i s  l e s s  t h a n  120° w h i l e  t h e  o t h e r  two a n g l e s  ( p ,  p f )
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w h i l s t  t h e  t e r m i n a l  oxygen atom h a s  c o r r e s p o n d i n g l y  l e s s  

The e f f e c t  o f  c o o r d i n a t i o n  on t h e  7Y-honding w i t h i n  t h e  

n i t r a t e  g r o u p  i s  a l s o  e x p e c t e d  t o  a f f e c t  t h e  N-0 bond l e n g t h s  

i n  t h e  s e n s e  o b s e r v e d ,  a s  t h e  v a l e n c e  bond s t r u c t u r e  (A) 

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

s t r u c t u r e  o f  t h e  m o l e c u l e  ( F i g u r e  1 . 4 ) .  However,  t h e  s t r e n g t h  

o f  s y m m e t r i c  b i d e n t a t e  c o o r d i n a t i o n  c o v e r s  a  w ide  r a n g e  and 

i n  compounds w i t h  f a i r l y  weak m e t a l - n i t r a t e  i n t e r a c t i o n  and 

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

c o v a l e n c e  an d  p o l a r i s a t i o n  phenom ena .

F o r  t h i s  mode o f  c o o r d i n a t i o n ,  t h e  M -0 (1 ) -N  

a n g l e  (y  = M -0 (2 ) -N )  i s  e x p e c t e d  t o  be c a .  95°  a l t h o u g h  

t h i s  v a r i e s  w i t h i n  q u i t e  w ide  l i m i t s ,  e . g .  f o r  CuCNO^)^ ( g ) ^ ^  

y = 8 5 ° ,  a n d  f o r  U0 2 (N0 , ) 2 . 6H20 y = 1 0 3 ° .

( i i i )  B r i d g i n g  (Cs and  C2 y ) .

Not enough  a c c u r a t e  d a t a  h a s  been  a s s e m b l e d  t o  

show r e l i a b l e  t r e n d s  b u t ,  bond l e n g t h s  and  a n g l e s  t e n d  t o  v a r y  

i n  t h e  same s e n s e  a s  i n d i c a t e d  f o r  u n i d e n t a t e  an d  b i d e n t a t e  

modes  o f  b o n d i n g  d i s c u s s e d  a b o v e .
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1 . 2 . 5 .  MOLECULAR GEOMETRY

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

e x p e c t e d  o f  n i t r a t o  c o m p le x es  i s  d o m i n a t e d  by t h e  f a c t  t h a t  

t h e  n i t r a t e  g r o u p  i s  a  v e r y  com pac t  l i g a n d  and  h a s  a  s h o r t

f b i t e ! o f  2 . 1 - 2 . 2  X. T h i s  means t h a t  t h e  s e p a r a t i o n  b e tw een

t h e  c o o r d i n a t e d  oxy g en s  i s  much s m a l l e r  t h a n  t h e  suras o f  

t h e i r  van  d e r  Waals  r a d i i  ( 2 . 8 0  X O 0 8 ) j  an(  ̂ ^ o r  comp i e x e s  

o f  l i g a n d s  o f  t h i s  t y p e ,  much h i g h e r  c o o r d i n a t i o n  num bers  a r e  

a t t a i n a b l e  t h a n  m i g h t  o t h e r w i s e  h a v e  b een  e x p e c t e d .

The s i z e  o f  t h e  n i t r a t e  i o n  i s  s i m i l a r  t o  t h a t  
( 3 1 )o f  t h e  c h l o r i d e  i o n  v 7 and  a t t e m p t s  t o  r a t i o n a l i s e  t h e  

s t e r e o c h e m i s t r i e s  o f  n i t r a t o - c o m p l e x e s  w i t h  s i m i l a r  c o m p lex es

o f  s i m p l e  l i g a n d s  h a v e  been  made.  In  t h i s  way, t h e

t e t r a n i t r a t o - c o m p l e x e s  o f  T i ( I V ) ,  M n ( l l ) ,  F e ( l l l ) ,  C o ( l l )  and 

S n ( lV )  may be compared  w i t h  t h e  h e x a n i t r a t o - c o m p l e x e s  o f  

C e ( I I I ) ,  Ce( lV )  and  T h(IV )  by o p t i m i s i n g  t h e  o v e r a l l  s t r u c t u r e s  

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

r a d i u s - r a t i o  c r i t e r i a .

The c o n c e p t  o f  c o n s i d e r i n g  t h e  b i d e n t a t e  ( )  

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

t h e  d i r e c t i o n  o f  t h e  l i g a n d  b i s e c t i n g  a  l i n e  b e tw een  t h e  

c e n t r e s  o f  t h e  two c o o r d i n a t e d  o x y g e n s ,  h a s  been  u s e d  by 

s e v e r a l  w o r k e r s  (49# ^ > 73 ,  109, 110)^ T h i s  h a s  t h e  m e r i t

o f  e n a b l i n g  m a g n e t i c  and  s p e c t r o s c o p i c  p r o p e r t i e s  t o  be

e x p l a i n e d  on t h e  b a s i s  o f  s t r a i g h t f o r w a r d  s t e r e o c h e m i s t r i e s
( 1 1 1 - 2 )e . g .  T^ o r  0 ^  e t c .  However ,  i t  h a s  b e e n  p o i n t e d  o u t  v 7
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t h a t  i t  i s  n o r m a l l y  b e t t e r  t o  c o n s i d e r  t h e  b i d e n t a t e  n i t r a t e

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

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

C o ( I l )  co m p le x es  u s i n g  t h e  s i m p l i f i e d  a p p r o a c h  may m e r e l y
/ 1 1 *2 \

h a v e  b ee n  f o r t u i t o u s  '  ' .
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1 . 2 . 6 CHEMICAL REACTIVITY

S t u d i e s  h a v e  shown t h a t  t h e  more m u l t i p l e  t h e  

r a e t a l - n i t r a t e  bond becom es ,  t h e  more r e a c t i v e  i s  t h e  n i t r a t e

shown t h a t  i o n i c  n i t r a t e s  and  a s y m m e t r i c  b i d e n t a t e  and 

u n i d e n t a t e  n i t r a t e - c o n t a i n i n g  co m p le x e s  a r e  r e l a t i v e l y  i n e r t .  

However ,  e x p l o s i o n  w i t h  e t h e r  o c c u r s  w i t h  co m p le x e s  s u c h  a s

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

i s  n o t  t h e  s o l e  c r i t e r i o n  s i n c e  o t h e r  c o m p lex e s  c o n t a i n i n g  

t h i s  mode o f  b o n d i n g  do n o t  show t h e  same o r d e r  o f  c h e m i c a l  

r e a c t i v i t y .  I t  now a p p e a r s  t h a t  f o r  t h e  n i t r a t e  g r o u p  t o  

p o s s e s s  s t r o n g  o x i d i s i n g  p o w e r s ,  i t  m us t  be s t r o n g l y  bound 

t o  a  m e t a l  atom w h ich  h a s  a  l o w e r  v a l e n c y  s t a t e  r e a d i l y  

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

r e a c t i v i t y  i s  t h e  NO^. r a d i c a l .  a s u g g e s t e d  mechanism 

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

a  m e t a l - n i t r a t e  t h r e e - c e n t r e  b o n d :

However ,  t h e r e  i s  s t i l l  a  g r e a t  d e a l  o f  work t o  be  done i n  

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

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

b a s i c  s t r u c t u r e s .

( 3 7 )g r o u p  w  . C o n s i d e r a t i o n  o f  r e a c t i o n s  w i t h  e t h e r s  h a v e

T i ( N 0 3 ) 4 , S n (N O ,)4 a n d  Cu ( N O ,) 2 ^ 1 1 4 ' w h ich  c o n t a i n

0
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INTRO DUCT ION

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

s a l t s  a r e  n o t  o n l y  n u m ero u s ,  b u t  a l s o  i n c l u d e  a v e r y  wide 

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

c o m p le x e s  w i t h  m e t a l  h a l i d e s  h a v e  r e c i e v e d  t h e  m o s t  s y s t e m a t 

i c  s t u d y  and t h e s e  commonly h av e  t h e  s t e r e o c h e m i s t r i e s :  

t e t r a h e d r a l ,  s q u a r e - p l a n a r  ( c i s  and  t r a n s ) ,  o c t a h e d r a l  ( c i s  

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

o c t a h e d r a l .  I n  a d d i t i o n ,  c e r t a i n  i n d i v i d u a l  co m p lex es  

a r e  known i n  w h ich  two s e p a r a t e  i s o m e r i c  fo rm s  can be 

i s o l a t e d ,  e . g .  a -  and  (3-forms o f  C o C p y ^ C ^  116)

( p y  = p y r i d i n e ) .  I t  i s  n o t i c e a b le  t h a t  a l l  o f  t h e s e  

s t e r e o c h e m i s t r i e s  a r e  b a s e d  upon 4 -  o r  6 - c o o r d i n a t e  m e t a l  

i o n s .  However ,  f o r  m e t a l - p y r i d i n e  com p lex es  c o n t a i n i n g  

p o l y a n i o n s ,  an even  g r e a t e r  number  o f  m o l e c u l a r  g e o m e t r i e s  

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

b o n d i n g  p o s s i b i l i t i e s .  The l a t t e r  c l a s s  o f  compounds i s  

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

s t r u c t u r e s  i n  t h i s  a r e a  h a v e  b ee n  b a s e d  on m a g n e t i c  and 

s p e c t r o s c o p i c  m e a s u re m e n t s  and t h e s e  h a v e  n o t  been  

c o n f i r m e d  by X - r a y  d i f f r a c t i o n  s t u d i e s .

P y r i d i n e  i s  an i n t e r e s t i n g  n o n - a q u e o u s  

s o l v e n t  b e c a u s e  i t  i s  a  good b a s e  (pK-^ = 8 . 8 1 )  w i t h  a  low 

d i e l e c t r i c  c o n s t a n t  ( & = 1 2 . 3 ) .  T h e r e f o r e ,  i t s  t r a n s i t i o n  

m e t a l  co m p lex es  a r e  o f  i n t e r e s t  i n  t h e  e v a l u a t i o n  o f
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s p e c  t r o  c h e m i c a l  p a r a m e t e r s  an d ,  i n  t h i s  f i e l d ,  a  d e t a i l e d
( 1 1 H 1 1 0 ]

k n o w led g e  o f  c r y s t a l  s t r u c t u r e s  i s  d e s i r a b l e  v * .

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

a s s i g n m e n t  o f  b a n d s  i n  t h e  i n f r a r e d  and  Raman s p e c t r a  o f
_ 1

p y r i d i n e  c o m p le x e s .  The i n f r a r e d  s p e c t r a  ( 4 0 0 0 -5 0  cm ) 

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

much a t t e n t i o n  ( ^ 9 - 2 3 ,  1 3 3 -4 0 )^  t h e  wide  r a n g e  o f

co m p le x e s  a v a i l a b l e  makes them u s e f u l  p r o t o t y p e s  i n  t h e  

s t u d y  o f  more c o m p l i c a t e d  s y s t e m s .

M e t a l - p y r i d i n e  co m p le x e s  h a v e  a l s o  been  

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

c a t a l y s t s .  F o r  ex a m p le ,  oc,p and  p , y - u n s a t u r a t e d  a l d e h y d e s  

a n d  k e t o n e s  c a p a b l e  o f  f o r m i n g  a  c o n j u g a t e d  d i e n o l  can be 

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

o f  p y r i d i n e  a d d u c t s  o f  *cupr ic  a c e t a t e  o r  n i t r a t e  1^5)

The a d v a n t a g e  o f  t h e  u s e  o f  s u c h  c o m p lex es  i s  t h a t  no s i d e  

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

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

The s t r u c t u r e s  o f  s e v e n  m e t a l ( I I ) - n i t r a t o  

c o m p le x e s  w i t h  p y r i d i n e  h a v e  b ee n  s o l v e d  and a r e  d e s c r i b e d  

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

o f  t h e s e  s t r u c t u r e s  i s  a  s e c t i o n  d e s c r i b i n g  some o f  t h e  

c h e m i s t r y  o f  o t h e r  members o f  t h e  s e r i e s  and i n d i c a t i n g  

why t h e  compounds s t u d i e d  were  s e l e c t e d .



CHAPTER 1

B i s - P . y r i d i n e  M e t a l - N i t r a t o  Complexes

1 1 , 1 . 1  THE COPPER NITRATE-PYRIDINE SYSTEM

P y r i d i n e  fo rm s  a  w ide  v a r i e t y  o f  com plexes

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

t h e  f o l l o w i n g  co m p lex es  h av e  b ee n  r e p o r t e d :  C u ( p y ) 2 (NO 3) 2

( 1 2 6 “ 7 ) , C u ( p y ) 3 (M03 ) 2 <126’ 1 2 7 ’ 1 2 8 > 15° ) ,  Cu(P y ) 4 ( N0 3 ) 2 

( 1 2 6 - 7 ,  129 ,  1 3 1 - 2 )  ̂ c u ( p y ) 5 (N03 ) 2 ( 1 3 1 ) , C u ( p y ) 6 (N03 ) 2

( 1 2 6 - 7 ,  1 3 1 ) f C u ( p y ) 7 (N03 ) 2 ( 1 5 1 ) .  B i a g e t t i  e t  a l  ^1 2 6 )

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

p h a s e s  C u ( p y ) n (NO^ ) 2 (n  = 2, 4 o r  6 ) and  t h e y  s u g g e s t e d  

t h a t  t h e  e x i s t e n c e  o f  C u ( p y ) ,-(NO^ ) 2 and  C u ( p y ) y ( NO^ ) 2 was 

open  t o  q u e s t i o n  a s  t h e s e  co m p lex e s  w ere  o n l y  d e t e c t e d  by 

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

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

t h e  e x i s t e n c e  o f  Cu(py)^(NO ^ ) 2 a s  a s e p a r a t e  p h a s e  b u t
/  «j A *|

t h i s  com plex  h a s  s i n c e  been  i s o l a t e d  i n  o t h e r  s t u d i e s  '  *

145) # An i n t e r r e l a t i o n s h i p  d i a g r a m  b e tw e en  t h e s e  f o u r  

p h a s e s ,  C u ( p y ) n (NO^ ) 2 (n = 2 , 3 , 4 o r  6 ) ,  i s  shown i n  

F i g u r e  I I . 1 and  t h e i r  p o s t u l a t e d  s t r u c t u r e s  a r e  d i s c u s s e d  

b e l o w .

( a )  C u ( p y ) 4 (N0 5 ) 2

T h i s  com plex  h a s  b e e n  p r e p a r e d  by two s y n t h e t i c  

r o u t e s  ( 1 2 6 , 1 3 2 )  an(j i t  h a s  b e e n  s u g g e s t e d  t h a t  t h e s e  may 

l e a d  t o  two s e p a r a t e  s t r u c t u r a l  fo rm s  a s  t h e r e  a r e  d e t a i l e d



FIGURE I I .  1

I n t e r r e l a t i o n s h i p  d ia g ra m  i n  t h e  Cu(NO^) 2~ p y r i d i n e  sy s te m

py
56
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py

C u ( p y ) 5 ( N 0 5 ) 2
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d i f f e r e n c e s  i n  t h e i r  i n f r a r e d  s p e c t r a .  S t u d i e s  ^ ^ 6 , I3 2 ) 

on "both fo rm s  h a v e  shown t h a t  t h e  n i t r a t e  an d  p y r i d i n e  g r o u p s  

a r e  a l l  c o o r d i n a t e d  and  a  f a r  i n f r a r e d  s t u d y  ( ^ 1 )  gUg g e s t s  

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

f o u r  e q u a t o r i a l  p y r i d i n e  m o l e c u l e s  an d  two l o n g - b o n d e d  

u n i d e n t a t e  n i t r a t o - g r o u p s . T h i s  t y p e  o f  s t r u c t u r e  h a s  been  

f o u n d  f o r  many c o p p e r ( l l )  c o m p le x e s ,  e . g .  Cu(C^N^Hg)2 (NO^)2

( U 2 ) , c u ( nh3 ) 4 ( s c n ) 2 ( U 3 ) , c u ( c2n2h8 ) 2 ( b f 4 ) 2 <1 4 4 ) .

( b )  C u ( p y ) 6 (N05 ) 2

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

v e r y  s i m i l a r  t o  t h a t  o f  t h e  t e t r a k i s - p y r i d i n e  p h a s e  ^ ^ 1 ) ,  

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

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

g r o u p s  ^ 2 6 ,  145)^  Tlie s t r u c t u r e  t h u s  s u g g e s t e d  i s  one 

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

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

S i n c e ,  f rom t h e  a v a i l a b l e  e v i d e n c e  t h e s e  two 

c o m p le x e s  a p p e a r  t o  o f f e r  no n o v e l  s t r u c t u r a l  f e a t u r e s ,  

t h e y  h a v e  n o t  y e t  b e en  exam ined  by s i n g l e - c r y s t a l  X - r a y  

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

( c )  C u ( p y ) 5 (N05 ) 2

T h i s  com plex  i s  d i s c u s s e d  i n  s e c t i o n  I I . 2

b e l o w .
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( d )  U u ( p y ) 2 (NO^)2

B i a g e t t i  e t  a l  (**26) h a v e  s u g g e s t e d  t h a t  

C u ( p y ) 2 ( N03 ) 2 c o n t a i n s  e i t h e r  b i d e n t a t e  o r  b r i d g i n g  n i t r a t e  

g r o u p s  on t h e  b a s i s  o f  t h e  s p l i t t i n g  o f  t h e  two h i g h e s t  

n i t r a t e  f r e q u e n c i e s  i n  t h e  i n f r a r e d  s p e c t r u m .  The m a g n e t i c  

moment and  e l e c t r o n i c  s p e c t r u m  f o r  t h i s  com plex  a r e  

s i g n i f i c a n t l y  d i f f e r e n t  f rom t h o s e  f o r  C u (p y )^ (N 0 3 ) 2 and 

C u ( p y ) g (N 0 3 ) 2 b u t  t h e  r e f l e c t a n c e  s p e c t r u m  i s  v e r y  s i m i l a r  

t o  t h a t  r e c o r d e d  f o r  Cu(py-NO) 2 (NC>3 ) 2 ( 1^ 6 )  (py-NO = p y r i d i n e -
(  A n \

N - o x i d e ) .  An X - r a y  e x a m i n a t i o n  o f  t h e  l a t t e r  com plex  '  '

h a s  r e v e a l e d  a  d i m e r i c  s t r u c t u r e  c o n t a i n i n g  *u n i d e n t a t e 1 

n i t r a t o - g r o u p s  w i t h  o x y g e n - b r i d g i n g  t h r o u g h  t h e  o r g a n i c  

l i g a n d s ,

F a r  i n f r a r e d  s t u d i e s  o f  C u ( p y ) 2 (NC>3 ) 2 (130,141 

145 ,  147) h a v e  shown t h e  p r e s e n c e  o f  two b a n d s  a t t r i b u t a b l e  

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

r e c o r d e d  f o r  o t h e r  CuL 2 (NC>3 ) 2 (L = u n i d e n t a t e  l i g a n d )  

c o m p le x e s  (**47)^ an(j m o r e o v e r ,  t h e  l a r g e  s p l i t t i n g  o b s e r v e d  

f o r  t h e s e  modes i n  t h e  b i s - p y r i d i n e  com plex  may w e l l  r e s u l t  

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

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

e x a m i n a t i o n  o f  t h i s  com plex  by X - r a y  d i f f r a c t i o n  t e c h n i q u e s .



I I . 1 . 2 CRYSTAL AND MOLECULAR STRUCTURE OP 

B I S [ LINITRATOBIS(PYRIDINE)COPPER( I I )] -  

PYRIDINE
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II. 1 . 2 .  C R Y S T A L  A N D  M O L E C U L A R  S T R U C T U R E  O F

BIS [D IN IT R A T O B IS (P Y R ID IN E )-C O P P E R (II ) ]  P Y R ID IN E ,  

[C u(py) 2 (N 0 3 ) 2 l 2 . py

( a ) M a te r ia l  U s e d  in  the D e t e r m in a t io n

T he c o m p le x  w a s  or ig in a lly  p r e p a r e d ^ ^ ^  b y  the  

t h e r m a l  d e c o m p o s i t io n  of Cu(py)^(NC>3 ) 2  ( F ig u r e  II. 1), but th is  did  

not y i e ld  m a t e r ia l  s u i ta b le  fo r  a fu l l  X - r a y  d i f f r a c t io n  stu d y . A n  

a l t e r n a t iv e  p r e p a r a t iv e  rou te  w a s  t h e r e f o r e  found w h e r e b y  a 

s t o i c h e i o m e t r i c  a m o u n t  o f  p y r id in e  w a s  added  to a s o lu t io n  o f  

a n h y d ro u s  c o p p e r  n i t r a t e .  T he  f a r  in fr a r e d  s p e c t r a  o f  c r y s t a l s  

o b ta in e d  b y  th is  rou te  and o f  the t h e r m a l  d e c o m p o s i t io n  p r o d u c t  w e r e  

c o m p a r e d  and found to be  id e n t ic a l  ( F ig u r e  II. 2) and it  w a s  ad judged  

that the n i tr a te  g r o u p s  w e r e  p r o b a b ly  in a v e r y  s i m i l a r  e n v ir o n m e n t  

in  e a c h  c a s e .  The X - r a y  a n a l y s i s  w a s  thus p e r f o r m e d  on one o f  the  

c r y s t a l s  p r e p a r e d  b y  the la t t e r  m e th o d .

(b) E x p e r im e n t a l  and R e s u l t s

F u l l  e x p e r im e n t a l  d e t a i l s ,  a t o m ic  p a r a m e t e r s ,  

t h e r m a l  p a r a m e t e r s ,  and s t r u c t u r e - f a c t o r  t a b le s  a r e  g iv e n  in  

A p p e n d ix  I.

F i g u r e s  II. 3 and II. 4 s h o w  the  a t o m ic  n u m b e r in g  

s c h e m e  and the m o le c u l a r  p a c k in g  r e s p e c t i v e l y .  T a b le  II. 1 g iv e s  

in t e r a t o m ic  d i m e n s io n s  and  T a b le  II. II g i v e s  s o m e  l e a s t - s q u a r e s  

b e s t  p la n e s  c a l c u l a t e d  th rou gh  the m o l e c u l e .
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( c )  D i s c u s s i o n

T he a n a l y s i s  h a s  r e v e a l e d  a c e n t r o s y m m e t r i c  

d i m e r i c  s t r u c t u r e  in w h ic h  e a c h  c o p p e r  a to m  i s  s u r r o u n d e d  by s e v e n  

o th e r  a t o m s  in a d i s t o r t e d  a r r a n g e m e n t  ( F ig u r e  II. 3). The m o n o 

m e r i c  u n its  a r e  l in k e d  by  in te r a c t io n  b e tw e e n  the c o p p e r  a to m  o f  one  

m o n o m e r  and the c o p p e r -b o n d e d  o x y g e n  [ 0(4)] o f  the o t h e r .  T h is  

o x y g e n  i s  t h e r e f o r e  in v o lv e d  in u n a m b ig u o u s  in te r a c t io n  w ith  two  

c o p p e r  a to m s  and i s  s im u l t a n e o u s ly  bond ed  to the n i tr a te  g r o u p  o f  

w h ic h  i t  i s  p a r t .  T h is  k ind  of  b r id g in g  n i tr a te  g rou p  i s  c l a s s i f i e d  

I l l ( i i i )  in F ig u r e  I. 1 a b ove  and i s  the o n ly  e x a m p le  o f  t h is  t y p e ,o f  

n i tr a to -b o n d in g  at p r e s e n t  r e c o r d e d .  H o w e v e r ,  in  the s t r u c t u r e  o f  

the o6 - f o r m  of Cu(NO ) in a d d it io n  to the m o r e  n o r m a l  b r id g in g

th ro u g h  two o x y g e n  a to m s  of  e a c h  n i tr a te  g r o u p , the t e r m in a l  o x y g e n  

i s  a l s o  in v o lv e d  in  w e a k e r  in te r a c t io n  b e tw e e n  two a d ja c e n t  c o p p e r  

a t o m s .  In the  p r e s e n t  s t r u c t u r e ,  the C u -0 (4 )  and C u '-0 (4 )  d i s t a n c e s  

a r e  2 . 0 42 (6 )  and 2 . 542 (8 )  R, w h i l s t  in  a oc -C u (N O -)  the  c o r r e s p o n -
O Ld

ding d i s t a n c e s  a r e  2 . 68 (4 )  and 2 . 43(4 )  R. T h e r e f o r e ,  the im p o r ta n t  

f e a t u r e  in the p y r id in e  d im e r  i s  that it  i s  a s tr o n g ly -b o u n d  o x y g e n  of  

the  n i tr a te  g rou p  that i s  in v o lv e d  in the b r id g in g .  A n o th e r  e x a m p le  

o f  b r id g in g  to a w e a k ly -b o u n d  o x y g e n  a to m  o c c u r s  in  the s e v e n -  

c o o r d in a te  c o m p le x  Cd(CH CO ) . 2H 0 i n w h ic h  an a s y m m e t r i c a l l y
J Ld Cd Cd

bou n d ed  a c e ta t e  g rou p  ( C d - 0 ( 1 ) 2 . 5 9 7 (3 ) ,  C d - 0 ( 2 ) 2 . 294(4)  R) b r id g e s

to  a n o th e r  c a d m iu m  a to m  (Cd* -0 (1 ) B r i d g i n g /

c h e la t in g  a c e t a t e  g r o u p s  a r e  a l s o  found in  the  c o m p le x e s

(M = Cu, Cd), and u r a n iu m  (IV)C a[M (C H 3 COz )4 ] 6H 2 0
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( 1 5 0 )
a c e t a t e

W ithin  the d im e r ,  the in o r g a n ic  s h e e t  of the four  

n i t r a t e  g r o u p s  and the two c o p p e r  a to m s  is  not g r e a t ly  d i s to r t e d  f r o m  

p la n a r i t y ,  and the b on d ed  p y r id in e  m o l e c u l e s  a r e  not o n ly  o r ie n t a t e d  

a l m o s t  p e r p e n d ic u la r ly  to th is  p la n e ,  but in ad d it ion  a r e  n e a r ly  

p a r a l l e l  to e a c h  o th e r .  H o w e v e r ,  th is  i s  o n ly  a m o le c u l a r  fe a tu r e  

a s  the  s p a c e  g rou p  s y m m e t r y  d o e s  not a l lo w  the  e x t e n s io n  of  t h e s e  

p la n e s  th rou gh ou t  the c r y s t a l .  The t r i m e r i c  n ic k e l  n i t r i t e  c o m p le x ,  

[Ni( - p i c o l i n e ^ N O ^ ) ^ ] y  a ŝo  c o n ta in s  th is  f e a t u r e  of s e p a r a te  

in o r g a n ic  and o r g a n ic  s h e e t s  w h ich  h a s  b e e n  s u g g e s t e d  a s  an  

e x p la n a t io n  fo r  i t s  m a r k e d  s ta b i l i t y  T h is  c o m p le x  a l s o  s h o w s

two o th e r  in t e r e s t i n g  s i m i l a r i t i e s  w ith  the  C u -p y r id in e  d im e r  in that  

b r id g in g  o f  two n ic k e l  a to m s  by  one  o x y g e n  f r o m  a n i t r i t e  grou p  is  

p r e s e n t ,  and the un it  c e l l  w a s  found to c o n ta in  s o lv e n t  m o l e c u l e s .

In the  d im e r ,  the p r e s e n c e  o f  f r e e  p y r id in e  m o l e c u l e s  on c r y s t a l -  

l o g r a p h ic  c e n t r e s  o f  i n v e r s i o n  r a i s e d  s p e c u la t io n  a s  to the v a l id i ty  

o f  the o r ig in a l  c h o ic e  o f  s p a c e  g rou p , P 2 ^ / c .  T h e  c o r r e c t n e s s  o f  

the s p a c e  g ro u p  w a s  in d ic a te d  b y  a t r ia l  r e f in e m e n t  u s in g  the  

s y m m e t r y  of s p a c e  g rou p  P c ,  and it  w a s  c o n c lu d e d  that the s o lv a t e d  

p y r id in e s  w e r e  s t a t i s t i c a l l y  d i s o r d e r e d .  T h u s ,  fo r  r e f in e m e n t  

p u r p o s e s ,  the s o lv a t e d  p y r id in e  m o l e c u l e s  w e r e  t r e a t e d  a s  b e n z e n e .

A lth o u g h  the i n t e r - d i m e r  s e p a r a t io n s  a r e  g r e a t e r  

than  van d e r  W aa ls  d i s t a n c e s ,  the in t e r a c t io n  o f  the f r e e  p y r id in e  

m o l e c u l e s  w ith  the d i m e r s  a p p r o a c h  s ig n i f ic a n t  v a lu e s  

C ( l l )  . . . 0(2) 3 . 3 3 ,  C (13) . . . 0(5) 3 . 6 o R .  S in c e  it i s  r e a s o n 

a b le  to s u p p o s e  that the c o p p e r - n i t r a t o  c o o r d in a t io n  i s  not r ig id ,  it
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i s  d i f f ic u lt  to d e c id e  the e x te n t  to w h ic h  the in te r n a l  g e o m e t r y  o f  the

d im e r  m a y  be a f f e c te d  by  the c l o s e  p r o x i m i t y  o f  t h e s e  m o l s c u l e s .

H o w e v e r ,  a c o m p a r i s o n  o f  the m o le c u l a r  g e o m e t r y  o f  the d im e r  w ith

(44 46 77_g)
o t h e r  Cu(NO^)^ c o m p le x e s  * s u g g e s t s  that th is  f e a tu r e  i s

n o t  o f  c r i t i c a l  im p o r t a n c e  in  d e f in in g  the c o o r d in a t io n  o f  the n i tr a te  

g r o u p s .

In the d i m e r i c  s t r u c t u r e ,  e a c h  c o p p e r  a to m  is

su r r o u n d e d  by  s e v e n  i m m e d ia t e ly  n e ig h b o u r in g  a t o m s ,  a lthou gh

w h e th e r  or  not the  c o p p e r  can  be  c o n s id e r e d  s e v e n - c o o r d i n a t e  d ep en d s

on  the  s ig n i f i c a n c e  o f  the C u -0 (5 )  (2. 906(7)  X )  in te r a c t io n .  T h is

d i s t a n c e  i s  lon g  c o m p a r e d  w ith  o th e r  c o p p e r - o x y g e n  d i s t a n c e s  both

in  th is  and in o th e r  s t r u c t u r e s .  H o w e v e r ,  the e lo n g a t io n  of c o p p e r -

o x y g e n  b on d s  i s  w e l l  know n and the bond ing s ig n i f i c a n c e  of the

C u -0 (5 )  in t e r a c t io n  w a s  e x a m in e d  by the c a lc u la t io n  of  o v e r la p

(1 5 3 ,  154)
in t e g r a l s  u s in g  S la te r  o r b i t a l s  * . A lth o u g h  s o m e  g r o s s

o v e r s i m p l i f i c a t i o n s  a r e  m a d e ,  t h e s e  c a lc u la t io n s  s u g g e s t  that i f

c o p p e r - o x y g e n  in te r a c t io n  i s  s ig n i f ic a n t  w ith  a s e p a r a t io n  o f  2 . 1 X ,

th en  in t e r a c t io n  w i l l  a l s o  be s ig n i f ic a n t  w h en  the s e p a r a t io n  i s  2. 9 X .

(154)O th e r  w o r k  on  t e t r a g o n a l  Cu(II) c o m p le x e s  su p p o r ts  th is  r e s u l t

A n  in d ir e c t  m e th o d  of  t e s t in g  the s ig n i f i c a n c e  o f  

the  C u -0 (5 )  in t e r a c t io n  i s  to e x a m in e  w h e th e r  the e n v ir o n m e n t  a rou n d  

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

f o r  s e v e n - c o o r d i n a t e  s y s t e m s .  A t  p r e s e n t ,  the  n o r m a l ly  e x p e c te d  

s t e r e o c h e m i s t r i e s  m a y  b e  d e s c r i b e d  a s  (1 , 3, 3), (1 ,  4, 2 ) , (1 , 5, 1),

(4 , 0, 3) and m a y  be t h e o r e t i c a l ly  p r e d ic t e d  b y  c o n s id e r a t io n  o f  the
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e q u ik ' ib r iu m  p o s i t i o n s  ad op ted  by s e v e n  e l e c t r o n - p a i r s  und er  an

(155 )
a p p r o p r ia te  f o r c e  la w  . F o r  the d im e r ,  the a r r a n g e m e n t

a ro u n d  e a c h  c o p p e r  a to m  a p p r o x im a t e s  to that d e s c r i b e d  a s  (1 , 4, 2)

2 -  2 -  2 -

w h ic h  i s  a g e o m e t r y  know n f o r  the io n s  T aF ^  , N b F ^  and NbOF^ .

H o w e v e r ,  the la c k  o f  s y m m e t r y  c a u s e d  by  the c o p p e r - o x y g e n  lo n g -  

b o n d s  m a k e s  any s u c h  a s s ig n m e n t  in c o n c lu s iv e  and an a l te r n a t iv e  

d e s c r i p t io n  i s  a d i s t o r t e d  p e n ta g o n a l  b ip y r a m id  ( 1 , 5 ,  1) w ith  the a p ic a l  

p o s i t i o n s  o c c u p ie d  b y  the p y r id in e  n i t r o g e n s  ( F ig u r e  II. 5). T h is  type  

o f  g e o m e t r y  i s  know n fo r  C r(0  ) (NH ) C r(0  ) (CN)^2 2 o o 2 2 j

C^O^J^Ophen and C r(0  ) H 0 (en ). H^O a l l  o f  w h ich

sh o w  d i s t o r t io n s  in the e q u a to r ia l  p la n e  a lth ou gh  none so  m a r k e d .a s

in  the p r e s e n t  c o m p le x .

T. i -i . , (4 9 ,  64 ,  73, 109 , 110) _ ^It h a s  b e e n  s u g g e s t e d  that

f o r  c o m p le x e s  c o n ta in in g  s y m m e t r i c a l l y  b id e n ta te  n i t r a t o - g r o u p s ,  the

d e s c r i p t io n  of  the m o le c u l a r  g e o m e t r y  i s  s im p l i f i e d  by  c o n s id e r in g

e a c h  n i tr a te  g r o u p  a s  o c c u p y in g  one  c o o r d in a t io n  s i t e  w ith  the

d ir e c t io n  o f  the l ig a n d s  p a s s in g  th rou gh  the 'c e n t r e  o f  g r a v ity '

b e t w e e n  the c o o r d in a te d  o x y g e n s .  If i t  i s  r e a s o n a b le  to e x te n d  th is

a r g u m e n t  to a s y m m e t r i c a l l y  c o o r d in a te d  n i tr a te  g r o u p s ,  then  the

g e o m e t r y  a rou n d  e a c h  c o p p e r  a to m  in the p r e s e n t  c o m p le x  cou ld  be

r e g a r d e d  a s  d i s t o r t e d  s q u a r e - p y r a m id a l .  H o w e v e r ,  i t  i s  now
/ \

thought that s u c h  a p p r o x im a t io n s  a r e ,  in g e n e r a l , u n r e a s o n a b le  

and i t  i s  b e t t e r  to c o n s id e r  the  in t e r a c t io n s  of the in d iv id u a l  a t o m s .

A  d ia g r a m m a t ic  r e p r e s e n t a t io n  of  the e n v ir o n m e n t  

aro u n d  e a c h  c o p p e r  a to m  i s  sh ow n  in F ig u r e  II. 6 . S u p e r p o s i t io n  o f
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a g r o s s l y - d i s t o r t e d  J a h n - T e l l e r  o c ta h e d r a l  g e o m e t r y  on  th is  s y s t e m  

r e q u i r e s  the J a h n - T e l l e r  s h o r t -b o n d  p o s i t i o n s  to be  o c c u p ie d  by  the  

b o n d ed  p y r id in e  g r o u p s  and by an o x y g e n  0(1) and 0(4) o f  e a c h  n i tr a te  

g r o u p .  T h e  C u -0 ' (4 )  d i m e r i s i n g  bond  o c c u p ie s  one o f  the lo n g -b o n d  

a x ia l  p o s i t i o n s ,  and a lth ou gh  the s i t e  t r a n s  to th is  bond is  v a c a n t ,  the  

v e c t o r  r e s u l t a n t  o f  the C u -0 (5 )  and C u -0 (2 )  in te r a c t io n s  w ou ld  a p p r o x 

i m a t e l y  c o m p le t e  the J a h n - T e l l e r  o c ta h e d r o n .

T h e  p r e f e r r e d  g e o m e t r y  fo r  the C u (ll)  io n  w ith  

cr -b o n d in g  l ig a n d s  i s  a d i s t o r t e d  t e t r a g o n a l  o c ta h e d r o n  and it  is  

s u g g e s t e d   ̂ °  ̂ that bond ing  of  g r o u p s  in  the a x ia l  p o s i t i o n s  cannot  

b e  ig n o r e d .  F o r  u n id en ta te  l ig a n d s  the a x ia l  bond  le n g th s  ten d  

to w a r d s  c a .  0 . 6  X  l o n g e r  than  the e q u a to r ia l  d i s t a n c e s ,  im p ly in g  that  

the  Cu(Il) ion  sh o u ld  be  c o n s id e r e d  d l ip s o id a l  r a th e r  than s p h e r ic a l .  

T h e r e f o r e ,  the  C u -0 ' (4 )  d i m e r i s i n g  bond (0. 5 X  >  in -p la n e  C u -0  

d i s t a n c e s )  i s  o f  the  c o r r e c t  o r d e r  s in c e  the out o f  p lan e  c o v a le n t  

r a d iu s  o f  the  Cu(II) ion  h a s  b e e n  e s t i m a t e d  to be  c a .  1. 90

H o w e v e r ,  to j u s t i f y  the a b o v e  p ic tu r e  o f  the c o o r d in a t io n ,  i t  i s  a l s o  

n e c e s s a r y  to c o n s id e r  the e v id e n c e  fo r  the ' n o n - a x ia l 1 bond ing that  

h a s  b e e n  p o s t u la t e d  fo r  0(2) and 0(5).

U n fo r tu n a te ly ,  the f a c t  that the m o l e c u l e s  o f  

[Cu(py)^(NO^)^]  ̂ a r e  not a l ig n e d  in the c r y s t a l ,  m a k e s  the i n t e r p r e 

ta t io n  o f  s i n g l e - c r y s t a l  e .  s .  r .  and e l e c t r o n i c  s p e c t r a l  m e a s u r e m e n t s  

p a r t i c u l a r ly  d i f f ic u l t .  It i s  t h e r e f o r e  a d v a n ta g e o u s  to  ob ta in  e v id e n c e  

f o r  th is  type o f  b on d in g  b y  a n a lo g y  w ith  o th e r  know n Cu(II) s y s t e m s .

Tw o c o m p le x e s  w h ic h  h a v e  r e c e i v e d  e x t e n s i v e
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s tu d y  a r e  C aC u(C H  CO ) . 6 H 0 ( I ) ' 163, 1 6 4  ̂ and Cu(HA) ( C I O . ) ,
3  *  La *± *± £

(H A  = 6 - a m in o h e x a n o ic  a c id )  (II) *^6 )̂  T h e s e  c o n ta in  both

s h o r t  (I 1 . 97 X , II 1 . 9 3  X ) and long  (I 2 . 79 X , II 2 . 8 8  X ) C u - 0

d i s t a n c e s ,  and m a y  be r e g a r d e d  a s  fo u r  o r  e ig h t - c o o r d in a t e ,  d epend ing

on the  s ig n i f i c a n c e  o f  the lon g  in t e r a c t io n s .  B i l l in g  e t  a l h ave

s u g g e s t e d  that i f  the s t e r e o c h e m i s t r y  i s  c o n s id e r e d  to be  s q u a r e -

p la n a r  in  CaCu(CH^CO^)^,. 6H^0, an in -p la n e  c o p p e r - o x y g e n  bond

le n g th  o f  c a .  1 . 9 1  R and a v a lu e  fo r  the e n e r g y  o f  the  d 2 —y d

t r a n s i t io n  o f  c a .  19. 0 kK w ou ld  be p r e d ic t e d .  The o b s e r v e d  v a lu e s

f o r  th is  c o m p le x  w e r e  1. 97  X  and 12. 5 kK r e s p e c t i v e l y  w h ich  a r e

m o r e  r e c o n c i la b le  w ith  a d i s t o r t e d  o c ta h e d r a l  s t e r e o c h e m i s t r y  and

s u g g e s t  s o m e  s o r t  o f  c o o r d in a t io n  of the lo n g -b o n d e d  o x y g e n s .  If,

in  the u s u a l  w a y ,  the s h o r t -b o n d e d  s q u a r e - p la n e  i s  d e f in e d  a s  the

x y - p la n e ,  th en  the o th e r  o x y g e n s  do not l i e  on the z - a x i s  and s o m e

f o r m  of n o n - a x ia l  c o o r d in a t io n  w a s  p o s tu la te d .  A lth o u g h  the p r e c i s e

n a tu r e  o f  th is  c o o r d in a t io n  i s  n o t  c l e a r ,  the s u g g e s t e d  m o d e l  ^ ^ 7 )

fo r  the two c o m p le x e s  a b o v e  (I and II) m a y  be ad ap ted  to d e s c r i b e

the n i tr a to -b o n d in g  in  the p r e s e n t  dime r . T h e  lo n g -b o n d e d  o x y g e n s

2
o f  the n i tr a te  g rou p  0 ( 2 ) and 0(5) a r e  p r o b a b ly  in v o lv e d  in  sp

h y b r id i s a t io n ,  w ith  the p la n e s  o f  the n i tr a t e  g r o u p s  a t  r ig h t - a n g le s

to the x y - p la n e  ( F ig u r e s  II. 6  and II. 7 (a )) .  The o r ie n t a t io n  o f  one  o f  

2
t h e s e  sp  lo b e s  e n a b le s  w e a k  o v e r la p  w ith  the d 2  o r b i ta l  o f  the c o p p e r  

( F ig u r e  H. 7(b)). In the  c o m p le x  C aC u(A cO )^ . th is  type  o f

d e s c r i p t io n  w o u ld  e x p la in  the lo w  e n e r g y  of the d 2 "^^Xy  t r a n s i t io n  

a s  the  o v e r la p  i s  in d e p e n d e n t  o f  the  grou n d  s ta te  o f  the Cu(H) ion .
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It h a s  f u r th e r  b e e n  s u g g e s t e d   ̂ that the p - o r b i t a l  o f  lo n g -b o n d e d ,

n o n - a x i a l  o x y g e n  a t o m s  m a y  be in v o lv e d  in w e a k  7T-bonding to the

d and d o r b i t a l s  o f  the c o p p e r  a lth ou gh  th is  i s  n o t  so  l ik e l y  i f  x z  yz

t h e r e  i s  a d 9  9  g ro u n d  s ta te ,x ~y

It i s  i n t e r e s t i n g  to c o m p a r e  the s t e r e o c h e m i s t r y  

a r o u n d  the c o p p e r  a to m  in  the p r e s e n t  d i m e r i c  c o m p le x  w ith  the  

g e o m e t r i e s  found in o th e r  know n Cu(NO^)^ c o m p le x e s  in  the l ig h t  o f  

t h i s  s u g g e s t e d  b on d in g . It w a s  m e n t io n e d  ab ove  (II. 1. l . ( d ) )  that the  

r e f l e c t a n c e  s p e c t r a  o f  Cu(py) (NO ) and C u (py-N O ) (NO ) a r e
U  O M  W O b l

. (146 )  .v e r y  s i m i l a r  s u g g e s t in g  that the c o p p e r  i s  m  a c l o s e l y - r e l a t e d

(42)
e n v ir o n m e n t  in  e a c h  c a s e .  The s t r u c t u r e  o f  the l a t t e r  c o m p le x

r e v e a l s  a c e n t r o s y m m e t r i c  d im e r ,  the  m o n o m e r i c  u n its  b e in g  l in k ed

th r o u g h  o x y g e n  a t o m s  o f  the C^H^NO g r o u p s .  A  d ia g r a m m a t ic a l

r e p r e s e n t a t i o n  o f  one  o f  t h e s e  m o n o m e r i c  u n its  i s  sh ow n  in  F ig u r e

II. 8  and the r e la t io n s h ip  w ith  the  p y r id in e  c o m p le x  ( F ig u r e  II. 6 ) is

o b v io u s .  A lth o u g h  the  a u th o r s  of  the  s t r u c t u r e  o f  C ^ p y - N O ^ N O ^ ) ^

d id  n o t  c o n s id e r  that the lo n g -b o n d e d ,  n o n - a x ia l  o x y g e n  a to m s

2
r e p r e s e n t e d  s ig n i f ic a n t  in te r a c t io n ,  w e a k  ( s p  - d  9 ) o v e r la p  m a y  w e l lz . c

b e  a f e a t u r e  to be  c o n s id e r e d .

(44)
In the s t r u c t u r e  o f  C u (N O -)  . 2* 5H 0 the

J  u  Ld

e n v ir o n m e n t  arou n d  the c o p p e r  ( F ig u r e  II. 9) a g a in  i s  v e r y  s i m i l a r  to  

th a t  found in  the p y r id in e  and p y r i d in e - N - o x i d e  d i m e r s .  The lon g  

C u - 0  d i s t a n c e s  ( 2 . 6 5 ,  2 . 6 8  ^ )  a r e  o f  the s a m e  o r d e r  a s  the C u -0 (2 )  

d i s t a n c e  (2 .  62 i£) in  the p r e s e n t  c o m p le x .  T h is  h y d r a te d  s a l t  i s  

p o l y m e r i c  w ith  the  m o n o m e r i c  u n its  l in k e d  th ro u g h  one o f  the lo n g -  

b o n d e d  o x y g e n s  o f  the n i tr a te  g r o u p , i .  e .  an o x y g e n  i s  b ond ed  to a
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n i tr o g e n  a to m  and to tw o s e p a r a te  c o p p e r  a t o m s  at C u -0  d i s t a n c e s  o f  

2 . 6 8  and 2. 39 A . T h is  w e a k  b r i d g in g /c h e la t i n g  b ond ing  i s  o f  the  

typ e  found in  oC-Cu(NO ) and Cd(CH CO ) . 2H 0
O u  J  Lr u  Li

A n  in t e r e s t i n g  c o m p a r i s o n  a l s o  e x i s t s  b e tw e e n  the

s t r u c t u r e s  o f  the p r e s e n t  c o m p le x  and o f  Cu(oC - p ic J ^ N O  )^ ( oC - p ic  =

( 7 7  7 8  7 9 )
2 - M e t h y lp y r id in e )  * ’ and th is  i s  d i s c u s s e d  in S e c t io n  III. 1.

(45)
In the c o m p le x  C ^ M e C N j ^ N O ^ ^  » the s a m e

b a s i c  s t r u c t u r e  e n s u e s  ( F ig u r e  II. 10) a lth ou gh , in  t h is  c a s e  o n ly  one

/ 2 xo f  the n o n - a x ia l  o x y g e n s  ca n  be e x p e c te d  to e x h ib it  w e a k  ( s p  - d  2 )

o v e r la p .  T h is  i s  b e c a u s e  the o th e r  n i tr a te  grou p  i s  a r r a n g e d  in  an

e x te n d e d  a tt itu d e  w ith  the t e r m in a l  o x y g e n  in v o lv e d  in  s tr o n g  b r id g in g

(T y p e  I l l ( i i ) ,  F i g u r e  I. 1) to a n o th e r  c o p p e r  a to m .

F o r  a l l  o f  the ab ove  c o m p le x e s ,  the a x ia l  s i t e  on

o n e  s id e  o f  the s q u a r e - p la n e  i s  e i t h e r  o c c u p ie d  o r  b lo c k e d .  W hen

th is  c o n d it io n  i s  a b s e n t ,  the  lo n g -b o n d e d  o x y g e n s  of  the n i tr a te

2
g r o u p  m a y  o c c u p y  ' tr a n s '  p o s i t i o n s  but the n o n - a x ia l  ( sp  - d  2 )z

o v e r la p  i s  s t i l l  a f e a t u r e .  A n  e x a m p le  o f  th is  k ind  o f  s t e r e o 

c h e m i s t r y  i s  the s t r u c t u r e  o f  C u (p y ra z in e )(N O  ) in  w h ic h  the long
J Cd

C u -0  d i s t a n c e s  a r e  2. 490(5 )

E x a m in a t io n  o f  the in te r n a l  d im e n s io n s  and  

s t e r e o c h e m i s t r i e s  o f  the n i tr a te  g r o u p s  in  the p r e s e n t  c o m p le x  a r e  

o f  i n t e r e s t .  W ithin  the  m o n o m e r i c  un it ,  the  fo u r  a t o m s  o f  e a c h  

n i tr a t e  g ro u p  a r e  p la n a r  w ith  the c o p p e r  a to m  ly in g  ju s t  o f f  th is  

p la n e  (T a b le  II. II). The d ih e d r a l  a n g le  b e t w e e n  the n i tr a te  p la n e s  

i s  1 5 ° .  M o r e o v e r ,  i t  h a s  b e e n  s u g g e s t e d  that the h igh  d e g r e e  o f  

p o l a r i s a t io n  to w h ic h  c o o r d in a te d  n i tr a te  g r o u p s  a r e  s u b je c te d
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r e s u l t s  in  a d i s t o r t io n  b o th  o f  N -O  bond le n g th s  and o f  O -N -O  

a n g l e s  C o m p a r i s o n  o f  the  N -O  bond le n g th s  w ith  the t e r m in a l

N ( l ) - 0 ( 3 )  ( 1 . 2 16( 1 1 ) X )  and N ( 2 ) - 0 ( 6 ) ( 1 . 227( 1 2 ) X) b o n d s ,  sh o w s  

th a t  the o x y g e n  a t o m s  0(1) and  0(4), w h ic h  a r e  in v o lv e d  in  the  

s t r o n g e s t  c o p p e r - o x y g e n  in t e r a c t io n s  (C u -0 (1 )  2. 0 35 (6 ) ,

C u -0 ( 4 )  2 . 042(6)  X ) ,  h a v e  s u f f i c i e n t ly  l e n g th e n e d  bond s to th e ir  

n i t r o g e n  a t o m s  ( N ( l ) - O ( l )  1 .3 2 7 ( 1 0 ) ,  N ( 2 ) -0 ( 4 )  1. 364(9)  X ) .  In 

a d d it io n ,  0(2) i s  in v o lv e d  in  an in te r m e d ia t e  C u -0  in te r a c t io n  of  

2 . 6 1 8 (9 )  X , and the N ( l ) - 0 ( 2 ) ( 1 . 2 6 l (  1 1 ) X) i s  ju s t  s ig n i f ic a n t ly  

l o n g e r  than  that fo r  the t e r m in a l  N -O  b o n d s .  H o w e v e r ,  0(5) w h ich  

i s  in v o lv e d  in the (a t  b e s t )  w e a k  C u - 0  in te r a c t io n  of  2. 906(7 )  X ,  

p r o d u c e s  the  N ( 2 ) -0 ( 5 )  bond le n g th  o f  1. 2 2 8 (10 )  A  w h ich  is  e x p e r i 

m e n t a l l y  id e n t i c a l  to that o f  the t e r m in a l  N -O  b o n d s .  T h e r e  i s  thus  

a le n g th e n in g  of  N -O  b on d s  in  p r o p o r t io n  to the d e g r e e  o f  in te r a c t io n  

b e t w e e n  the c o p p e r  and o x y g e n  a to m s  a s  in d ic a te d  b y  the  c o p p e r -  

o x y g e n  s e p a r a t i o n s .  S im i la r  t r e n d s  to t h e s e  h a v e  b e e n  r e p o r te d  in  

th e  n i t r a t e  g r o u p s  in  Cu(NO ) . 2* 5H 0 C u (p y -N O )?(NO )O Lt L* Li O u

C u (o c -p ic )2(NO^)2 78, and C u(p yraz ine)(N O ^)2

T he c o r r e s p o n d in g  in te r n a l  v a l e n c y  a n g le s  o f  the  

tw o  n i t r a t e  g r o u p s  w ith in  the m o n o m e r  a r e  id e n t ic a l  w ith in  e x p e r i 

m e n t a l  e r r o r ,  and w h ile  the m e a n  v a lu e s  o f  1 1 6 .7 ,  1 1 8 .6  and 124. 7°  

a r e  g r e a t l y  d i f f e r e n t  f r o m  the  t r ig o n a l  v a lu e  o f  1 2 0 ° ,  th e y  s u g g e s t  a 

s l i g h t  s y s t e m a t i c  d i s t o r t io n  o f  in te r b o n d  a n g le s  a r i s i n g  f r o m  the 

c o o r d in a t io n  o f  the n i tr a te  g r o u p s .  The O -N -O  a n g le  o p p o s i te  the  

s t r o n g e s t  Cu-C in t e r a c t io n  ( 0 ( 2 ) - N ( 2 ) - 0 ( 3), 0 ( 5 ) - N ( 2 ) - 0 ( 6 ) )  a r e  

i n c r e a s e d  f r o m  1 2 0 °  a s  e x p e c te d  T h e  C u -0 ( 4 ) - N (2 j
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(1 1 4 .  1(5) ) and the  C u - 0 ( 1 ) - N ( l )  ( 1 0 5 .8 ( 5 ) ° )  a n g le s  a r e  s ig n i f ic a n t ly  

d if f e r e n t ,  t h e s e  v a lu e s  b e in g  c o n s i s t e n t  w ith  the e x te n t  to w h ich  the  

n itr a to  g r o u p s  m a y  be c o n s id e r e d  b id e iia te  on  the b a s i s  o f  the C u -0 (2 )  

and C u -0 (5 )  d i s t a n c e s .  N o r m a l ly ,  a v a lu e  in e x c e s s  o f  1 1 0 °  for

t h is  a n g le  w ou ld  s u g g e s t  u n id en ta te  c o o r d in a t io n  but the

2 . . 
p o s s i b i l i t y  o f  d^2 - s P n o n - a x ia l  o v e r la p  fo r  Cu(II) d o e s  not a l lo w

s u c h  a c l e a r - c u t  b o r d e r l in e .

T he g e o m e t r i e s  and d im e n s io n s  o f  the c o o r d in a te d

p y r id in e  r in g s  a r e  in  a c c o r d  w ith  l i t e r a t u r e  v a lu e s  ( ^ 9 )  £o r  ^bese

g r o u p s  and, a p a r t  f r o m  t h o s e  in t e r m o le c u la r  d i s t a n c e s  a lr e a d y

m e n t io n e d ,  a l l  o th e r  s e p a r a t io n s  a r e  g r e a t e r  than o r  eq u a l  to the

s u m  of the r e le v a n t  van  d e r  W aa ls  r a d i i .



TABLE I I .1 

[C u(py )2 (N05 ) 2] 2 .p y

I n t e r a t o m i c  d i s t a n c e s  ( 2 )  and a n g l e s  ( ° )  w i t h  e s t i m a t e d  

s t a n d a r d  d e v i a t i o n s  i n  p a r e n t h e s e s

( a )  Bonded d i s t a n c e s

C ( 1 ) - C ( 2 ) 1 . 3 8 2 ( 1 6 ) 0(1  ) -N( 1) 1 . 3 2 7 ( 1 0 )

C ( 1 ) - N ( 3 ) 1 . 3 8 4 ( 1 2 ) 0 ( 1 ) - C u ( 1) 2 . 0 3 5 ( 6 )

C ( 2 ) - C ( 3 ) 1 . 3 2 9 ( 2 0 ) 0 ( 2 ) - N ( 1) 1 . 2 6 1 ( 1 1 )

O 1 o 1 . 3 8 1 ( 1 9 ) 0 ( 2 ) - C u ( 1 ) 2 . 6 1 8 ( 8 )

C ( 4 ) - C ( 5 ) 1 . 3 7 4 ( 1 6 ) 0 ( 3 ) - N ( 1 ) 1 . 2 1 6 ( 1 1 )

C ( 5 ) - N ( 3 ) 1 . 3 9 1 ( 1 2 ) 0 ( 4 ) - N ( 2 ) 1 . 3 6 4 ( 9 )

C ( 6 ) - C ( 7 ) 1 . 3 8 8 ( 1 4 ) 0 ( 4 ) - C u ( 1) 2 . 0 4 2 ( 6 )

C ( 6 ) - N ( 4 ) 1 . 3 7 6 ( 1 2 ) O ' ( 4 ) - C u ( 1) 2 . 5 4 2 ( 8 )

C ( 7 ) - C ( 8 ) 1 . 4 1 3 ( 1 6 ) 0 ( 5 ) - N ( 2 ) 1 . 2 2 8 ( 1 0 )

C ( 8 ) - C ( 9 ) 1 . 4 0 6 ( 1 6 ) 0 ( 5 ) - C u ( 1) 2 . 9 0 6 ( 7 )

C ( 9 ) - C ( 1 0 ) 1 . 3 8 5 ( 1 5 ) 0 ( 6 ) - N ( 2 ) 1 . 2 2 7 ( 1 2 )

C ( 1 0 ) - N ( 4 ) 1 . 3 9 8 ( 1 1 ) N ( 3 ) - C u ( 1 ) 1 . 9 9 5 ( 7 )

C ( 1 1 ) - C ( 12) 1 . 2 8 4 ( 3 6 ) N ( 4 ) - C u ( 1 ) 2 . 0 0 6 ( 8 )

C ( 1 2 ) —C ( 13) 1 . 3 7 2 ( 3 9 )



TABLE I I . 1 ( c o n t )

( b )  I n t e r b o n d  a n g l e s

C ( 2 ) - C ( 1 ) - N ( 3 ) 1 2 1 .4 9) 0 (  1 ) -N( 1) - 0 ( 2 ) 1 1 8 . 1 ( 7
C ( 1 ) - C ( 2 ) - C ( 3 ) 1 2 1 .3 11) 0 ( 1 ) -C u(1 - 0 ( 2 ) 5 5 . 3 ( 3
C ( 2 ) - 0 ( 3 ) - C ( 4 ) 1 1 9 .4 12) 0 ( 1 ) - C u ( 1 - 0 ( 4 ) 1 6 8 . 0 ( 2
C ( 3 ) - C ( 4 ) - C ( 5 ) 1 1 7 .2 11) 0 ( 1 ) - C u ( 1 - 0 ( 5 ) 1 4 1 . 9 ( 2
C ( 4 ) - C ( 5 ) - N ( 3 ) 1 2 2 .2 9) 0 ( 1 ) - C u ( 1 - N (3 ) 9 0 . 2 ( 3
C ( 7 ) - C ( 6 ) - N ( 4 ) 1 2 1 .2 9) 0 ( 1 ) -C u(1 - N (4 ) 8 8 . 9 ( 3
C ( 6 ) - C ( 7 ) - 0 ( 8 ) 118 .7 10) 0 ( 1 ) -C u(1 - O ' ( 4 ) 9 4 . 9 ( 3
0 ( 7 ) - C ( 8 ) - C ( 9 ) 1 2 1 .6 11) 0 (2 )~ C u (1 - 0 ( 4 ) 1 3 6 . 5 ( 3
C ( 8 ) - C ( 9 ) - C (  10) 116 .7 10) 0 ( 2 ) - C u ( 1 - 0 ( 5 ) 8 6 . 6 ( 2
C ( 9 ) - C ( 1 0 ) - N ( 4 ) 12 2 .9 9) 0 ( 2 ) - C u ( 1 - N (3 ) 9 4 . 5 ( 3
C ( 1 1 ) - C ( 1 2 ) —C( 13) 1 2 0 .9 23) 0 ( 2 ) - C u ( 1 -N ( 4 ) 8 1 . 5 ( 3
N ( 1 ) - 0 ( 1 ) - C u ( 1) 1 0 5 .8 5) 0 ( 2 ) - C u ( 1 - O ' ( 4 ) 1 6 1 . 6 ( 3
N ( 1 ) - 0 ( 2 ) - C u ( 1  ) 8 0 . 7 5) 0 ( 4 ) - C u ( 1 - N (3 ) 9 0 . 4 ( 4
N ( 2 ) - 0 ( 4 ) - C u ( 1 ) 1 1 4 .0 5) 0 ( 4 ) - C u ( 1 - 0 ( 5 ) 5 0 . 0 ( 2
C u ( 1 ) - 0 ( 4 ) - C u ' ( 1 ) 1 0 6 .8 3) 0 ( 4 ) - C u ( 1 - N (4 ) 9 1 . 3 ( 3
N ( 2 ) - 0 ( 5 ) - C u ( 1 ) 7 6 . 5 5) 0 ( 4 ) - C u ( 1 - 0 '  ( 4 ) 7 3 . 2 ( 3
0 ( 1 ) - N ( 1 ) - 0 ( 3 ) 117.1 8 ) 0 ( 5 ) - C u ( 1 - N (3 ) 9 2 . 3 ( 2
0 ( 2 ) - N ( 1 ) - 0 ( 3 ) 1 2 4 .5 9) 0 ( 5 ) - C u ( 1 - N (4 ) 8 5 . 9 ( 2
0 ( 4 ) - N ( 2 ) - 0 ( 5) 1 1 9 .0 7 ) 0 ( 5 ) - C u ( 1 - O ' ( 4 ) 1 2 3 . 2 ( 2
0 ( 4 ) - N ( 2 ) - 0 ( 6 ) 1 1 6 .3 8 )

V-/3oIs? - N ( 4 ) 1 7 5 . 7 ( 3
0 ( 5 ) - N ( 2 ) - 0 ( 6 ) 1 2 4 .7 8 ) N ( 3 ) - C u ( 1 - 0 1 ( 4 ) 8 9 . 1 ( 3
C ( 1 ) - N ( 3 ) - C ( 5 ) 1 1 8 .3 8 ) SZS

 
/—

\ 1 O £ - O ' ( 4 ) 9 5 . 1 ( 3
C ( 6 ) - N ( 4 ) - C ( 10) 1 1 8 .9 8 )



TABLE I I . 1 ( c o n t )

( c )  I n t r a m o l e c u l a r  n o n -b o n d e d  d i s t a n c e s

0 ( 1 ) . . .0(4-) 2 .7 7 0 ( 1 1 ) . . . 0 ( 1 3 ) 2.

0 ( 1 ) . . . 0 ' ( 4 ) 3 . 3 0 0 ( 1 ) . . 0 ( 2 ) 2.

0 ( 2 ) . . . 0 ( 5 ) 2 .7 6 0 ( 1 ) . . 0 ( 3 ) 2.

0 ( 3 ) . • .N (3 ) 2 .8 0 0 ( 1 ) . • N(3) 2.

0 ( 5 ) . . . 0 ( 4 ) 3 . 2 5 0 ( 2 ) . . 0 ( 3 ) 2.

0 ( 5 ) . . .C u (1 ) 2 .9 6 0 ( 4 ) . . 0 ' ( 4 ) 2.

0 ( 6 ) . . . 0 ( 9 ) 2 . 8 2 0 ( 4 ) . . 0 ( 5 ) 2.

0 ( 6 ) . . . 0 ( 1 ) 3 . 2 2 0 ( 4 ) . . 0 ( 6 ) 2.

0 ( 6 ) . . .N (1 ) 3 . 8 3 0 ( 4 ) . .N (3 ) 2.

0 ( 7 ) . . . 0 ( 1 0 ) 2 .7 7 O' ( 4 ) . . .N (3 ) 3 .

0 ( 7 ) . . . 0 ( 1 ) 3 . 5 8 0 ( 5 ) . . 0 ( 6 ) 2.

0 ( 7 ) . . . 0 ( 3 ) 3 . 9 2 N ( 1 ) . . C u (1) 2.

0 ( 8 ) . . . 0 ( 2 ) 3 . 7 3 N ( 2 ) . . C u (1) 2 .

0 ( 8 ) . . .N (4 ) 2 .7 8 C u (1 ) . . . c u ' d ) 3 .

31

22

17

83

19

76

23

20

87

21

18

72

88

69

\



TABLE I I . 1 ( c o n t )

( d )  I n t e r m o l e c u l a r  d i s t a n c e s

0 ( 1 ) .  . . c ( 7 ) x 3 . 5 9 0 ( 3 ) . . 0 ( 5 ) IIT 3 . 4 5

0 ( 2 ) .  . . c ( n ) 11 3 . 0 5 0 ( 3 ) . . 0 ( 4 ) IIX 3 . 4 7

0 ( 3 ) .  . . C ( 5 ) m 3 . 2 9 0 ( 6 ) . • C ( 7 ) IV 3. 41

0 ( 3 ) .  . . 0 ( 6 ) II:r 3 . 31 0 ( 6 ) . . C ( 8 ) IV 3 . 4 6

0 ( 3 ) .  . . N ( 2 ) XXX 3 . 3 2 0 ( 8 ) . . C ( 1 1 ) V 3 . 6 3

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

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

a t  x ,  y ,  z :

I  - x ,  1 /2  + y ,  1 /2  -  z 

I I  1 -  x ,  1 -  y ,  - z

I I I  x ,  1 /2  -  y ,  1 /2  + z

IV x ,  - 1 / 2  -  y ,  - 1 / 2  + z

V x ,  1 / 2  -  y ,  1 / 2  + z



TABLE I I . I I

[Cu(py)2(N03 ) 2 ] 2 .py

l e a s t - s q u a r e s  b e s t  p l a n e s  t h r o u g h  t h e  m o l e c u l e .  The 
e q u a t i o n s  a r e  i n  t h e  fo rm  kX1 + gY1 + mZ' = n ,  w here  
X1, Y' and  Z' a r e  c o o r d i n a t e s  i n  a . D i s t a n c e s  o f  a toms 
f ro m  p l a n e s  ( a ) a r e  g i v e n  i n  s q u a r e  b r a c k e t s .

k  £  m n

P l a n e ( 1 ) :

C ( 1 ) - ( 5 ) ,  N(3)  - 0 . 4 6 1 3  - 0 . 6 6 8 7  - 0 . 5 8 3 1  -1 .8 7 1 1

0 ( 1 )  0 . 0 1 5 ,  0 ( 2 )  0 . 0 1 2 ,  0 ( 3 )  - 0 . 0 0 7 ,  0 ( 4 )  0 . 0 0 4 ,  0 ( 5 )  - 0 . 0 0 6 ,  

N(3)  0 . 0 1 1 ,  C u (1) 0 . 0 5 8

P l a n e ( 2 ) :

C ( 6 ) - ( 1 0 ) ,  N(4) - 0 . 1 9 8 3  - 0 . 6 5 5 3  - 0 . 7 2 8 9  - 1 . 6 1 5 4

0 ( 6 )  - 0 . 0 0 7 ,  0 ( 7 )  0 . 0 0 9 ,  0 ( 8 )  - 0 . 0 0 2 ,  0 ( 9 )  - 0 . 0 0 7 ,  0 ( 1 0 )  

0 . 0 1 0 ,  N(4) - 0 . 0 0 2 ,  C u (1) - 0 .0 1 1

P l a n e ( 3 ) :

0 ( 1 ) —( 3 ) ,  N(1)  - 0 . 4 3 5 0  0 . 8 0 2 2  - 0 . 4 0 8 9  0 .2751

0 ( 1 )  0 . 0 2 6 ,  0 ( 2 )  0 . 0 2 7 ,  0 ( 3 )  0 . 0 4 1 ,  N( 1) - 0 . 0 9 5 ,  Cu(1)

- 0 . 1 8 1 ,  O ' ( 4 )  - 0 . 1 4 8 ,  C u ' ( 1 )  - 0 . 3 7 0

P l a n e ( 4 ) :

0 ( 4 ) - ( 6 ) ,  N(2)  - 0 . 3 5 8 9  0 .6 8 6 5  - 0 . 6 3 2 4  0 .1 3 8 0

0 ( 4 )  0 . 0 0 0 3 ,  0 ( 5 )  0 . 0 0 0 3 ,  0 ( 6 )  0 . 0 0 0 3 ,  N(2) - 0 . 0 0 0 9 ,  Cu(1)  

- 0 . 2 8 7 ,  O ' ( 4 )  - 0 . 2 7 6 ,  C u ' ( 1 )  0 .0 1 1

P l a n e ( 5 ) •

0 ( 1 ) - ( 6 ) , N ( 1 ) - ( 2 )  - 0 . 4 1 7 3  0 .7 4 6 1  - 0 . 5 1 8 8  - 0 . 1 5 3 6

0 ( 1 )  0 . 0 6 1 ,  0 ( 2 )  0 . 1 9 5 ,  0 ( 3 )  - 0 . 1 2 2 ,  0 ( 4 )  0 . 1 3 5 ,  0 ( 5 )  0 . 0 2 2 ,  

0 ( 6 )  - 0 . 1 7 0 ,  N(1) - 0 . 1 0 9 ,  N (2) - 0 . 0 1 3 ,  Cu ( 1 )  0 . 1 0 7



TABXE I I . I I  ( c o n t )

k £  m n

P l a n e ( 6 ) :

0 ( 1 ) ,  0 ( 4 ) ,  N( 3 ) ,  N(4)  0 .8 9 1 6  0 .4 1 9 1  - 0 . 1 7 1 5  1 .2809

0 ( 1 )  - 0 . 1 4 4 ,  0 ( 4 )  - 0 . 1 4 0 ,  N(3) 0 . 1 4 2 ,  N(4)  0 . 1 4 2 ,  Cu(1)  

0 . 0 7 1 ,  0 ( 2 )  2 . 1 4 9 ,  0 ( 5 )  2 . 0 8 7 ,  0 ' ( 4 )  - 2 . 4 2 2

D i h e d r a l  a n g l e s  ( ) b e tw een  p l a n e s

P l a n e  ( 1 ) - ( 2 )  17 P l a n e  ( 2 ) - ( 3 )  82

P l a n e  ( l ) - ( 3 )  84 P l a n e  ( 2 ) - ( 4 )  85

P l a n e  ( 1 ) - ( 4 )  86 P l a n e  ( 2 ) - ( 6 )  71

P l a n e  ( 1 ) ~ ( 6 )  54 P l a n e  ( 3 ) - ( 4 )  15



FIGURE I I .3

[C u (p y )2 (N03 ) 2 ] 2py

A v ie w  o f  t h e  m o l e c u l e  a l o n g  b sh o w in g  t h e  a t o m i c  n u m b e r in g
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FIGURE 1 1 ,4  

[C u (p y )2 (N03 ) 2 ] 2py

The m o l e c u l a r  p a c k i n g  v iew ed  a l o n g  t h e  h a x i s
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FIGURE I I . 6

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

a r o u n d  e a c h  c o p p e r  atom
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Copper  atom e n v i r o n m e n t  i n  Cu(py-NO)2 (N 0^) 2

FIGURE I I . 9

Copper  atom e n v i r o n m e n t  i n  CuCNO^) 2 * 2* 5*^0 (4 4 )
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Copper  atom e n v i r o n m e n t  i n  Cu(MeCN)^(NO^ ) 2
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II. 1 . 3 .  THE ZINC NIT R A T E -P Y R ID IN E  SY ST E M

O n ly  th r e e  addu^cts  o f  p y r id in e  w ith  a n h yd rou s

z in c  n i tr a te  h ave  d e f in a t e ly  b e e n  id e n tif ied :  Zn(py)^(NO^)^ ^ 1 ,

145, 147) . x . (1 3 0 , 141, 145, 170) / v ,
, Z n (p y ) 3 (N 0 3 ) 2  and Z n (py) 6 (N 0 3 ) 2

(1 4 1 ,  145, 170) ^ , .
C om p ou n d s  in te r m e d ia t e  in fo r m u la  b e tw e e n

Z n(py)^(N 0 3 ) 2  and Z n (p y ) 3 (N 0 3 )^ h ave  b e e n  r e p o r te d  *45)^

but e x a m in a t io n  o f  t h e ir  fa r  in fr a r e d  s p e c t r a  sh o w s  c o m p o s i t e

f e a t u r e s  s u g g e s t in g  that th e y  a r e  m ix t u r e s  r a th e r  than s e p a r a te

p h a s e s .  A n  i n t e r r e la t io n  d ia g r a m  b e tw e e n  the s e p a r a te  c o m p le x e s

i s  g iv e n  in F ig u r e  II. 11 and t h e ir  s u g g e s t e d  s t r u c t u r e s  a r e  d i s c u s s e d

b e lo w .

(a )  Z n (p y ) 3 (N 0 3 ) 2

T h is  c o m p le x  i s  d i s c u s s e d  w ith  the o th e r  tr is -  

p y r id in e  c o m p le x e s  in s e c t i o n  II. 2 b e lo w .

(b) Z n (p y ) 6 ( N 0 3 ) 2

Z n (p y ) .(N O  ) w a s  p r e p a r e d  by O u e l le t t e  and
O J  M

H a e n d le r  by  a b s o r p t io n  o f  p y r id in e  on the t r i s - p y r i d i n e

c o m p le x .  T he  r e a c t io n  i s  r e a d i ly  r e v e r s i b l e  s u g g e s t in g  that the  

p y r id in e  i s  a b s o r b e d  into the l a t t ic e  r a th e r  than e n te r in g  the  

c o o r d in a t io n  s h e l l  o f  the z in c .  B a n d s  a s s ig n a b le  to f r e e  p y r id in e  

f r e q u e n c i e s  in  the in fr a r e d  s p e c t r u m  Qf ^be c o m p le x

su p p o rt  th is  in te r p r e ta t io n  and f u r th e r  e v id e n c e  f o r  f o r m u la t io n  as



FIGURE 1 1 . 1 1

I n t e r r e l a t i o n s h i p  d i a g r a m  f o r  t h e  Zn(N O ^)2- p y r i d i n e  s y s t e m

Z n ( p y ) 5 (N O ^)2
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[ Z n ( p y ) ^ ( N O ) Spy i s  the  a l m o s t  i d e n t i c a l  f a r  in f r a r e d  s p e c t r a  o f  the  

h e x a k is  and t r i s - p y r i d i n e  c o m p l e x e s .

(c)  Z n (p y ) 2 (N 0 3 ) 2

(1 7 0 )
H a e n d le r  h a s  s u g g e s t e d  f r o m  in f r a r e d

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

o th e r  s t e r e o c h e m i s t r i e s  a r e  c e r t a i n l y  p o s s i b l e .  H o w e v e r ,  h e  d o e s  

not u n a m b ig u o u s ly  d i f f e r e n t i a t e  b e t w e e n  a t r u e  t e t r a h e d r a l  g e o m e t r y  

w ith  u n id e n ta te  n i t r a t e  g r o u p s ,  and  a q u a s i - t e t r a h e d r a l  s t r u c t u r e  

su ch  a s  th a t  fo u n d  f o r  (M e  P O ) C o(N O  ) ( F i g u r e  I. 3) in  w h ic h
O u  J  u

the n i t r a t e  g r o u p s  a r e  s y m m e t r i c a l l y  b id e n t a t e .  M o r e o v e r ,  t h e r e  

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

th e s e  tw o  e x t r e m e s  in  w h ic h  the  n i t r a t e  g r o u p s  a r e  a s y m m e t r i c a l l y  

b id e n ta te  o r  a m o r e  c o m p l i c a t e d  s t r u c t u r e  w ith  b r id g in g  n i t r a t e  

g r o u p s .  A n  X - r a y  e x a m i n a t io n  w a s  c a r r i e d  ou t  to r e s o l v e  t h e s e  

a m b ig u i t ie s  an d  to  c o m p a r e  the  s t r u c t u r e  w ith  o th e r  b i s - l i g a n d  

c o m p le x e s  o f  m e t a l ( H )  n i t r a t e s .



1 1 . 1 . 4 0RY3T/I ;j A 01 STRUCTURE 0!

D I jTITRAYOBI T ) I R E ) - Z T R C ( U )
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II. 1 . 4 .  C R Y S T A L  AND M O L E C U L A R  S T R U C T U R E  OF

D I N I T R A T O B I S (P Y R I D I N E )-Z I N C (I I ) ,  Z n (p y )  (NO  )
Z 3 2

(a ) M a t e r i a l  U s e d  in  th e  D e t e r m i n a t i o n

O u e l l e t t e  and  H a e n d le r  p r e p a r e d  Z n (p y )^ (N O ^ ) 2

b y the  t h e r m a l  d e c o m p o s i t i o n  o f  the  t r i s - p y r i d i n e  c o m p le x .  A s  th is  

m a t e r i a l  w a s  n o t  s u i t a b l e  f o r  a fu l l  X - r a y  d e t e r m in a t i o n ,  the  a l t e r 

n a t iv e  r o u te  o f  a d d in g  a s t o i c h e i o m e t r i c  a m o u n t  o f  p y r id in e  to  an  

a n h y d ro u s  s o lu t i o n  o f  Z n(N O ^)^  w a s  u s e d  to o b ta in  c r y s t a l s .  T h e  

fa r  in f r a r e d  s p e c t r a  o f  th e  p o w d e r  and  th e  c r y s t a l s  w e r e  a l m o s t  

id e n t ic a l  ( F i g u r e  II. 12) an d  o n e  o f  t h e s e  c r y s t a l s  w a s  u s e d  f o r  th e  

p r e s e n t  s tu d y .

(b) E x p e r i m e n t a l  and  R e s u l t s

F u l l  e x p e r i m e n t a l  d e t a i l s ,  a t o m i c  p a r a m e t e r s ,  

t h e r m a l  p a r a m e t e r s  an d  s t r u c t u r e  f a c t o r  t a b le s  a r e  g iv e n  in  

A p p en d ix  II.

F i g u r e s  II. 13 and II. 14  s h o w  the  a t o m i c  n u m b e r in g  

s c h e m e  and  th e  m o l e c u l a r  p a c k in g .  T a b le  II. I l l  g i v e s  i n t e r a t o m i c  

d im e n s io n s  an d  T a b le  II. IV g i v e s  s o m e  l e a s t - s q u a r e s  b e s t  p la n e s  

c a lc u la te d  t h r o u g h  th e  m o l e c u l e .

(c ) D i s c u s s i o n

T h e  a n a l y s i s  h a s  r e v e a l e d  th at  Z ^ p y J ^ N O ^ ) ^  

p o s s e s s e s  a  m o n o m e r i c  s t r u c t u r e  w i th  th e  n i t r a t e  g r o u p s  a l m o s t
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c e r t a i n l y  u n id e n ta te  and  b o th  i d e n t i c a l l y  a s y m m e t r i c  w ith  r e s p e c t  to  

the z in c  a t o m .  T h e  tw o  p y r i d in e s  and tw o s h o r t e s t - b o n d e d  o x y g e n  

a to m s  N (3 ) ,  N ( 4 ) ,  0 (2 ) ,  0 (4 )  a d o p t  an  a p p r o x im a t e  t e t r a h e d r a l  

c o n f ig u r a t io n .  E x c e p t  f o r  the  a s y m m e t r i c  n i t r a t e  g r o u p s ,  the  

o v e r a l l  m o l e c u l a r  f e a t u r e s  o f  th e  c o m p le x  a r e  v e r y  s i m i l a r  to  t h o s e  

of (M e^ P O )^ C o(N O ^ )^  and  the  c l o s e s t  z i n c - o x y g e n  

(Z n -0 (2 )  2. 0 4 4 (1 2 )  X ,  Z n - 0 ( 4 )  2. 0 4 7 (1 3 )  X )  and  z i n c - n i t r o g e n  

d i s t a n c e s  ( Z n - N ( 3 )  2 . 0 1 6 (1 2 )  X ,  Z n -N (4 )  2 . 0 4 8 (1 2 )  X )  c o r r e s p o n d  

w ith  v a l u e s  f o r  s i m i l a r  b o n d s  in  o t h e r  c o m p l e x e s  Jn the

p r e s e n t  m o l e c u l e ,  the  p y r id in e  and n i t r a t o - g r o u p s  a r e  s t a g g e r e d  so  

as  to m i n i m i s e  s t e r i c  e f f e c t s ,  and  a l th o u g h  the lo n g  z i n c - o x y g e n  

d i s t a n c e s  a r e  n o t  e x p e c t e d  to  r e p r e s e n t  s ig n i f i c a n t  b o n d in g  i n t e r 

a c t io n s ,  i t  i s  p r o b a b le  th a t  th e  r e l a t i v e l y  c l o s e  a p p r o a c h  o f  a t o m s  

0(1) and 0 (5 )  to  th e  p y r i d in e  and  n i t r a t e  g r o u p s  h a s  in f lu e n c e d  the  

d is t o r t io n  of the  c o m p l e x  f r o m  id e a l  t e t r a h e d r a l  g e o m e t r y .  T h is  

d is t o r t io n  i s  m a n i f e s t e d  in  th e  v a l u e s  o f  120 . 7 (5 )°  and  96 . 3(5) f o r

the v a l e n c y  a n g l e s  N ( 3 ) - Z n - 0 ( 2 )  and 0 ( 2 ) - Z n - 0 ( 4 )  r e s p e c t i v e l y .  In

(1 7 2 )
c o m p a r i s o n ,  the  s t r u c t u r e  o f  Z n (p y ) 2 ( N ^ ) 2  h a s  a m u c h  m o r e

r e g u la r  t e t r a h e d r a l  g e o m e t r y  w ith  the  s m a l l e r  s t e r i c  r e q u i r e m e n t s  

of the a z id e  g r o u p s .  T h e  p y r id in e  g r o u p s  in  the  l a t t e r  c o m p le x  a r e  

a lso  s t a g g e r e d  w ith  a d ih e d r a l  a n g le  b e t w e e n  the  p y r id in e  p la n e s  o f  

8 0°  w h i le  in  Z n (p y )  (NO ) th e  c o r r e s p o n d in g  v a lu e  i s  7 6 ° .
Li J Ld

It h a s  b e e n  s u g g e s t e d  th a t  a n u m b e r  o f  a m in e  

c o m p le x e s  o f  f o r m u l a  (M  = C o ( l l ) ,  N i ( l l ) ,  C u (l l)  and

Z n(ll) ,  L  = u n id e n ta te  a m in e )  h a v e  s i x - c o o r d i n a t e  s t r u c t u r e s



s i m i l a r  to ( M e ^ P O ^ C o f N O ^  w ith  s y m m e t r i c a l l y  b id e n ta te  n i t r a t o -

(1 7 3 )
g r o u p s  . F o r  p h o s p h in e  o x id e  c o m p l e x e s  o f  Zn(NO  ) the

3 2

s i tu a t io n  i s  c o m p l i c a t e d .  X - r a y  p o w d e r  p h o to g r a p h s  h a v e  s h o w n  

that the a n a lo g o u s  z in c  and c o b a l t  n i t r a t e  c o m p l e x e s  o f  t r i m e t h y l -  

p h o sp h in e  o x id e  a r e  n o t  i s o s t r u c t u r a l  u n l ik e  the  c o r r e s p o n d in g  

c o m p le x e s  o f  t r ip h e n y lp h o s p h in e  o x id e  H o w e v e r ,  i t  i s

r e a s o n a b le  to s u p p o s e  th a t  a l l  o f  t h e s e  c o m p l e x e s  m a y  c o n ta in  

n itr a te  g r o u p s  w h ic h  a r e  m o r e  o r  l e s s  s y m m e t r i c a l l y  b id e n t a te .

On th is  b a s i s  i t  m ig h t  h a v e  b e e n  e x p e c t e d  that Z n (py) (NO ) w o u ld
C* J U

d is p la y  a c l o s e l y  r e l a t e d  m o d e  o f  n i t r a t e  c o o r d in a t io n ,  w h ic h  i s  not  

b orn e  o u t  b y  th e  r e s u l t s  o f  th e  a n a l y s i s .  H o w e v e r ,  a l th o u g h  it i s  

d if f icu lt  to a s s e s s  th e  e f f e c t s  o f  c r y s t a l - p a c k i n g  f o r c e s  on  s u c h  

c o m p le x e s ,  th e  p r e s e n t  s t r u c t u r e  s u g g e s t s  the p o s s i b i l i t y  o f  two  

s ta b le  c o n f ig u r a t io n s  f o r  b i s ( l ig a n d )  c o m p l e x e s  and  z in c(II )  n i t r a t e .  

The f i r s t  c o n f ig u r a t io n ,  a d o p te d  in  th is  i n s t a n c e ,  i n v o lv e s  the u s e  o f

3zinc  sp  h y b r id  o r b i t a l s  w ith  u n id e n ta te  n i t r a t e  c o o r d in a t io n ,  w h i le

the s e c o n d  w o u ld  h a v e  b id e n t a te  n i t r a t e  g r o u p s  and  h e n c e  b e  s i x -

3 2c o o r d in a te  u t i l i s i n g  sp  d h y b r id  o r b i t a l s .  S i x - c o o r d i n a t io n  w o u ld  

t h e r e f o r e  i n v o lv e  th e  h i g h e r - e n e r g y  4d o r b i t a l s  ( o r  in  M .O .  t e r m s ,  

antibonding  o r b i t a l s ) .  F o r  c o m p l e x e s  o r  m e t a l s  w ith  i n c o m p l e t e  3d 

s h e l l s ,  t h e r e  w o u ld  s e e m  to  b e  no e n e r g y  b a r r ie r _ to  the o v e r la p  o f  

two o x y g e n  a t o m s  o f  a b id e n t a te  n i t r a t e  g r o u p  w ith  tw o l o b e s  o f  a 

d -typ e  o r b i t a l .  H o w e v e r ,  t h i s  i s  n o t  the  c a s e  f o r  z in c  w h e r e  an  

e n e r g y  b a la n c e  w i l l  d e t e r m i n e  the  c h o i c e  o f  e i t h e r  s i x - c o o r d i n a t i o n  

in vo lv in g  b id e n t a t e  n i t r a t e  g r o u p s  w ith  4d  o r b i t a l s  o r  a l t e r n a t iv e ly ,
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o f  f o u r - c o o r d i n a t i o n  w i th  u n id e n ta te  n i t r a t e  g r o u p s .  It i s  t h e r e f o r e

n o t  s u r p r i s i n g  that the  s t r u c t u r e  o f  th e  p r e s e n t  m o l e c u l e  d i f f e r s

(8 0  81)
m a r k e d ly  f r o m  th a t  o f  Zn(py)^(NC > 3 ) 2  ’ 7 ( s e e  S e c t i o n  II. 2 b e lo w )

w h ic h  i s  s e v e n - c o o r d i n a t e  b y  v i r t u e  o f  the  two a s y m m e t r i c  b id e n t a te

n i tr a t e  g r o u p s ,  and in w h ic h  th e  u s e  o f  4d  o r b i t a l s  i s  r e q u i r e d  f o r

a n y  c o n f ig u r a t io n  in  w h ic h  a l l  the  g r o u p s  a r e  c o o r d in a t e d .  T he

d i f f e r e n c e  i s  r e m a r k a b l e  w h e n  i t  i s  c o n s i d e r e d  th a t  Z,n(py)^(NO^)^

m a y  b e  p r e p a r e d  b y  th e  t h e r m a l  d e c o m p o s i t io n  o f  Zn(py)^(N O ^)^

145)

P r i o r  to  th e  p r e s e n t  w o r k ,  no o t h e r  s t r u c t u r e s  o f

Zn(NO ) c o m p l e x e s  w ith  l ig a n d s  o t h e r  th an  w a t e r  h a v e  b e e n  r e p o r t e d .

The s t r u c t u r e s  o f  th e  h y d r a t e d  s a l t s  Z n(N O ^)^ . nH^O (n = 2 o r  4) a r e

know n and t h e y  b o th  c o n t a in  s i x - c o o r d i n a t e  z in c  w ith  the  n i t r a t e

( 8 8 )
g r o u p s  in  the  t e t r a h y d r a t e  u n id e n ta te  and  in  the  d ih y d r a te

b r id g in g  T h u s ,  a l th o u g h  th e  c o m p l i c a t i o n  o f  h y d r o g e n -

bonding i s  p r e s e n t ,  the  n i t r a t o - c o o r d i n a t i o n  in  Z n(N O ^)^ . 4H ^0 h a s  

the g r e a t e s t  i n t e r e s t  f o r  the  p r e s e n t  s tu d y .  H o w e v e r ,  th e  s t r u c t u r e  

of th is  s a l t  h a s  n o t  b e e n  c o m p le t e d  s in c e  i t  w a s  a s s u m e d  th at  i t  w a s  

i s o s t r u c t u r a l  w i t h  N i(N O  ) . 4H 0 o n  the  b a s i s  o f  s p a c e
J  u  u

group and  u n it  c e l l  s i m i l a r i t i e s .  It w o u ld  t h e r e f o r e  be  u n r e a s o n 

able  to c o m p a r e  the  a s y m m e t r y  o f  the  n i t r a t e  g r o u p s  in  the  p r e s e n t  

c o m p le x  w ith  t h o s e  in  N i(N O  ) . 4H 0 a s  m a n y  d e t a i l e d  d i f f e r e n c e s  

in bond l e n g t h s  h a v e  b e e n  fou n d  in  o t h e r  s u p p o s e d l y  ' i s o s t r u c t u r a l 1 

c o m p le x e s

In f a c t ,  th e  a s y m m e t r y  o f  the  n i t r a t e  g r o u p s  i s



- 6 2 -

not l a r g e  c o m p a r e d  w ith  m a n y  o t h e r  c o m p l e x e s  c o n ta in in g  u n id e n ta te
/ OZL \

n itr a te  g r o u p s .  A d d is o n  e t  a l  h a v e  s u g g e s t e d  th a t ,  f o r  u n id e n ta te

c o o r d in a t io n ,  o n e  m e t a l - o x y g e n  d i s t a n c e  s h o u ld  be  0 . 8  -  1 . 1  X  l o n g e r

than the o t h e r  s o  th a t  t h e r e  ca n  o n ly  b e  s ig n i f i c a n t  b o n d in g  w ith  on e

o x y g e n  a t o m  o f  e a c h  n i t r a t o - g r o u p .  In the p r e s e n t  c o m p le x ,  th is

d i f f e r e n c e  in  M -O  d i s t a n c e s  i s  c a .  0. 7 X  w h i le  in  [C u(py) (NO ) 1 , p y
2 3 Z Z

(75 6)   ̂ t k e c o r r e s p o n d in g  v a lu e s  a r e  0.  6 and  0. 9 X ,  and f r o m

bonding  a r g u m e n t s  the  f o r m e r  c o m p le x  w a s  e x p e c t e d  to c o n ta in  

u n id en ta te  n i t r a t o - g r o u p s ,  w h i le  in  the  l a t t e r ,  the lo n g  M -O  d i s t a n c e s  

sh ou ld  r e p r e s e n t  s i g n i f i c a n t  in t e r a c t i o n .  T h e r e f o r e ,  i t  i s  p r o b a b ly  

u n r e a s o n a b le  to d i f f e r e n t i a t e  b e t w e e n  u n id e n ta te  and a s y m m e t r i c  

b id e n ta te  b o n d in g  p u r e l y  on  the  d i f f e r e n c e  in  M -O  d i s t a n c e s  w ith o u t  

c o n s id e r a t io n  o f  the  b o n d in g  p o t e n t ia l  o f  the m e t a l  c o n c e r n e d .

W ith in  e a c h  n i t r a t e  g r o u p  o f  Z ^ p y ^ N O ^ ) ^  t h e r e  

i s  l i t t l e  s i g n i f i c a n t  v a r ia t i o n  in  N - O  b o n d  l e n g t h s ,  and t h e r e  i s  

t h e r e f o r e  no d i s c e r n a b l e  p o l a r i s a t i o n  e f f e c t .  T h e  O - N - O  a n g le s  

a r e  v e r y  c l o s e  to  th e  i d e a l  v a lu e  o f  1 2 0 ° ,  and  t h e r e  i s  a g a in  l i t t l e  

ap p aren t  e f f e c t  f r o m  th e  m e t a l  c o o r d in a t io n .  T h is  l a c k  o f  d i s t o r t io n  

of the n i t r a t e  g r o u p s  w a s  a l s o  fou n d  in  Z n(N O ^)^.  ̂  ̂ w h e r e

the m e t a l - n i t r a t e  i n t e r a c t i o n  s h o u ld  b e  s i m i l a r  Z n - 0  = 2. 02 X;

2. 22 &  ( b r id g in g ) .  T h e  v a l u e s  o f  110 . 6 (9 )  and 1 1 2 .4 ( 1 0 )  f o r  the  

a n g le s  Z n - 0 ( 2 ) - N ( l )  and  Z n - 0 ( 4 ) - N ( 2 )  r e s p e c t i v e l y ,  a g r e e  w e l l  w ith  

the s u g g e s t e d  v a lu e  o f  1 1 0 °  f o r  n o r m a l  u n id e n ta te  c o o r d in a t io n .

Both n i tr a t e  g r o u p s  a r e  v i r t u a l l y  p la n a r  w ith  the  z in c  a to m  s l i g h t ly  

r e m o v e d  f r o m  e a c h  p la n e  ( T a b le  II. IV) and m o r e o v e r ,  the d ih e d r a l
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a n g le  b e t w e e n  t h e s e  p l a n e s  ( 6 9 ° )  i s  c o m p a r a b le  w ith  the  d ih e d r a l  

a n g le  b e t w e e n  the  p l a n e s  o f  the p y r id in e  m o i e t i e s  ( 7 6 ° ) .

In the  c r y s t a l  s t r u c t u r e ,  a l l  i n t e r m o l e c u l a r  

c o n ta c ts  a r e  e q u a l  to  o r  g r e a t e r  than  van  d e r  W a a ls  d i s t a n c e s .  T he  

d is ta n c e  o f  the  o x y g e n  a t o m ,  0 (3 ) ,  f r o m  i t s  n e a r e s t  z in c  a to m  is

3. 46 X  but th is  h a s  l i t t l e  a p p a r e n t  e f f e c t  on the n i t r a t e  d i m e n s i o n s .

T h e  v ib r a t io n  f r e q u e n c i e s  o f  the  n i t r a t e  g r o u p  in

^ / \ \ . „  / x x (1 3 0 ,  141 , 145, 147 , 170)Zn(py)2(N 0 3)2 an d  Z n (p y ) 3 (N 0 3 )2 v 1 a r e  a l m o s t

id e n t ic a l  d e s p i t e  the  c o m p l e t e l y  d i f f e r e n t  m o d e s  o f  c o o r d in a t io n .  In

the fa r  i n f r a r e d  r e g io n  o f  the  s p e c t r u m ,  t h e r e  a r e  m a r k e d  d i f f e r e n c e s

w ith  Z n (p y )^ (N 0 3 )^ s h o w in g  tw o s t r o n g  b a n d s  a t tr ib u t e d  to m e t a l -

o x y g e n  f r e q u e n c i e s  a t  305 and 285 c m  T h e s e  o c c u r  in  the  s a m e

r e g io n  a s  h a s  b e e n  fo u n d  f o r  o t h e r  c o m p l e x e s  w h ic h  a r e  e x p e c t e d  to

(1 4 5 ,  147) ,
con ta in  s y m m e t r i c a l l y  b id e n t a te  n i t r a t o - g r o u p s  but t h e s e

f r e q u e n c ie s  m a y  b e  r e c o n c i l e d  w ith  the  m o l e c u l a r  s t r u c t u r e  b y

c o m p a r i s o n  w ith  the  tw o  ( M - X )  f r e q u e n c i e s  o b ta in e d  f o r  the  c o r r e s -

- 1 ( 1 7 5 )
ponding C h a l id e  c o m p l e x e s  w h ic h  a l s o  o c c u r  a r o u n d  300 c m  

2 v

F o r  Z n (p y ) 3 (NC>3 )2 , the  h i g h e s t  f r e q u e n c y  band  a t tr ib u ta b le  to a  

m e t a l - o x y g e n  v i b r a t i o n  i s  at 2 1 0  c m  w h ic h  i s  p r o b a b ly  in d ic a t iv e  

of the w e a k e r  Z n - 0  b o n d in g .



TABLE I I . I l l

Z n ( p y ) 2 (N05 ) 2

I n t e r a t o m i c  d i s t a n c e s  ( X )  and a n g l e s  ( ° )  w i t h  e s t i m a t e d  

s t a n d a r d  d e v i a t i o n s  i n  p a r e n t h e s e s

( a ) I n t e r a t o m i c  d i s t a n c e s

Zn( ) - 0(1 2 . 7 5 8 ( 1 9 ) C( 6 ) -N(4 ) 1 . 4 3 ( 2 )

Zn( ) - 0 ( 2 2 . 0 4 4 ( 1 2 ) C(6) -C(7 ) 1 . 4 1 ( 3 )

Zn( ) - 0 ( 4 2 . 0 4 7 ( 1 3 ) C(7 ) -C (8 ) 1 . 3 9 ( 3 )

Zn( ) - 0 ( 5 2 . 7 5 4 ( 1 4 ) C(8 ) -C(9 ) 1 . 4 8 ( 2 )

Zn( ) -N(3 2 . 0 1 6 ( 1 2 ) 0 ( 9 ) - C ( 10) 1 . 3 8 ( 3 )

Zn( ) -N(4 2 . 0 4 8 ( 1 2 ) C(10 ) -N(4 ) 1 . 3 5 ( 2 )

C(1 -N(3) 1 . 3 9 ( 2 ) K(1 ) - 0 ( 1 ) 1 . 2 8 ( 2 )

C(1 - 0 ( 2 ) 1 . 4 3 ( 2 ) N( 1 ) - 0 ( 2 ) 1 . 2 8 ( 2 )

0( 2 - 0 ( 3 ) 1 . 3 9 ( 3 ) N ( 1 ) —0 ( 3 ) 1 . 2 7 ( 2 )

0(3 - 0 ( 4 ) 1 . 4 0 ( 3 ) N ( 2 ) - 0 ( 4 ) 1 . 3 1 ( 2 )

0(4 - 0 ( 5 ) 1 . 4 4 ( 2 ) N ( 2 ) - 0 ( 5 ) 1 . 2 5 ( 2 )

0(5 -N(3 ) 1 . 3 5 ( 2 ) N ( 2 ) - 0 ( 6 ) 1 . 2 5 ( 2 )



TABLE I I . I l l  ( c o n t )

(b) Interbond a n g l e s

1 -Zn( ) - 0 ( 2 ) 5 2 . 2 5)

1 -Zn( ) - 0 ( 4 ) 7 5 . 3 5)

1 -Zn( ) - 0 ( 5 ) 113 .9 5)

1 -Zn( ) - N ( 3 ) 8 7 . 2 6 )

1 -Zn( ) - N ( 4 ) 148 .8 5)

2 -Zn( ) - 0 ( 4 ) 9 6 . 3 5)

2 -Zn( ) - 0 ( 5 ) 147.1 5)

2 -Zn( ) - N ( 3 ) 120 .7 5)

2 -Zn( ) - N ( 4 ) 9 6 . 6 3)

4 -Zn( ) - 0 ( 5 ) 51 .4 5)

4 -Zn( ) -N(  3) 114 .7 5)

4 -Zn( ) - N ( 4 ) 111 .7 5)

5 -Zn( ) - N ( 3 ) 8 3 . 6 5)

5 -Zn( ) - N ( 4 ) 9 1 .7 5)

1 -Zn( ) - N ( 2 ) 108 .2 4)

3 -Zn( ) - N ( 4 ) 114 .4 5)

2 -C(1 -N(3 ) 119.1 16)

1 - 0 ( 2 -C(3 ) 1 2 1 . 2 18)

2 - 0 ( 3 -C(4 ) 120 .4 15)

3 - 0 ( 4 - 0 ( 5 ) 116 .0 16)

4 -C(5 - N(3 ) 124 .7 15)

C (1 ) - N ( 3 ) - C ( 5 ) 118.5 13)

C (1 ) - N ( 3 ) - Z n ( 1) 120.9 1 0 )

C(5 ) - N ( 3 ) - Z n ( 1) 1 2 0 . 6 1 1 )

C ( 7 ) - C ( 6 ) - N ( 4 ) 120.5 16)

C ( 6 ) - C ( 7 ) - C ( 8 ) 119 .8 16)

C ( 7 ) - C ( 8 ) - C ( 9 ) 119 . 2 17)

C ( 8 ) - C ( 9 ) - C ( 10) 1 1 7 . 6 17)

G( 9 ) —C( 10) - N(4 ) 123 .5 14)

C ( 6 ) - N ( 4 ) - C ( 10) 119.1 13)

C (6 ) - N (4 ) - Z n ( 1 ) 1 1 9 . 6 1 0 )

C ( 1 0 ) - N ( 4 ) - Z n ( 1) 121 .3 9)

Zn(1) - 0 ( 1 ) - N ( 1) 7 7 . 0 1 1 )

Zn(1) - 0 ( 2 ) - N ( 1) 1 1 0 . 6 9)

Z n ( 1 ) - 0 ( 4 ) - N ( 2 ) 112.4 1 0 )

Z n ( 1 ) - 0 ( 5 ) - N ( 2 ) 80 .1 9)

0 ( 1 ) - N ( 1 ) - 0 ( 2 ) 119 .4 16)

O1*—1r—o 120.1 16)

C ( 2 ) - N ( 1 ) - 0 ( 3 ) 120 .5 14)

0 ( 4 ) - N ( 2 ) - 0 ( 5 ) 116.1 13)

0 ( 4 ) - N ( 2 ) - 0 ( 6 ) 123.5 14)

0 ( 5 ) - N ( 2 ) - 0 ( 6 ) 120.4 14)



TABLE I I . I l l  ( c o n t )

( c )  I n t r a m o l e c u l a r  n o n - b o n d e d  d i s t a n c e s

Zn( 1) . . 0 ( 1 ) 2 . 9 8 0 ( 2 ) . . 0 ( 3 ) 2 .

Zn( 1) . . 0 ( 5 ) 2 .9 4 0 ( 2 ) . . 0 ( 4 ) 3.

Zn( 1) . . 0 ( 6 ) 3 . 0 2 0 ( 2 ) . • N(4) 3 .

Zn( 1) . . 0 ( 1 0 ) 2 . 9 8 0 ( 4 ) . . 0 ( 5 ) 2 .

Zn( 1) . .N(1) 2 .7 7 0 ( 4 ) . . 0 ( 6 ) 2 .

Zn( 1) . . N ( 2 ) 2 . 8 2 0 ( 4 ) . • N( 1 ) 3.

0 ( 1 ) . . . 0 ( 5 ) 3 . 2 2 0 ( 4 ) . • N(4) 3 .

0 ( 1 ) . . . 0 ( 2 ) 2 . 2 1 0 ( 5 ) . . 0 ( 1 0 ) 3 .

0 ( 1 ) . • - 0 ( 3 ) 2 . 2 1 0 ( 5 ) . . 0 ( 6 ) 2 .

0 ( 1 ) . . . 0 ( 4 ) 2 . 9 9 0 ( 5 ) . • N(3) 3.

0 ( 1 ) . • .N (3 ) 3 .3 4 0 ( 5 ) . • N(4) 3.

0 ( 2 ) . . . 0 ( 6 ) 3 . 1 3

21

05

06

18

25

25

39

28

17

23

48



TABLE I I . I l l  ( c e n t )

( d )  I n t e r m o l e c u l a r  d i s t a n c e s

Zn( 1 ) . . • 0 ( 3 ) 1 3 . 4 6 0(4 • . . C ( 4 ) IV 3 . 5 2

0 ( 2 ) . . 0 ( 1 ) JI 3 . 4 7 0 (4 • . . C ( 5 ) IV 3.51

0 ( 2 ) . . 0 ( e ) 11 3 . 3 0 0 (5 • . . C ( 3 ) V 3 . 3 2

0 ( 2 ) . . 0 ( 3 ) 1 3 . 2 8 0 (5 • . . 0 ( 5 ) VI 3 . 4 0

0 ( 2 ) . . N ( 4 ) n 3 . 5 7 0 ( 6 • . . C ( 3 )VI1 3 .5 3

0 ( 3 ) . . C O ) 11 3 . 2 5 0 ( 6 • . . C ( 4 )VI1 3 .3 6

0 ( 3 ) . . c O ) 11 3 . 2 6 0 ( 6 • . . C ( 4 ) IV 3 .5 7

0 ( 3 ) . . C O ) 111 3 . 4 0 0 ( 6 • . . C ( 9 ) VI 3 . 5 0

0 ( 3 ) . . c O ) 111 3 . 4 5 0 ( 6 • . .C ( 1 0 ) VI 3 .5 6

0 ( 3 ) . . N O ) 11 3 . 4 6 N(1 • . . C ( 6 ) n 3 .4 8

0 ( 3 ) . • N O ) 11 3 . 5 4

Roman numeral s  as  s u p e r s c r i p t s  r e f e r  to  th e  f o l l o w i n g  

e q u i v a l e n t  p o s i t i o n s  w i t h  r e s p e c t  t o  the  r e f e r e n c e  mo lec u l e  

a t  x ,  y ,  z ,

I  - 1 / 2  + x ,  1 / 2  -  y ,  - 1 / 2  + z

I I  1 / 2  + x ,  1 / 2  -  y ,  1 / 2  + z

I I I  1 + x ,  y ,  z

IV 1 -  x ,  - y ,  1 -  z

v - x ,  - y ,  - z

y I - x ,  - y ,  1 -  z

VI1 x ,  y ,  1 + z



T A B L E  1 1 . I V

Zn (py ) 2 (N0 5 ) 2

L e a s t - s q u a r e s  b e s t  p l a n e s  t h r o u g h  t h e  m o l e c u l e . .  The 
e q u a t i o n s  a r e  i n  t h e  fo rm  kX’ + £Y! + mZ1 = n ,  w h e re  
X1, Y* a n d  Z ! a r e  c o o r d i n a t e s  i n  2 .  D i s t a n c e s  o f  a to m s  
from p l a n e s  (X) a r e  g i v e n  i n  s q u a r e  b r a c k e t s .

k & m n

P l a n e ( 1 ) :

C ( 1 ) - ( 5 ) ,  N(3)  0 . 494 3  0 . 751 7  - 0 . 4 3 6 6  1 .8635

0 ( 1 )  0 . 0 0 3 ,  C ( 2) - 0 . 0 1 1 ,  0 (3 )  0 . 0 0 2 ,  0 ( 4 )  0 . 0 1 4 ,  0 ( 5 )  

- 0 . 0 2 3 ,  N(3)  0 . 0 1 5 ,  Zn(1) 0 . 0 65

P l a n e ( 2 ) :

C( 6 ) — ( 1 0 ) ,  N(4)  - 0 . 5 1 9 6  0 .1 9 1 2  - 0 . 8 3 2 7  2 . 9 1 4 0

0 ( 6 ) 0 . 0 1 8 ,  0 ( 7 )  0 . 0 0 2 , 0 ( 8 ) - 0 . 0 2 6 , 0 ( 9 )  0 . 0 3 2 , 0 ( 1 0 ) 

- 0 . 0 1 4 ,  N(4)  - 0 . 0 1 2 ,  Zn(1) - 0 . 0 9 9

P l a n e ( 3 ) :

0 ( 1 ) —( 3 ) ,  N(1 ) - 0 . 1 8 2 1  0 .4 7 1 5  - 0 . 8 6 2 9  - 1 . 2 7 5 0

0 ( 1 )  0 . 0 0 5 ,  0 ( 2 )  0 . 0 0 5 ,  0 ( 3 )  0 . 0 0 5 ,  N(1) - 0 . 0 1 5 ,  Zn(1)  

- 0 . 2 91

P l a n e ( 4 ) :

0 ( 4 ) - ( 6 ) ,  N(2)  0 . 3 7 55  - 0 . 5 0 9 0  - 0 . 7 7 4 5  - 2 . 3 4 7 5

0 ( 4 )  - 0 . 0 0 1 ,  0 ( 5 )  - 0 . 0 0 1 ,  0 ( 6 ) - 0 . 0 0 1 ,  N(2) 0 . 0 0 3 ,  Zn(1)  

- 0 . 1 2 9

D i h e d r a l  a n g l e s  ( ° )  between p l a n es

Plane ( 1 ) - ( 2 ) 7 5 . 5  P lane  ( 2 ) - ( 3 )  25 .4

Plane ( 1 ) - ( 3 )  50 .1  P lane  ( 2 ) - ( 4 )  69 .4

Plane ( 1 ) —( 4 ) 8 1 . 9  P lane  ( 3 ) - ( 4 )  6 8 .9



A view of the molecule along b showing the atomic numberin



Z n

C10

/



Z r j ( p y )  o ( N 0 ,  ) „
<■- j  t

The molecular packing viewed along the c axis



CM A
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II. 1 . 5 .  P Y R ID IN E  C O M P L E X E S  O F  Co(NO  ) , N i(N O  )
3 Z 3 Z

A N D  Cd(N O  )

P y r i d i n e  d o e s  n o t  f o r m  s u c h  e x t e n s i v e  s e r i e s  w ith

the n i t r a t e s  o f  C o ( l l )  an d  N i ( l l )  a s  p r e v i o u s l y  found  f o r  C u (l l)

and Zn(II)  ̂  ̂ \  In a t h e r m o g r a v i m e t r i c  a n a l y s i s  e x a m in a t io n  of

the M (NO^)^ (M  = C o ( l l )  o r  N i(II ))  s y s t e m s  w ith  p y r id in e  o n ly

two s e p a r a t e  p h a s e s  w e r e  i s o l a t e d  fo r  e a c h  m e t a l :  M (py)^(N O ^)^

and M (p y)^ (N O ^ )^ . H o w e v e r ,  a c o r r e s p o n d in g  s tu d y  o f  p y r id in e

ad d u cts  o f  C d(N O ^)^  s h o w e d  the e x i s t e n c e  o f  t h r e e  p h a s e s :

Cd(py)3(N0 3)2» Cd(py)6(N° 3)2 and Cd2(py)3(NO3 ) 4 * T h e r e  h a v e

b e e n  no r e p o r t s  o f  t e t r a k i s - p y r i d i n e  c o m p l e x e s  o f  t h e s e  m e t a l ( l l )

(1 7 7 )
n i tr a t e s  and, a l th o u g h  C o(py)^(N O ^)^  w a s  r e p o r t e d  in  o n e  s tu d y  ,

a ll  s u b s e q u e n t  a t t e m p t s  to  p r e p a r e  a n h y r o u s  b i s - p y r i d i n e  c o m p l e x e s

in the s o l i d  s t a t e  h a v e  f a i l e d .  In s o lu t io n ,  b i s - p y r i d i n e  c o m p l e x e s

, , ( 1 7 6 ,  178 , 179) , ,  ,, . , , ,have b e e n  p o s t u la t e d  , but t h e s e  s p e c i e s  a r e  p r o b a b ly

s o lv a te d  and  the  o n ly  c o m p o u n d s  i s o l a t e d  in  the  s o l i d  s ta t e  a r e  th e

d ih y d r a te s ,  C o ( p y ) 2 (NC>3)2 . ZH^O and  N i f p y ^ N O ^ .  2 ^ 0 .

I n t e r r e l a t i o n  d i a g r a m s  o f  the t h r e e  s y s t e m s  a r e

show n in  F i g u r e  II. 15 and the  in d iv id u a l  c o m p l e x e s  a r e  d i s c u s s e d

b e low .

(a) M (p y ) 3 (N Q 3 ) 2  (M  = C o(II),  N i(II ) ,  Cd(II))

T h e s e  c o m p l e x e s  a r e  d i s c u s s e d  in  S e c t i o n  II. 2.



FIGURE 1 1 . 1 5

I n t e r r e l a t i o n s h i p  d i a g r a m s  f o r  t h e  s y s t e m s  M(NO^)^.nH^O-

p y r i d i n e  (M = C o ^ ,  N i ^ ,  C d ^ )

Co(N03 ) 2 .2H20 py

py D M P /e th a n o l
e t h a n o l

py 25 C
C o ( p y ) 6 (N05 ) 2 = f c = ? = C o ( p y ) 3 (N05 ) 2

35 C

C o ( p y ) 2 (N05 ) 2 .2H

N i(N 0 3 ) 2 .2 H 20 s ^ p y

py D M P /e th a n o l
e t h a n o l

py 25 C
N i ( p y ) 6 (N03 ) 2 = ±= ^ = N i ( p y ) 3 (N03 ) 2

35 C

N i ( p y ) 2 (N03 ) 2 .2H

Cd(N03 ) 2 .2 H 20

py 25 C
py D M P /e th a n o l

Cd( p y ) 6 (N03 ) 2 z ^ = > z :  C d ( p y ) 3 (N03 ) 2 1 ^ C d ^ p y ^ C N O ^
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(b) M (p y ) 6 ( N 0 3 ) 2  (M  = C o(II),  N i(II ) ,  Cd(II))

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

in d ic a te  that the  n i t r a t e  g r o u p s  a r e  c o o r d in a t e d  bu t  th a t  f r e e  and

c o o r d in a te d  p y r id in e  i s  p r e s e n t .  T h e  f a r  i n f r a r e d  s p e c t r a  o f  the

h e x a k is  and  t r i s - p y r i d i n e  c o m p l e x e s  o f  c o b a l t ( l l )  and  n ic k e l ( I I )

(1 4 1 ,  145)n i t r a t e s  r e s p e c t i v e l y  a r e  a l m o s t  i d e n t i c a l  * and  a t h e r m o -

g r a v i m e t r i c  s tu d y  i n d i c a t e s  that the c o m p l e x e s  a r e  b e s t

f o r m u la t e d  a s  [M (py) (NO ) ] 3py . S i m i l a r  r e m a r k s  p r o b a b ly  a l s o
J J u

ap p ly  to th e  c a d m iu m  h e x a k i s - p y r i d i n e  c o m p le x  but t h is  w a s  m o r e

d i f f ic u lt  to a n a l y s e  b e c a u s e  o f  r a p id  l o s s  o f  p y r id in e  f r o m  the  s a m p le  

(170)

(c )  C d 2 ( p y ) 3 (N 0 3 ) 4

T h is  c o m p l e x  w a s  o r i g i n a l l y  p r e p a r e d  b y  th e  t h e r m a l  

d e c o m p o s i t io n  o f  C d (p y)  (NO ) bu t  a t t e m p t s  to  o b ta in  c r y s t a l sO J M

of th is  s p e c i e s  h a v e  s o  f a r  p r o v e d  u n s u c c e s s f u l .  O u e l l e t t e  and  

H a en d le r  h a v e  s u g g e s t e d  th a t  c o m p l e x e s  in  the c a d m iu m (II )

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

g e o m e t r i e s  w i th  b r id g in g  th r o u g h  the  n i t r a t e  g r o u p s .  H o w e v e r ,  t h i s  

is  b a s e d  on  f a i r l y  t e n u o u s  e v id e n c e  and  th e  a c tu a l  m o d e  o f  b r id g in g  i s  

by no m e a n s  c e r t a i n .  M o r e o v e r ,  the s t e r e o c h e m i s t r y  a r o u n d  the  

c a d m iu m  i s  n o t  e a s y  to p r e d i c t  a s  e x a m p l e s  o f  4 - ,  6 - ,  7 -  and 8 -  

c o o r d in a t io n  a r e  k n o w n  f o r  t h is  m e t a l  and d i s c u s s i o n  i s  b e t t e r  l e f t  

until an X - r a y  e x a m i n a t i o n  c a n  b e  u n d e r ta k e n .
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(d) M (p y ) 2 ( N 0 3) 2 . 2 H 2 0 (M  = C o(II), N i(II))

I n f r a r e d  s t u d ie s   ̂ o f  t h e s e  c o m p l e x e s  h a v e  

sh ow n  th a t  a l l  o f  the g r o u p s  a r e  c o o r d in a t e d  in  e a c h  c a s e  but the  

d e t a i l e d  m o d e s  o f  n i t r a t e  c o o r d in a t io n  w e r e  n o t  c l e a r .  A  p r e l i m 

in a r y  X - r a y  e x a m i n a t io n  o f  the  n i c k e l ( l l )  c o m p le x  r e v e a l e d  e x t r e m e l y  

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

a s s o c i a t i o n .  S in c e  f e w  e x a m p l e s  o f  t h is  ty p e  o f  c o m p l e x  h a v e  b e e n  

r e p o r te d ,  a t h r e e - d i m e n s i o n a l  X - r a y  a n a l y s i s  w a s  c a r r i e d  o u t  to  

stu dy  the  e f f e c t  o f  b o th  c o o r d in a t e d  w a t e r  m o l e c u l e s  and  a n o t h e r  

l ig a n d  on  th e  d e t a i l e d  n i t r a t e  c o o r d in a t io n .



I I .  1 .6 p\>  V c  r.i ft T ' 1 Tr \  I p T  m r r  * t ; u il  I kl .1 _n.ij j , , i > 1' i UI.Uj 'j ! vi t o:

EIAQ’J0[]iT SUITIR'^OElSCFYRlEIjTE)]

N I C K E L ( I I )
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II. 1 . 6 .  C R Y S T A L  A N D  M O L E C U L A R  S T R U C T U R E  O F

D IA Q U O  [ B IS -N I T R A T O B I S (P Y R ID I N E )  ] -N IC K E L (II ) ,  

Ni(Py)2(NO3)2(H20)2

(a) M a t e r i a l  U s e d  in  the  D e t e r m i n a t i o n

T h e  o r i g i n a l  p r e p a r a t io n  o f  th is  co m p o u n d  

p r o d u c e d  s a t i s f a c t o r y  c r y s t a l s  f o r  the X - r a y  d e t e r m in a t io n .

(b) E x p e r i m e n t a l  and  R e s u l t s

F u l l  e x p e r i m e n t a l  d e t a i l s ,  a t o m ic  p a r a m e t e r s ,  

th e r m a l  p a r a m e t e r s  and  s t r u c t u r e - f a c t o r  t a b le s  a r e  g iv e n  in  

A p pend ix  III.

F i g u r e s  II. 16 and  II. 17 s h o w  the a t o m ic  n u m b e r i n g  

s c h e m e  and th e  m o l e c u l a r  p a c k in g  r e s p e c t i v e l y .  T a b le  II. V l i s t s  

in te r a t o m ic  d i m e n s i o n s  an d  T a b le  II. VI g i v e s  s o m e  l e a s t - s q u a r e s  

b e s t  p la n e s  c a l c u l a t e d  th r o u g h  the m o l e c u l e .

(c) D i s c u s  s io n

T h e  a n a l y s i s  h a s  r e v e a l e d  a m o n o m e r i c  s i x -  

co o r d in a te  s t r u c t u r e  and, b e c a u s e  the n i c k e l  a t o m  i s  c o n s t r a i n e d  to  

l ie  on a c r y s t a l l o g r a p h i c  c e n t r e  o f  i n v e r s i o n ,  the o c ta h e d r o n  i s  

fo rm e d  f r o m  s y m m e t r y - r e l a t e d  p a i r s  o f  o x y g e n  a t o m s  f r o m  w a t e r  

m o le c u le s  0 (4 ) ,  0 ' (4 )  an d  n i t r a t e  g r o u p s  0 (1 ) ,  0'(  1), and  o f  n i t r o g e n  

atom s f r o m  the  p y r id in e  m o i e t i e s  N (2 ) ,  N ' (2 )  ( F ig u r e  II. 16). The  

oc ta h ed ro n  a r o u n d  th e  n i c k e l  i s  d i s t o r t e d  ( F ig u r e  II. 18) but i t  i s
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d if f ic u lt  to a s s e s s  th e  r e l a t i v e  im p o r t a n c e  o f  c r y s t a l  p a c k in g  and

s t e r i c  e f f e c t s  o f  the  n i t r a t e  g r o u p s  on  th is  d i s t o r t io n .  P r o b a b l y  the

p r e d o m in a n t  f a c t o r  w i l l  b e  th e  i n t e r m o l e c u l a r  h y d r o g e n - b o n d  n e tw o r k

a s  a s i m i l a r  o r d e r  o f  d i s t o r t io n  o f  the n i c k e l  c o o r d in a t io n  o c c u r s

(8 7 )
w ith  N i(N O ^ )^ - w h ic h  a l s o  h a s  a h y d r o g e n - b o n d in g  s y s t e m

in the c r y s t a l .

T h e  n i t r a t e  g r o u p s  a r e  m o n o d e n ta te  and the n i c k e l -  

l igan d  b o n d  l e n g t h s  ( N i - 0 (  1) 2 . 1 0 1 ( 2 ) ,  N i - 0 ( 4 )  2 . 0 6 1 ( 2 ) ,

N i - N ( 2 ) 2 . 0 9 5 (2 )  X )  a g r e e  w e l l  w i t h  r e p o r t e d  v a l u e s  in o t h e r

c o m p le x e s  T h e  d i m e n s i o n s  o f  the  p y r id in e  r in g  a r e  a l s o  in

• 1 , (1 6 9 )a g r e e m e n t  w ith  l i t e r a t u r e  v a l u e s

T h e  h ig h  s t a b i l i t y  o f  the c r y s t a l s  and the a b i l i t y  to

p rod u ce  e x t r e m e l y  i n t e n s e  d i f f r a c t io n  p a t te r n s  a f te r  r e l a t i v e l y  s h o r t

e x p o s u r e  to  X - r a y s ,  h a d  i n i t i a l l y  l e d  u s  to e x p e c t  that w ith in  the

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

than n o r m a l  v an  d e r  W a a ls  c o n t a c t s .  A n  e x a m in a t io n  o f  the  c r y s t a l

p ack ing , r e v e a l s  a c o m p l e x  s y s t e m  o f  0  . . .  0  h y d r o g e n  b ond ing

ex ten d in g  th r o u g h o u t  th e  c r y s t a l .  E a c h  c o o r d in a te d  w a t e r  m o l e c u l e

is  h y d r o g e n  b o n d e d  to  tw o  n i t r a t e  g r o u p s ,  on e  on e a c h  o f  tw o

n e ig h b o u r in g  c o m p l e x  m o l e c u l e s ,  the  0 . . .  0 d i s t a n c e s  b e in g  2. 87

and 2 .7 6  X ,  ( F i g u r e  II. 17) . T h u s  e a c h  m o le c u l e  of  the  c o m p le x  i s

h yd rogen  b o n d e d  to  i t s  n e ig h b o u r s  b o th  th r o u g h  i t s  w a t e r  and n i t r a t e

g r o u p in g s ,  g iv in g  r i s e  to a t o ta l  o f  e ig h t  h y d r o g e n  b o n d s  p e r  m o l e c u l e .

(8 7 )
A s i m i l a r  t y p e  o f  h y d r o g e n  b o n d in g  i s  r e p o r t e d  in  ,

in w h ich  the  0 . . .  0 c o n t a c t s  a r e  2. 80  and 2. 91 X ,  v a l u e s  v e r y
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c l o s e  to t h o s e  o f  the  p r e s e n t  c o m p le x  a l th o u g h  the m o l e c u l a r  

s t r u c t u r e s  d i f f e r  in th at  th e  n i t r a t e  g r o u p s  o f  the t e t r a h y d r a t e  s a l t  

o c c u p y  c i s  p o s i t i o n s ,  w h e r e a s  t h e y  o c c u p y  t r a n s  p o s i t i o n s  in the  

p r e s e n t  b i s  ( p y r id in e )  m o l e c u l e .  A  f u r th e r  d i f f e r e n c e  b e t w e e n  t h e s e  

two c r y s t a l  s t r u c t u r e s  i s  th a t ,  in  the p r e s e n t  c o m p le x ,  the  h y d r o g e n  

bonding i s  a p p r o x i m a t e l y  a l ig n e d  in  the  b c - p l a n e ,  w h i l s t  in  the  s a l t ,  

th e re  i s  no s u c h  r e g u l a r  a r r a n g e m e n t .  H y d r o g e n  b o n d in g  a l s o

(9 9 )p r o b a b ly  p l a y s  a p a r t  in  th e  c r y s t a l  s t r u c t u r e  o f  N i(N O ^)^(H ^O )^  

with 0 . . .  0 c o n t a c t s  o f  2 . 72 and 2 . 87  X  ( d i s t a n c e s  c a l c u l a t e d  f r o m  

a to m ic  c o o r d in a t e s  an d  u n it  c e l l  d i m e n s i o n s )  a l th o u g h  in  t h is  c a s e ,  

each  n ic k e l  a t o m  b r i d g e s  to fo u r  s u r r o u n d in g  m o l e c u l e s  th r o u g h  the ■ 

n itr a te  g r o u p s ,  s o  th a t  the  o v e r a l l  s t r u c t u r e  i s  p a r t i c u l a r l y  r ig id .

A n  i n t e r e s t i n g  c o m p a r i s o n  c a n  b e  m a d e  o f  the  

d e ta i le d  m o d e  o f  n i t r a t e  c o o r d in a t io n  in  N i(py)^(N O ^)^(H ^O )^ and in  

the c o m p l e x e s  [ C u tp y J ^ N O  ) ]^ .p y  " ^ ( H .  1 . 2 )

Zn(py)^(NO ) (II. 1 . 4 )  and  T h e  r e l e v a n t

bond le n g th s  and  a n g l e s  a r e  s h o w n  in T a b le  II. VII. In a l l  of t h e s e  . 

c a s e s  the  n i t r a t e  g r o u p s  a r e  a s y m m e t r i c a l l y  d i s p o s e d  to th e  m e t a l  

atom  and the  a s y m m e t r y  c a n  be  r e la t e d  to  the  a n g le  m a d e  b y  the  

m e ta l  and  n i t r o g e n  a t o m s  w ith  the  s t r o n g e s t  b oun d  o x y g e n  a to m  

( M - O ( l ) - N ) .  It h a s  b e e n  s u g g e s t e d  that f o r  n o r m a l  m o n o d e n ta te  

c o o r d in a t io n  t h i s  a n g le  s h o u ld  b e  c l o s e  to  110  ̂ \  T h is  i s

r e a l i s e d  in  Z n (p y )  (NO  ) in  w h ic h ,  a l th o u g h  the l o n g e r  Z n - 0
2 3 2

contacts  a r e  c a .  2 . 7 5  X ,  c o n s id e r a t io n  o f  the z in c  o r b i t a l s  l i k e l y  

to be e m p lo y e d  in  th e  b o n d in g  s y s t e m  s u p p o r t s  the  v i e w  that the
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n itr a te  g r o u p s  a r e  m o n o d e n t a t e .  In [Cu(py) (NO ) ] . p y ^ *
2 3 2 2

the n i t r a t e  g r o u p s  a r e  n o t  e q u iv a le n t  and w h i le  one  i s  e x p e c t e d  to b e  

a g e n u in e  a s y m m e t r i c  b id e n t a te  n i t r a t e  g r o u p ,  in  the o t h e r ,  the  

m e t a l - o x y g e n  d i s t a n c e  o f  2 . 9 0 6  X  c a n  r e p r e s e n t  a t  b e s t  a v e r y  v /eak  

in t e r a c t io n .  T h e  c o r r e s p o n d in g  lo n g  N i - O  d i s t a n c e  (3 . 24  & )  in  the  

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

in te r a c t io n  and  m o r e o v e r ,  t h i s  d i s t a n c e  i s  o f  the s a m e  o r d e r  a s  the  

long N i - O  c o n t a c t s  in  N i ( N O 3 ) 2 (H 2 0 ) 4  (3 .  11,  3. 15 X ) .  T h e

N i - 0 ( 1 ) - N  v a l e n c y  a n g l e s  in  the  l a t t e r  tw o c o m p l e x e s  ( p r e s e n t  

c o m p le x ,  1 2 7 .0 ( 2 ) ° ;  N i ( N O 3 ) 2 (H 2 0)4 , 1 2 2 .4 ( 7 ) ° ,  1 2 5 .4 ( 7 ) ° )  a r e  

e x te n d ed  f r o m  th e  n o r m a l  v a l u e s  found  in  Z n (p y ) 2 (N O ^ ) 2  a s  a r e s u l t  

of the h y d r o g e n  b o n d in g ,  the  n i t r a t e  g r o u p s  b e in g  h e ld  in  a s l i g h t ly  

’’e x ten d ed "  a t t i tu d e  b y  v i r t u e  o f  t h e ir  c l o s e  a s s o c i a t i o n  w ith  n e i g h 

bour ing  m o l e c u l e s .  T h e  e f f e c t s  o f  h y d r o g e n  b o n d in g  a r e  a l s o  

m a n i f e s t e d  in  th e  N - O  b o n d  le n g t h s  and O - N - O  bond a n g l e s .  

P o l a r i s a t io n  b y  th e  n i c k e l  a t o m  m ig h t  h a v e  b e e n  e x p e c t e d  to m a k e  

the N ( l ) - 0 ( 3 )  b o n d  s h o r t e r  than  th e  N ( l ) - 0 ( 1 )  bond , w h e r e a s ,  in  the  

p r e s e n t  c o m p l e x  t h e s e  b o n d s  a r e  a p p r o x i m a t e ly  the  s a m e  le n g th .

In N i ( N O 4*  t î e  c* ^ e r e n t  N - O  d i s t a n c e s  b e t w e e n  the two  

n itra te  g r o u p s  r e f l e c t  the  n o n - e q u i v a le n c e  o f  the  h y d r o g e n  b on d in g  

s in ce  in  o n e  n i t r a t e  g r o u p  [4(a)]  tw o o x y g e n s  [0 (3 )  and  0(2)] a r e  

in v o lv ed  in  h y d r o g e n  b o n d s  w h e r e a s ,  in  the  o t h e r  [4 (b )]o n ly  the  

t e r m in a l  o x y g e n  a t o m  [0(3)] i s  in v o lv e d .  T h e  l a t t e r  c a s e  p a r a l l e l s  

the s i tu a t io n  in  th e  p r e s e n t  c o m p le x  and in d e e d ,  the v a r ia t io n  in  

N-O  bond l e n g t h s  a r e  v e r y  s i m i l a r .  If the a n g l e s  in  th e  n i t r a t e



g r o u p s  a r e  c o m p a r e d ,  th e  l a r g e s t  O - N - O  a n g le  m ig h t  h a v e  b e e n

e x p e c te d  o p p o s i t e  th e  s h o r t e s t  N i - O  d i s t a n c e ,  but the  h y d r o g e n

bonding h a s  a l s o  d i s t o r t e d  t h i s  v ie w .

A n o t h e r  f e a t u r e  o f  i n t e r e s t  o f  the  c r y s t a l  p a c k in g

is  that the  a r o m a t i c  p l a n e s  o f  a l l  the  p y r id in e  m o i e t i e s  a r e  a l ig n e d

in one d i r e c t i o n  th r o u g h o u t  th e  c r y s t a l ,  w h i le  the d e l o c a l i s e d  n i c k e l -

n i tr a te  in o r g a n ic  s h e e t s  a r e  a l l  a l ig n e d  in  a n o th e r  d i r e c t io n .  A

r e la te d  a r r a n g e m e n t  h a s  a l s o  b e e n  found in the t r i m e r i c  n i c k e l

c o m p le x  [Ni(  ̂ an(  ̂ ^  w a s  s u g g e s t e d  in  th is

c a s e  that t h is  w a s  a f a c t o r  in  d e t e r m in in g  th e  m o l e c u l a r  s t a b i l i t y .

It i s  p r o b a b le  th a t  s u c h  a l ig n m e n t  o f  d e l o c a l i s e d  p la n e s  i s  a l s o  a

fa c to r  in  th e  c r y s t a l - s t a b i l i t y  o f  the  p r e s e n t  c o m p o u n d . T h is  f e a t u r e

is  a l s o  p r e s e n t  in  th e  c r y s t a l  s t r u c t u r e s  o f  the tw o  f o r m s  o f

(7 7  9)C u ( o c - p ic ) 2 ( N 0 3 ) 2  ' (m . 1) and in  the  m o l e c u l a r  s t r u c t u r e  o f

[Cu(py) (NO ) ] ^ . p y  ( n .  1. 2 ) a l th o u g h  in  the  l a t t e r  c o m p le x
2 3 2 2

the p la n e s  do n o t  e x t e n d  th r o u g h o u t  the  c r y s t a l .  D e s p i t e  th is  

fea tu r e  h o w e v e r ,  th e  a n a l y s i s  s u g g e s t s  th at  the c o o r d in a te d  w a t e r  

m o le c u l e s  h a v e  p l a y e d  a v i t a l  r o l e  in  the  e x i s t e n c e  o f  th e  p r e s e n t  

c o m p le x  a s  a c r y s t a l l i n e  s p e c i e s ,  and h a v e  c o n tr ib u te d  to the e a s e  

of fo r m a t io n .



TABLE I I . V  

N i ( p y ) 2 (N03 ) 2 (H20 ) 2

I n t e r a t o m i c  d i s t a n c e s  ( X )  and  a n g l e s  ( ° )  w i t h  e s t i m a t e d  

s t a n d a r d  d e v i a t i o n s  i n  p a r e n t h e s e s

( a )  Bonded d i s t a n c e s

Ni ( 1 ) - 0 (  1 ) 2 . 1 0 1 ( 2 )

LT\

O1O

1 . 3 8 5 ( 5 )

Ni( 1 ) —0 ( 4 ) 2 . 0 6 1 ( 2 ) C (5 ) -N (2 ) 1 . 3 4 0 ( 4 )

Ni( 1 ) - N ( 2) 2 . 0 9 5 ( 3 ) N ( 1 ) - 0 ( 1) 1 . 2 6 7 ( 3 )

C ( 1 ) - 0 ( 2 ) 1 . 3 7 7 ( 5 ) N ( 1 ) - 0 ( 2 ) 1 . 2 3 2 ( 4 )

C (1)  —N (2 ) 1 . 3 4 1 ( 5 ) N ( l ) - 0 ( 3 ) 1 . 2 5 8 ( 3 )

C(2) -C(3) 1 . 3 9 0 ( 5 ) Mean C-C 1.381
C(3) -C(4) 1 . 3 7 5 ( 6 ) Mean C-N 1 .340

0 ( 1 ) - H(1 ) 0 . 9 9 ( 5 ) C(5 ) —H(5) 0 . 9 0 ( 4 )

C(2)-H(2) 1 . 0 0 ( 5 ) 0 ( 4 ) - H ( 6 ) 0 . 8 5 ( 5 )

C(3)-H(3) 1 . 0 0 ( 6 ) 0 ( 4 ) - H ( 7 ) 0 . 7 2 ( 6 )

C(4)-H(4) 0 . 9 8 ( 6 ) Mean C-H 0 . 9 7

Mean 0-H 0 .7 8



T A B L E  I I . V  ( c o n t )

( b )  I n t e r b o n d  a n g l e s

0 ( 1 ) - W i ( 1 ) - N ( 2) 9 3 . 1 1 ( 1 ) C ( 1 ) - C ( 2 ) - C ( 3 ) 1 1 8 . 9 ( 4 )

0 ( 1 ) - N i ( 1 ) - 0 ( 4 ) 8 3 . 3 ( 1 ) C ( 2 ) - C (3 ) - C (4 ) 1 1 8 . 2 ( 4 )

0(1 ) - N i ( 1 ) - N ' ( 2 ) 8 6 . 9 ( 1 ) C ( 3 ) - C ( 4 ) - C ( 5 ) 1 1 9 . 3 ( 4 )

0 ( 1 ) - H i ( 1 ) —0 * (4) 9 6 . 7 ( 1 ) 0 ( 4 ) - C ( 5 ) - N ( 2 ) 1 2 3 . 0 ( 3 )

N ( 2 ) - N i ( l ) - 0 ( 4 ) 8 7 . 7 ( 1 ) Jfi( 1 ) - 0 (  1 ) -N(  1) 1 2 7 . 0 ( 2 )

N ( 2 ) - N i ( 1 ) - 0 ' ( 4 ) 9 2 . 4 ( 1 ) 0 ( 1 ) - N ( 1 ) - 0 ( 2) 1 2 1 . 6 ( 3 )

H i ( 1 ) - N ( 2 ) - C ( 1 ) 1 2 0 . 0 ( 2 ) 0 ( 1 ) - N ( 1) - 0 ( 3 ) 1 1 7 . 4 ( 3 )

N i ( 1 ) - N ( 2 ) - C ( 5 ) 1 2 2 . 9 ( 2 ) 0 ( 2 ) - W ( 1 ) - 0 ( 3 ) 1 2 1 . 0 ( 3 )

C ( 1 ) - N ( 2 ) - C ( 5 ) 1 1 7 . 1 ( 3 ) Mean C-G-C 118 .8

M(2) -C(1 ) -C(2 ) 1 2 3 . 4 ( 3 ) Mean C-C-N 123 .2

N ( 2 ) - C ( 1 ) - H ( 1) 116(3) C( 4 ) - C ( 5 ) - H ( 5 ) 121(3 )

C( 2 ) -C (1 ) - H (1 ) 120(3) N( 2 ) - C ( 5 ) - H ( 5 ) 116(3 )

C( 1 ) -C (2 ) - H (2 ) 117 (3) H ( 6 ) - 0 ( 4 ) - H ( 7 ) 9 9 ( 5 )

C( 3 ) - C(2 ) - H( 2 ) 124(3) O ' ( 3 ) - 0 ( 4 ) - 0 M(3 ) 1 0 0 . 0 ( 1 )

C( 2 ) - C(3 ) - H( 3 ) 121(3) 0 ' ( 4 ) - 0 ( 3 ) - 0 " ( 4 ) 1 1 8 . 9 ( 1 )

C( 4 ) - C(3 ) - H( 3 ) 121(3) 0 ( 4 ) - H ( 6 ) - 0 ' ( 3 ) 151 (2 )

C (3 ) - C (4 ) -H(4 ) 124(3 ) 0 ( 4 ) - H ( 6 ) - 0 " ( 3 ) 166(2)

C( 5 ) -C( 4 ) -H (4 ) 117(3)

Mean C-C-H 

Mean N-C-H

121

116



T A B L E  I I . V ( c o n t )

( c )  I n t e r m o l e c u l a r  d i s t a n c e s  f o r  n o n - h y d r o g e n  atoros

Ni( 1 ) . . . 0 ( 1 ) 3 . 0 0 0 ( 1 ) .  . • N( 2) 3 . 0 5

N i ( 1 ) . . . 0 ( 5 ) 3 .0 4 0 ( 2 ) .  . . 0 ( 1 ) 3 . 2 8

N i ( 1 ) . . . 0 ( 2 ) 3 . 2 4 0 ( 2 ) .  . . 0 ( 3 ) 2 .1 7

N i ( 1 ) . . .N (1 ) 3 .0 4 0 ( 2 ) .  . •O ' (4) 3 . 0 2

0 ( 1 ) . . 0 ( 1 )

00• 0 ( 2 ) .  . • N’ ( 2 ) 3 . 1 7

0 ( 1 ) . •C1( 5 ) 3 . 0 3 0 ( 4 ) .  . . 0 ( 1 ) 3 . 0 9

0 ( 1 ) . . 0 ( 2 ) 2 .1 8 0 ( 4 ) .  . • C  ( 5 ) 3 . 3 0

0 ( 1 ) . . 0 ( 3 ) 2 .1 6 0 ( 4 ) .  . • N' ( 1 ) 3 .3 9

0 ( 1 ) . . 0 ' ( 4 ) 3 .11 0 ( 4 ) .  . .N (2 ) 2 . 8 8

0 ( 1 ) . .N1( 2 ) 2 .8 9 N ( 1 ) .  . .N(2) 3 . 4 6



T A B L E  I I . V  ( c o n t )

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

in hydrogen bonding

0 ( 1 ) .  . • 0 ( 3 ) 1

00CM• 0 ( 3 ) . . . C ( 2 ) V 3 .3 6

0 ( 1 ) .  . . 0 ( 4 ) 1J 3 . 3 4 0 ( 3 ) . . . C ( 3 ) 7 3.31

0 ( 2 ) .  . . C ( 4 ) m 3 .2 5 0 ( 3 ) . . . 0 ( 4 ) n 2 .76

0 ( 2 ) .  . . C ( 5 ) m 3 . 4 0 0 ( 3 ) . . . 0 ( 4 ) VI 2 .87

0 ( 2 ) .  . . 0 ( 2 ) IV 2 .9 0 0 ( 3 ) . . .H(6 )VI 2 .0 9

0 ( 2 ) .  . . 0 ( 3 ) IV 3 . 1 3 0 ( 3 ) . . . H ( 7 ) n 2 .0 6

0 ( 2 ) .  . • N ( 1 ) IV 3.01 0 ( 4 ) . . . N ( l ) 1 3 . 5 0

Roman numerals  as  s u p e r s c r i p t s  r e f e r  to  the  f o l l o w i n g  

e q u i v a l e n t  p o s i t i o n s  w i t h  r e s p e c t  t o  the  r e f e r e n c e  m o lec u l e

a t  x ,  y , z .

I X, 1 / 2  -  y ,  - 1 / 2  + z

I I x ,  1 / 2  -  y ,  1 / 2  + z

I I I x ,  - 1 / 2  -  y ,  1 / 2  + z

IV - x ,  - y ,  1 -  z

V 1 -  x ,  - y ,  1 -  z

VI x ,  y ,  1 + z



TABLB 1 1 . VI

N i ( p y ) 2 (N03 ) 2 (H20 ) 2

h e a s t - s q u a r e s  b e s t  p l a n e s  through the  m o l e c u l e .  The 
eq ua t i o n s  are  In the  form kX1 + CY' + mZ' = n,  where  
X1, Y1 and Z' are  c o o r d i n a t e s  in  X .  D i s t a n c e s  o f  atoms
f rom  p l a n e s  (A)  a r e  g i v e n  m

k

P l a n e ( 1 ) :

0 ( 1 ) - ( 3 ) ,  N ( 1) 0 . 9 4 6 8

0 ( 1 ) 0 . 0 0 1 , 0 ( 2 ) 0 . 0 0 1 , 0 ( 3 ) 

- 0 . 2 1 6

P l a n e ( 2 ) s 

C ( 1 ) - ( 5 ) ,  N (2 )  0 . 0 9 3 3

0 ( 1 )  0 . 0 0 5 ,  C ( 2)  - 0 . 0 0 3 ,  0(3  

- 0 . 0 0 3 ,  N (2)  - 0 . 0 0 1 ,  N i ( 1) 

P l a n e ( 3 ) :

0 ( 4 ) ,  H ( 6 ) - ( 7 )  0 . 9 7 4 5

0 ( 4 )  0 . 0 0 0 ,  H (6 )  0 . 0 0 0 ,  H (7 )  

D i h e d r a l  a n g l e s  

P l a n e  ( 1 ) - ( 2 )  

P l a n e  ( 1 ) —( 3 )  

P l a n e  ( 2 ) - ( 3 )

square b r a c k e t s ,

JL 2L D.

0 . 08 74  - 0 . 3 0 9 7  0 . 21 59

.001 ,  N(1) - 0 . 0 0 4 ,  Ni( 1)

0.1821 0 .9 7 88  - 0 .0 1 3 1

- 0 . 0 0 1 ,  G(4 )  0 . 0 0 4 ,  C(5) 

0 . 0 13

- 0 . 0 1 1 8  - 0 . 2 2 4 0  1 .1306

0 . 0 0 0 ,  N i ( 1) - 1 . 1 3

° )  between p lanes

66 

8 

72



FIGURE 1 1 . 1 6

N i ( p y ) 2 ( !TO3 ) 2 ( H 2 0 ) 2

A v ie w  o f  t h e  m o l e c u l e  a l o n g  b s h o w in g  t h e  a t o m i c  n u m b e r in g



C /,



FIGURE 1 1 . 1 7  

N i ( p y ) 2 (U03 ) 2 (H20 ) 2

The m o l e c u l a r  p a c k i n g  v i e w e d  a l o n g  t h e  h a x i s
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FIGURE 1 1 . 1 8

5he e n v i r o n m e n t  a r o u n d  t h e  n i c k e l  i n  N i ( p y ) 2 ( ^ 0 ^ ) 2 ( ^ 0 )2
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C H A P T E R  2 

T r i s - p y r i d i n e  M e t a l - N i t r a t o  C o m p le x e s

II. 2. 1. IN T R O D U C T IO N

D i v a l e n t  m e t a l  n i t r a t e s  f o r m  t r i s - p y r i d i n e  

c o m p le x e s  f a i r l y  r e a d i l y  and , a p a r t  f r o m  the c o p p e r ( l l )  n i t r a t e -  

p yr id in e  s y s t e m ,  t h is  i s  g e n e r a l l y  the e a s i e s t  p h a s e  to o b ta in  f r o m  

so lu t io n .  T h e  m o l e c u l a r  g e o m e t r i e s  of  t h e s e  s p e c i e s  h a v e  b e e n  the  

su b jec t  o f  m u c h  s p e c u l a t i o n  but s p e c t r o s c o p i c  s tu d ie s  h a v e  n o t  

p rod u ced  c o n c l u s i v e  r e s u l t s  e i t h e r  o f  the m e t a l  io n  c o n f ig u r a t io n  o r  

on the m o d e  o f  n i t r a t e  b o n d in g  p r e s e n t .  T h e  w o r k  c a r r i e d  o u t  on  

ind iv idu al c o m p l e x e s  p r i o r  to  th e  p r e s e n t  X - r a y  e x a m in a t io n  i s  

s u m m a r i s e d  b e l o w .

Zn(py)3(NQ3)2

T h e  i n f r a r e d  s p e c t r u m  o f  th is  c o m p le x  w a s  r e p o r te d

in I 9 6 6  by  F r a n k  and  R o g e r s   ̂  ̂ but th e y  did not p o s t u la t e  any

str u c tu r e .  O u e l l e t t e  and H a e n d le r  ^1 7 0  ̂ u s in g  in f r a r e d  and

con d u ct iv ity  m e a s u r e m e n t s  s u g g e s t e d  an  o c ta h e d r a l  s t r u c t u r e  w ith

bridging n i t r a t e  g r o u p s  a l th o u g h  t h e y  d id  not r u le  ou t  the  p o s s i b i l i t y

° f  a t e t r a n i t r a t o  c o m p l e x ,  [ Zn(py)^  ] Z nfN O ^)^, s i m i l a r  to t h o s e

s u g g e s te d  b y  A d d is o n  f o r  d i m e t h y l s u l  p h o x id e  c o m p l e x e s  o f  c a d m iu m  

•4. (1821 . (1 4 1 ,  145) ,
u itrate . A  f a r  i n f r a r e d  e x a m in a t io n  l e d

sp ecu la t ion  th a t  the  m e t a l - n i t r a t e  i n t e r a c t i o n  w a s  w e a k e r  in  the
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t r i s - p y r i d i n e  c o m p l e x  th a n  had  b e e n  found  in  the  s t r u c t u r e  of  

Zn(py)2( N 0 3)2 ( % ) .

Co(py)3( N 0 3)2

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

(1 77)
e x a m in e d  b y  F e r r a r o  e t  a l  but no s t r u c t u r a l  p r e d i c t i o n s  w e r e

m a d e .  L a t e r  w o r k e r s  p r e p a r e d  C o(py)^(N O  ) and  s u g g e s t e d  it  had  

an e s s e n t i a l l y  o c t a h e d r a l  s t r u c t u r e  c o n ta in in g  b o th  u n id e n ta te  and  

b id en ta te  n i t r a t e  g r o u p s  179)^ ^  p o l y m e r i c  s t r u c t u r e

w as not  f a v o u r e d  b e c a u s e  o f  the  s o lu b i l i t y  o f  th e  c o m p le x  in  n o n 

p o lar  s o l v e n t s .

(1 7 9 )
R o s e n t h a l  e t  a l  h a v e  e x a m in e d  the  e l e c t r o n i c

s p e c tr u m  and m a g n e t i c  p r o p e r t i e s  o f  C o(py)  (NO  ) in  the s o l id  s ta t e
J  J  u

and in  s o lu t io n .  T h e y  r u le d  out  th e  p o s s i b i l i t y  o f  a t e t r a n i t r a t o

c o m p le x ,  [C o (p y ) ,  ] C o(N O  ) . ,  f r o m  the  a b s e n c e  o f  c h a r a c t e r i s t i c  
6  3 4

2 — (1 8 3 )
bands f o r  C o(NC>3 )^ in  th e  e l e c t r o n i c  s p e c t r u m .  T h e r e f o r e ,

th ese  w o r k e r s  a l s o  f a v o u r e d  an  o c t a h e d r a l  s t r u c t u r e  w ith  u n id e n ta te  

and b id e n ta te  n i t r a t e  g r o u p s .

N i(p y ) 3 ( N o 3 ) 2

T h is  c o m p le x  w a s  e x a m in e d  b y  the  s a m e  g r o u p s  o f

, x ( 1 7 6 > 1 7 8 )w o r k e r s  that s t u d ie d  th e  co b a lt ( I I )  n i t r a t e - p y r i d i n e  s y s t e m  ,

and N i(p y )^ (N 0 3 ) 2  w a s  e x p e c t e d  to h a v e  a v e r y  s i m i l a r  s t r u c t u r e  to

c ° ( p y ) 3 ( N o 3 ) 2 .

T h e  p r o p e r t i e s  o f  the  t r i s - p y r i d i n e  c o m p l e x e s  o f
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c o b a l t ( l l )  and  n i c k e l ( l l )  n i t r a t e s  in  d i c h lo r o m e t h a n e  a r e  o f  i n t e r e s t

a s  both  l o s e  on e  m o l e c u l e  o f  p y r id in e  to f o r m  M (py) (NO )
2 3 2

(M = C o(Il)  o r  N i ( l l ) ) ,  a l th o u g h  t h is  s p e c i e s  ca n n o t  b e  i s o l a t e d  in  the  

s o l id  s t a t e .  H o w e v e r ,  i t  w a s  n o t  p o s s i b l e  to put a n y  s t r u c t u r a l  

i n t e r p r e t a t io n  on  t h is  p r o p e r t y .

Cu(py)3( N 0 3)2

T h is  w a s  o r i g i n a l l y  r e p o r t e d  b y  tw o g r o u p s  o f

w o r k e r s   ̂  ̂ H o w e v e r ,  a t  a l a t e r  d a te  H a e n d le r  e t  a l

c h a l le n g e d  the  e x i s t e n c e  o f  th e  c o m p le x  a s  a s e p a r a t e  p h a s e  and

s u g g e s t e d  th a t  i t  w a s  i n s t e a d  a m ix t u r e  o f  Cu(py) (NO ) and

Cu( p y h ( N O j _ ,  a s  t h e y  w e r e  u n a b le  to f in d  a n y  e v id e n c e  f o r  2 3 2

C u(py) 3 (N 0 3 ) 2  in  the  t h e r m a l  d e c o m p o s i t io n  c u r v e  o f  the  t e t r a k i s -

^  (* 4 0 ,  141 , 145) ,
p y r id in e  c o m p l e x .  F u r t h e r  s t u d ie s  h a v e  sh o w n  that

if Cu(py) (NO ) i s  r e c r y s t a l l i s e d  f r o m  v a r io u s  s o l v e n t s ,  the  t r i s -
^ J u

p yr id in e  c o m p l e x  m a y  b e  o b ta in e d  but, a l th o u g h  i t s  i n f r a r e d  s p e c t r u m  

has b e e n  e x a m i n e d ,  no d e f i n i t e  s t r u c t u r e  w a s  s u g g e s t e d .

Cd(py)3(NC>3)2

i ( n o )
T h is  c o m p le x  w a s  p r e p a r e d  b y  H a e n d le r  e t  a l  

who r e c o r d e d  i t s  i n f r a r e d  s p e c t r u m  and c o n d u c t iv i t y  in  v a r io u s  

s o lv e n t s .  T h e y  r e p o r t e d  a m o l e c u l a r  w e ig h t  in  e x c e s s  o f  7 000  in  

d im e t h y l fo r m a m id e  f o r  C d (p y)  (NO ) and  s u g g e s t e d  a p o l y m e r i c
J J w

d is to r te d  o c t a h e d r a l  g e o m e t r y  w ith  b r id g in g  th r o u g h  the n i t r a t e  

groups.
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S o m e  o f  the  s u g g e s t e d  and p o s s i b l e  s t r u c t u r e s  f o r  

M (p y) 3 (NC> 3 ) 2  (M  = C o ( l l ) ,  N i(II ) ,  Cu(II), Zn(II) and Cd(II)) a r e  s h o w n  

in F i g u r e  II. 20  and X - r a y  s t r u c t u r a l  d e t e r m in a t io n s  w e r e  c a r r i e d  out  

to d e t e r m in e  the m o s t  f a v o u r a b le  c o n f ig u r a t io n  f o r  th is  typ e  of  

c o m p le x  an d  a l s o  to  o b ta in  m o r e  in f o r m a t io n  on  the m e t a l - n i t r a t e  

bond.

P r e l i m i n a r y  E x p e r i m e n t a l

X - r a y  p h o t o g r a p h s  o f  M (py) (NO ) (M  = C o ( l l ) ,
J  J  w

Cu(II), Zn(II) and  C d (I l))  in d ic a t e  that a l l  fo u r  c o m p l e x e s  c r y s t a l l i s e  

in s p a c e  g r o u p  C 2 / c  ( o r  C c ) .  H o w e v e r ,  N i ( p y ) 3 (NC>3 ) 2  p r o v e d  to be  

an e x c e p t io n  to  th is  and  a s tu d y  o f  p o o r - q u a l i t y  c r y s t a l s  o f  th is  

c o m p le x  s u g g e s t e d  a t r i c l i n i c  c e l l  to be  a p p r o p r ia te .  U n fo r tu n a te ly ,  

it h as  n o t  p r o v e d  p o s s i b l e  to o b ta in  c r y s t a l s  o f  the  l a t t e r  c o m p le x  

w hich  w o u ld  b e  s u i t a b l e  f o r  d ata  c o l l e c t i o n .

U n it  c e l l  d i m e n s i o n s  f o r  M (p y ) 3 (NC> 3 ) 2  (M = C o(II),  

Cu(ll) and  Z n ( l l ) )  w e r e  fou n d  to b e  a l m o s t  id e n t i c a l  and a c o m p a r i s o n  

of i n t e n s i t i e s  o f  e q u i v a le n t  r e f l e x i o n s  f r o m  W e is s e n b e r g  p h o to g r a p h s  

in d ica ted  th a t  t h e s e  t h r e e  c o m p l e x e s  w e r e  a p p a r e n t ly  i s o m o r p h o u s .  

The s u r p r i s i n g  n a t u r e  o f  t h is  r e s u l t ,  p a r t i c u l a r l y  f o r  the c o p p e r  

c o m p le x ,  l e d  to  th e  in d e p e n d e n t  d e t e r m in a t io n s  o f  the  c o m p le t e  

s tr u c tu r e  o f  e a c h  s p e c i e s .

T h e  u n it  c e l l  o f  the c a d m iu m  c o m p le x  w a s  l a r g e r  

and no d i r e c t  e q u i v a l e n c e  o f  i n t e n s i t i e s  w ith  t h o s e  o f  the  a b o v e  t h r e e  

c o m p le x e s  w a s  d i s c e r n a b l e .  A s  i t  had  b e e n  p r e d i c t e d  that
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C d(py) 3 (NC> 3 ) 2  w a s  a p o l y m e r i c  s p e c i e s  the s t r u c t u r e  o f  th is

c o m p le x  w a s  s o l v e d  to d e t e r m i n e  h o w  the c o n f ig u r a t io n  a r o u n d  the  

c a d m iu m  c o m p a r e d  w ith  the g e o m e t r i e s  o f  the  o th e r  t r i s - p y r i d i n e  

c o m p l e x e s .



5 - C o o r d i n a t e
py

6 - C o o r d i n a t e

P o l y i n e r i c  D i s t o r t e d  O c t a h e d r a l
O

FIGURE 1 1 . 2 0  

Some s u g g e s t e d  s t r u c t u r e s  f o r  M (p y )^ (N 0 ^ )



7 - C o o r d i n a t e

py

/ N
py

I o n i c  S p e c i e s

FIGURE 1 1 . 2 0  ( c o n t )



I I . 2 . 3  CRYSTAL AND MOLECULAR STRUCTURES OF

THE COMPLEXES M (p y ) 3 (N03 ) 2 (M = C o ( I I ) ,  

C u ( I I ) ,  Z n ( I I ) )
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II. 2. 2. C R Y S T A L  AND M O L E C U L A R  STR UC TU RES O F  THE

C O M P L E X E S  M (p y )3( N 0 3 )2 (M = C o ( l l ) ,  C u (l l) ,  Z n ( l l) )

(a) M a t e r i a l s  U s e d  in  the  D e t e r m i n a t i o n s

P r e p a r a t i v e  d e t a i l s  p r e v i o u s l y  d e s c r i b e d  in  the

( 1 4 1 ,  170 , 176 , 179) . r , ,
l i t e r a t u r e  p r o d u c e d  s a t i s f a c t o r y  c r y s t a l s  f o r

the X - r a y  a n a l y s e s .

(b) E x p e r i m e n t a l  and  R e s u l t s

F u l l  e x p e r i m e n t a l  d e t a i l s ,  a t o m ic  p a r a m e t e r s ,  

th e r m a l  p a r a m e t e r s  an d  s t r u c t u r e - f a c t o r  t a b le s  a r e  g iv e n  in  

A ppendix  IV.

F i g u r e s  II. 21 and  II. 22 sh o w  the a t o m ic  n u m b e r in g  

s c h e m e  and th e  m o l e c u l a r  p a c k in g  r e s p e c t i v e l y  f o r  the  t h r e e  

c o m p le x e s .  T a b le  II. VIII l i s t s  i n t e r a t o m i c  d i m e n s i o n s  and  T a b le  

II. IX g i v e s  s o m e  l e a s t - s q u a r e s  b e s t  p la n e s  c a lc u la t e d  th r o u g h  the  

m o l e c u l e s .

(c) D i s c u s  s io n

T h e  t h r e e  a n a l y s e s  h a v e  r e v e a l e d  that the  

c o m p le x e s  p o s s e s s  m o n o m e r i c  s t r u c t u r e s  in  w h ic h  a l l  the  p y r id in e  

and n i tr a te  g r o u p s  a r e  c o o r d in a t e d  to the c e n t r a l  m e t a l  a t o m  in  

a c c o r d a n c e  w ith  th e  p r e d i c t i o n s  on  the  i n f r a r e d  and c o n d u c t iv i ty  

m e a s u r e m e n t s  ^141 * 1 4 5 ,  1?0 , 1 ? 6 ’ 1 ? 9 -̂ H o w e v e r  the  c r y s t a l -  

lograp h ic  r e q u i r e m e n t  th at  the  m o l e c u l e s  p o s s e s s  t w o - f o ld  

s y m m e tr y  ( th e  m e t a l  a t o m  and  a t o m s  N (3 )  and C (8) o f  on e  o f  the
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p y r id in e  m o i e t i e s  l i e  on  the  s y m m e t r y  a x i s ) ,  p r e c l u d e s  a l l  o f  the  

p r e d ic t e d  s t r u c t u r e s  (II. 2. 1) w h ic h  p o s s e s s e d  n o n - e q u iv a le n t  

n i t r a t o - c o  o r  d in a t io n .

T h e  o v e r a l l  m o l e c u l a r  g e o m e t r i e s  o f  the th r e e  

c o m p le x e s  s h o w  s l i g h t  but m a r k e d  d i f f e r e n c e s ,  p a r t i c u l a r l y  in  the  

d e ta i le d  n i t r a t o - c o o r d i n a t i o n .  In a l l  t h r e e  c a s e s ,  th e  n i t r a t e  g r o u p s  

a r e  a s y m m e t r i c a l l y  o r i e n t a t e d  to the m e t a l  a t o m  w ith  th e  d e g r e e  o f  

a s y m m e t r y  i n c r e a s i n g  in  the o r d e r  C o (I I )<  Z n (I I )<  Cu(II). F o r  the  

co b a lt  and  z in c  c o m p l e x e s ,  the  b on d in g  i s  u n e q u iv o c a l ly  b id e n ta te  

w h e r e a s ,  f o r  th e  c o p p e r  c o m p le x  the a s y m m e t r y  o f  the  c o p p e r - n i t r a t e  

c o o r d in a t io n  i s  s o  g r e a t  th a t  the  n i t r a t o - g r o u p s  a r e  on  the b o r d e r l i n e  

b e tw e e n  b id e n t a te  and  u n id e n ta te  c o o r d in a t io n .

T h e  s h o r t e s t  m e t a l - l i g a n d  d i s t a n c e s  in  the  c o b a l t

and z in c  c o m p l e x e s  a r e  s i g n i f i c a n t l y  lo n g e r  than  t h o s e  n o r m a l l y

found in  c o r r e s p o n d i n g  Co(II) and  Z n (l l)  4 , 5, and s i x - c o o r d i n a t e

c o m p le x e s  T h is  l e n g th e n in g  o f  bond  l e n g th s  b y  c a .  0. 1 X

2_
has a l s o  b e e n  fou n d  f o r  the  M (N O ^)^  io n  (M = C o(I l) ,  M n(Il) and

/  C O 7  o  \
Zn(H) ’ . I n  the l a t t e r  s e r i e s  o f  c o m p l e x e s ,  the a s y m m e t r i c  

bidentate  c o o r d in a t i o n  o f  th e  n i t r a t e  g r o u p s  a p p a r e n t ly  p r o v i d e s  the  

m o st  f a v o u r a b le  s t e r i c  a r r a n g e m e n t  o f  fo u r  n i t r a t e  m o i e t i e s  ar o u n d  

3- s m a l l  c e n t r a l  m e t a l  io n  to  p r o d u c e  e ig h t - c o o r d in a t e  s p e c i e s .

Since the s t e r i c  r e q u i r e m e n t s  o f  s e v e n - c o o r d i n a t e  c o m p l e x e s  ca n n o t  

be m u c h  l e s s ,  p a r t i c u l a r l y  w h e n  t h r e e  p o s i t i o n s  a r e  o c c u p ie d  by  

bulky p y r id in e  g r o u p s ,  the  a s y m m e t r y  o f  th e  n i t r a t o - c o o r d i n a t io n  

and the l e n g th e n in g  o f  o t h e r  m e t a l - l i g a n d  b o n d s  i s  n o t  u n e x p e c t e d .
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F o r  C u (py)^(N O ^)^ , the n i t r a t e  g r o u p s  a r e  m u c h  m o r e  a s y m m e t r i c ,

w h ich  r e l i e v e s  the  s t e r i c  r e q u i r e m e n t s  a t  the  c o p p e r  a to m  and e n a b le s

the p y r id in e  f u n c t io n s  to  b e  r e l a t i v e l y  m o r e  c l o s e l y  bound.

T h e  d i f f e r e n c e  in  M -O  d i s t a n c e s  i s  s ig n i f i c a n t

[M -0 (2 )  -  M - O ( l )  = 0 . 1 0 4 . X  (C o ) ,  0 . 1 8 6 & ( Z n ) ,  0 . 5 6 0  A  (Cufl and

the tr e n d  in  in d iv id u a l  m e t a l - o x y g e n  b ond  le n g th s  i s  r e f l e c t e d  in  t h o s e

(141 145f r e q u e n c ie s  a s s i g n e d  to  p (M -O ) in  the f a r  i n f r a r e d  s p e c t r a  * *

170)
F o r  th e  c o b a l t  and  z in c  c o m p l e x e s ,  the  bond l e n g th s  a r e  in  

I r v in g - W i l l i a m s  o r d e r  but, f o r  the c o p p e r  c o m p o u n d ,  the  s i t u a t io n  

i s  a p p a r e n t ly  m o r e  c o m p l i c a t e d  than  the s e r i e s  w o u ld  p r e d i c t .

F o r  the  c o b a l t  and  z in c  c o m p l e x e s ,  the  f o r m a l  

a r r a n g e m e n t  a r o u n d  the  m e t a l  a t o m  i s  s e v e n - c o o r d i n a t e  in  a s t r u c t u r e  

which m a y  be  r e l a t e d  to  a f i v e - c o o r d i n a t e ,  s q u a r e - b a s e d ,  p y r a m id a l  

g e o m e t r y  u s in g  the  l in e  o f  c e n t r e  a p p r o a c h  o f  C otton  e t  a l  ’ ,

w h ere  the  n i t r a t e  g r o u p s  a r e  c o n s i d e r e d  to o c c u p y  s in g le  c o o r d in a t io n  

s i t e s .  A l t e r n a t i v e l y ,  the  s e v e n - c o o r d i n a t e  g e o m e t r y  m a y  be  

d e s c r ib e d  a s  a d i s t o r t e d  p e n t a g o n a l  b ip y r a m id  but, u s in g  th is  

d e s c r ip t io n ,  i t  i s  d i f f i c u l t  to a c c o u n t  fo r  the lo n g  C u -0  d i s t a n c e s  

C u -0(2 ) ,  C u 0 '(2 )  fou n d  in  C ^ p y ^ N O ^ ) ^ *

Y e t  a n o t h e r  in t e r p r e t a t io n  o f  the s t e r e o c h e m i s t r y  

m ay be a c h i e v e d  b y  c o n s i d e r i n g  the  c o m p le t io n  o f  a d i s t o r t e d  

o c ta h ed ra l  c o o r d in a t i o n  u s in g  a s  the  s ix t h  d o n o r  p o s i t i o n ,  a l in e  

b is e c t in g  th e  M - O ( l )  and  M - 0 ' ( 1 )  b o n d s .  T h is  a p p r o a c h  b e c o m e s  

r e la t iv e ly  m o r e  i m p o r t a n t  w h e n  the d i s t o r t io n  o f  the  c o p p e r  c o m p le x  

is c o n s id e r e d ,  an d  h a s  a l r e a d y  b e e n  in v o k e d  in  d e s c r i p t i o n s  o f  the



m o le c u l a r  g e o m e t r i e s  o f  the  o th e r  c o p p e r  c o m p l e x e s ,

[Cu(py) (NO ) ] . p y  ?̂ 5 ,  ^ ( F i g u r e  II. 6 , Cu(NO ) . 2. 5H 0 ^
O  Ci Ci

(F ig u r e  II. 9) and  Cu(t< “Pi c )2(N 0 3 )2 ?̂ 7 " 9  ̂ ( F i g u r e s  m . 5 and III. 6 ) .

In the l a t t e r  c o m p l e x e s ,  the c o p p e r  a t o m  i s  s u r r o u n d e d  b y  fo u r  

s h o r t - b o n d e d  a t o m s  in  a s q u a r e - p la n a r  a r r a n g e m e n t .  B e l o w  the  

plane a r e  the  tw o  l o n g e r - b o n d e d  o x y g e n s  o f  the n i t r a t e  g r o u p s  and  

above i s  an  a t o m  in  a l o n g - b o n d  p o s i t i o n  a l th o u g h , f o r  Cu(«£ - p i c ^ N O ^  

th is  l a t t e r  p o s i t i o n  i s  b lo c k e d  b y  the  c i s  cC -m ethyl g r o u p s .  If th is  

c o n f ig u r a t io n  w e r e  a d o p te d  in  C u(py)^(N O ^)^ , on e  o f  the p y r id in e  

groups w o u ld  be  r e q u i r e d  to o c c u p y  the  lo n g -b o n d  p o s i t i o n  a b o v e  the  

s q u a r e - p la n e .  S in c e  the  Cu(II) ion  i s  kn ow n  to p r e f e r  to c o o r d in a te  

to n i tr o g e n  r a t h e r  th a n  to o x y g e n  a m o r e  f a v o u r a b le  s i t u a t i o n

t h e r e fo r e  p r e v a i l s  i f  th e  lo n g - b o n d  p o s i t i o n s  a r e  o c c u p ie d  by  o x y g e n s  

fro m  the n i t r a t e  g r o u p s .  T h u s ,  in  the  p r e s e n t  c o p p e r  c o m p le x ,  the  

p yrid in e  g r o u p s  o c c u p y  t h r e e  c o r n e r s  o f  a s q u a r e - p la n e  w h i l s t  the  

fourth c o r n e r  e x t e n d s  m id w a y  b e t w e e n  the  two s h o r t e s t - b o n d e d  

o x y g e n s .  T h is  a l l o w s  th e  lo n g - b o n d e d  o x y g e n s  o f  the  n i tr a to  g r o u p s  

to o c c u p y  the  a x i a l  p o s i t i o n  to th is  p la n e ,  ( F ig u r e  II. 2 3 ) ,  s o  that  

e f f e c t iv e ly ,  b y  c o m p a r i s o n  w ith  the  c o b a l t  and z in c  c o m p l e x e s ,  a 

d is to r t io n  o f  the  ty p e  p r e d i c t e d  b y  the J a h n - T e l l e r  e f f e c t  i s  o b s e r v e d .

T h e  J a h n - T e l l e r  t h e o r e m  a c c o u n t s  fo r  d i s t o r t io n s  

in c o m p le x e s  w i th  s i x  e q u iv a le n t  l ig a n d s  w h ic h  g iv e  d e g e n e r a t e  g r o u n d  

s ta te s .  H o w e v e r ,  in  Cu(II) c o m p l e x e s  c o n ta in in g  n o n - e q u iv a le n t  

l igands, th e  e n v i r o n m e n t  a r o u n d  th e  c o p p e r  m a y  b e  c o n s i d e r e d  

e f f e c t iv e ly  a s  a r e g u l a r  o c t a h e d r a l  f i e l d   ̂  ̂ i f  th e  d i s t a n c e s  o f  the
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in e q u iv a le n t  l i g a n d s  a r e  s o  a r r a n g e d  that h ig h e r  p o s i t i o n s  in  the  

s p e c t r o c h e m i c a l  s e r i e s  a r e  e x a c t l y  c o u n t e r b a la n c e d  by l o n g e r  b o n d s .  

A d i s t o r t io n  i s  th e n  r e q u i r e d  to r e m o v e  th is  ' e f f e c t i v e 1 r e g u la r  

o c ta h e d r a l  s y m m e t r y .

( 1871
T h e  p r e s e n c e  o f  the s t a t i c  J a h n - T e l l e r  e f f e c t  

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

The f o r m a l  i o n ic  r a d iu s  o f  C u (l l)  f a l l s  b e t w e e n  the r a d i i  o f  Co(II) and  

Zn(II), and m o r e o v e r ,  the  in d iv id u a l  s t e r i c  b u lk  o f  e a c h  l ig a n d  d o e s  

not a l t e r  f r o m  c o m p l e x  to c o m p le x  th r o u g h o u t  th is  s e r i e s .  S in c e  

a ll  t h r e e  c o m p l e x e s  a d o p t  the s a m e  c r y s t a l  p a c k in g ,  the m o l e c u l a r  

g e o m e t r y  o f  C u (py)^(N O ^)^  m ig h t  b e  e x p e c t e d  to  b e  i n t e r m e d ia t e  

b e tw e e n  t h o s e  o f  C o (I l)  and  Z n (I l ) .  A s  th is  i s  not s o ,  the  s o l e  

r e m a in in g  f a c t o r  to b e  a c c o u n t e d  f o r  i s  the  n a tu r e  o f  the  b on d in g  in  

the c o p p e r  c o m p l e x  c o m p a r e d  to th a t  in  the o th e r  tw o .  If the o v e r a l l  

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

Cu(II) io n  w i l l  h a v e  an o r b i t a l l y  d e g e n e r a t e  g r o u n d  s ta t e  and th u s  the  

f ie ld  w i l l  b e  d i s t o r t e d  to  r e m o v e  th is  d e g e n e r a c y .

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

( 188)
p r e v io u s ly  r e p o r t e d  i s  th a t  o f  C ^ p y ^ C H ^ C O ^ ) ^  . H o w e v e r ,

in th is  c o m p l e x  o n ly  tw o  o f  th e  p y r i d in e s  a r e  c o o r d in a t e d  and the  

m o le c u la r  g e o m e t r y  b e a r s  a c l o s e r  r e la t io n s h ip  to  th e  s t e r e o 

c h e m is tr y  in  C u (p y r a z in e ) (N O  ) than  that found  in  the p r e s e n t

s e r i e s  o f  c o m p o u n d s .

F o r  C o (p y )  (NO  ) , a s l i g h t  p o l a r i s a t i o n  e f f e c t  i s
J  J  w

o b s e r v e d  in  th e  n i t r a t e  g r o u p s ,  w ith  the  N -O  b on d  a d j a c e n t  to the
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s t r o n g e s t  m e t a l - o x y g e n  i n t e r a c t i o n  N - O ( l )  l o n g e r  than  the  t e r m i n a l  

N -O  b ond  [ N - 0 ( 3 ) ]  . In the  c o r r e s p o n d in g  b o n d s  f o r  the  z in c  and  

c o p p e r  c o m p l e x e s ,  the  s a m e  tr e n d  is  o b s e r v e d  a lth o u g h , in  t h e s e  

c a s e s ,  the  d i f f e r e n c e s  a r e  n o t  s t a t i s t i c a l l y  s ig n i f i c a n t .  T h e  O - N - O  

bond a n g le s  a l l  s h o w  d i s t o r t i o n s  f r o m  the t r ig o n a l  v a lu e  o f  1 2 0 ° ,  s u c h  

that the l a r g e s t  a n g le  i s  o p p o s i t e  th e  s t r o n g e s t  M -O  in t e r a c t i o n  in  

ea ch  c a s e .  T h e  d e g r e e  o f  b id e n ta te  c h a r a c t e r  o f  the  n i t r a t e  g r o u p s  

is  r e f l e c t e d  in  the  M - 0 ( l ) - N ( 2 )  a n g le s  ( M - 0 ( l ) - N ( 2 )  = 98 . 0 (7 )°  (C o ) ,  

1 0 1 .0 ( 9 ) °  (Z n ) ,  1 0 9 . 9 ( 6 ) °  (C u)) w h ic h  in  the c o p p e r  c o m p le x  a p p r o a c h e s

the a n g le  e x p e c t e d  f o r  u n id e n ta te  c o o r d in a t io n  o f  1 1 0 °  ^

In the  m o l e c u l a r  s t r u c t u r e s ,  a l l  o f  the g r o u p s  a r e  

a r r a n g e d  so  a s  to  m i n i m i s e  s t e r i c  i n t e r a c t i o n s .  I n t e r m o le c u l a r  

co n ta c ts  a r e  a l l  e q u a l  to  o r  g r e a t e r  than  the s u m s  o f  the r e l e v a n t  

van d er  W a a ls  r a d i i .



TABLE I I . V I I I  

M(py)3 U 0 3 ) 2 (M = Co1 1 , Cu11 , Zn1 1 )

In t e r a t o m ic  d i s t a n c e s  ( 1 )  and a n g l e s  ( ° )  w i th  e s t i m a t e d  

standard d e v i a t i o n s  in  p a r e n t h e se s

Zn Co Cu

M-0(1) 2 . 2 3 2 ( 1 3 ) 2 . 2 0 7 ( 9 ) 2 . 1 5 4 ( 7 )

II- 0 ( 2 ) 2 . 4 1 8 ( 1 2 ) 2 . 3 1 1 ( 9 ) 2 . 7 3 2 ( 9 )

M-N( 1) 2 . 1 2 9 ( 1 0 ) 2 . 1 5 2 ( 9 ) 2 . 0 1 8 ( 8 )

M-N(3) 2 . 2 0 1 ( 1 2 ) 2 . 1 2 4 ( 1 1 ) 2 . 0 6 4 ( 9 )

N( 1) - C ( 1) 1 . 3 5 ( 2 ) 1 . 3 4 0 ( 1 5 ) 1 . 3 3 6 ( 1 1 )

N(1 ) -C(5 ) 1 . 3 9 ( 2 ) 1 . 3 8 0 ( 2 0 ) 1 . 3 5 0 ( 1 2 )

O 1 o ro 1 . 3 6 ( 2 ) 1 . 3 3 1 ( 2 0 ) 1 . 3 8 5 ( 1 3 )

C(2) -C(3) 1 . 4 1 ( 2 ) 1 . 3 9 8 ( 2 1 ) 1 . 3 9 6 ( 1 6 )

0 1 o 1 . 3 7 ( 2 ) 1 . 3 6 2 ( 2 1 ) 1 . 3 4 8 ( 1 8 )

C (4)  —C( 5) 1 . 3 6 ( 2 ) 1 . 4 0 3 ( 2 0 ) 1 . 3 7 6 ( 1 5 )

N(3) -C(6) 1 . 3 2 ( 2 ) 1 . 3 3 8 ( 1 3 ) 1 . 3 6 2 ( 1 0 )

0 ( 6 ) —C(7) 1 . 3 7 ( 2 ) 1 . 3 7 8 ( 1 6 ) 1 . 4 2 8 ( 1 2 )

CO01c—o

1 . 4 0 ( 2 ) 1 . 4 0 3 ( 1 5 ) 1 . 3 6 0 ( 1 2 )

01CM 1 . 2 6 ( 2 ) 1 . 2 8 7 ( 1 3 ) 1 . 2 6 1 ( 1 0 )

CMO1CMJs; 1 . 2 4 ( 2 ) 1 . 2 3 5 ( 1 3 ) 1 . 2 4 8 ( 1 3 )

N (2 ) - 0 (3 ) 1 . 2 1 ( 2 ) 1 . 2 2 3 ( 1 3 ) 1 . 2 3 2 ( 1 2 )
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(b)  In terbond  a n g l e s

Zn Co Cu

0(1 -M-0( 2) 53 .0 4) 55 .8 3) 50 .0 3)
0(1 -M-O1( 1 ) 8 7 . 2 3) 82 .4 3) 91 .4 3)
0(1 - M - 0 ' (2 ) CM•

o

3) 137 .9 3) 141 .3 3)
0(1 -M-N( 1 ) 8 8 . 6 3) 91 .3 3) 92 .0 3)
0(1 -M-N' ( 1 ) C

-•

00 3) 83 .7 3) 85 .2 2)
0(1 -M-N(3) 136 .4 3) 138 .8 2) 134 .3 2)
0(2 - M - 0 ' ( 2 ) 166 .8 3) 166 .3 3) 168 .8 3)
0 (2 -M-N( 1 ) 9 2 . 4 3) 91 .7 4) 92 .5 3)
0(2 -M-N' (1 ) 8 8 . 4 4) 89 .1 3) 87 .9 3)
0(2 -M-N( 3) 8 3 . 4 3) 83 .2 2) 84 .4 2)
N( 1 -M-N' (1 ) 169 .4 4) 173 .3 4) 176 .0 3)
N( 1 -M-N( 3 ) 9 5 . 3 3) 93 .4 2) 92 .0 2)
0(2 - C ( 1 ) - N ( 1)

o
»

<\J 13) 122 .9 12) 123 .1 9)
0(1 - C ( 2 ) - C ( 3 ) 119 .3 15) 118 .5 13) 118 .4 10)
0(2 - C ( 3 ) - C ( 4 ) 116 .9 15) 119 .9 14) 118 .4 10)
0(3 - C ( 4 ) - C ( 5 ) 122 .5 16) 117 .1 13) 120 .8 11)
0(4 ~C(5 ) - N ( 1) 120 .5 15) 124 .3 12) 121 .8 10)
M-N 1 ) - 0 ( 1 ) 123 .4 9) 121 .6 8) 121 .0 6)
M-N 1) - C ( 5 ) 119 .9 9) 121 .1 8) 121 .3 6)
0(1 - N ( 1 ) - C ( 5 ) 116 .7 12) 117 .1 10) 117 .6 8)
0(7 - C ( 6 ) - N ( 3 ) 120 .9 13) 121 .8 11) 119 .1 8)
0(6 - C ( 7 ) - C ( 8 ) 119 .3 14) 119 .3 12) 118 .5 10)
0(7 - C ( 8 ) - C ' ( 7 ) 116 .4 14) 117 .9 12) 122 .7 11)
M-N 3 ) - C ( 6 ) 118.5 8) 120 .0 6) 119 .1 5)
0(6 - N ( 3 ) - C ' ( 6 ) 123 .0 13) 120 .0 11) 121 .9 11)
M-0 1) -N (2 ) 101 .0 9) 98 .0 7) 109 .9 6)
M-0 2) - N ( 2 ) 9 2 . 6 8) 91 .6 6) 82 .3 6)
0(1 - N ( 2 ) - 0 ( 2 ) 112 .6 11) 114 .0 9) 117 .2 8)
0(1 - N ( 2 ) - 0 ( 3 ) 121.4 14) 121 .0 10) 119 .7 9)
0(2 - N ( 2 ) —0 ( 3 ) 126 .0 12) 125 .0 11) 123 .0 9)



TABLE I I . V I I I  ( c o n t l

( c )  I n t r a m o l e c u l a r  c o n t a c t s

Zn Co Cu

M. . . 0 ( 1 ) 3 .0 9 3 .07 2 .94

M. . . 0 ( 5 ) 3 -07 3 .0 6 2 .95

M. . . 0 ( 6 ) 3 .0 3 3 .0 2 2 .97

M. . • N(2) 2 .77 2 .6 8 2 .84

0(1) . . 0 ( 1 ) 3 .4 9 3 . 4 2 3 .4 5

0(1) . . 0 « ( 1 ) 3 .0 3 3 . 1 0 2 .9 6

0(1) . . 0 ' ( 1 ) 3 . 0 8 2.91 3 .0 8

0(1) . . 0 ( 2 ) 2 .08 2 .1 2 2 .13

0(1) . . 0 ( 3 ) 2 .16 2 .18 2 .17

0 (1) . -N(1) 2.91 2.91 2 .83

0(1) . *N' (1) 3 .0 5 3 . 1 2 3 . 0 0

0(2) . . 0 ( 5 ) 3 . 3 0 3 .2 7 3 .2 9

0(2) . . 0 * ( 6 ) 3 . 0 5 2 .98 3 .0 9

0(2) . . 0 ( 3 ) 2 .18 2 .18 2 .18

0(2) . .N (1 ) 3 .1 8 3 .1 3 3 .3 3

0(2) . •N1( 1 ) 3 .2 9 3 . 2 0 3 .4 7

0(2) . *N(3) 3 . 0 8 2 .95 3 . 2 6



TABLE I I . V I I I  ( c o n t )

(d)  I n t e r m o l e c u l a r  c o n t a c t s

Zn Co Cu

0 ( 1 ) . . C ( 3 ) 1 3 .4 9 3 .4 5 3 .47

0 ( 1 ) . .C ( B ) 11 3 . 25 3 .2 3 3 .2 8

0 ( 2 ) . . 0 ( 7 ) I:rl 3 .5 7 3 .5 9 3 .4 8

0 ( 3 ) . . C ( 2 ) 1 3 .5 3 3 . 5 2 3 . 4 7

0 ( 3 ) . . C ( 3 ) 1 3 . 5 5 3 . 5 7 3 .4 9

0 ( 3 ) . . C ( 4 ) IV 3 . 4 6 3 .4 4 3 . 3 4

0 ( 3 ) . . 0 ( 4 ) 1 1 1 3 . 4 8 3 . 4 8 3 . 5 2

0 ( 3 ) . . C ( 3 ) IV 3 . 4 9 3 .5 5 3 . 5 2

0 ( 3 ) . . C ( 5 ) IIT 3 . 5 9 3 .63 3 . 6 3

0 ( 3 ) . . C ( 6 ) m 3 .43 3 .44 3.41

0 ( 3 ) . . 0 ( 7 ) IV 3 .5 2 3 . 4 9 3 . 6 3

N(2) . . C ( 7 ) m 3 . 5 4 3 .5 8 3 . 5 9

Roman numerals  as  s u p e r s c r i p t s  r e f e r  to  the  f o l l o w i n g  

e qu iv a l en t  p o s i t i o n s  w i t h  r e s p e c t  t o  the  r e f e r e n c e  mo lecu l e  

a-t x ,  y ,  z .

I  1 -  x ,  1 -  y ,  - z

I I  x ,  -1 + y ,  z

I I I  - 1 / 2  + x ,  - 1 / 2  + y ,  z

IV 1 / 2  -  x ,  3 / 2  -  y ,  - z



TABIiE I I  .IX

M ( p y ) 3 ( N 0 3 ) 2  (M =  C o 1 1 ,  C u 1 1 ,  Z n 1 1 )

L e a s t - s q u a r e s  b e s t  p l a n e s  through the  m o l e c u l e s .  The 
equat ions  are  in  th e  form kX' + 0Y' + mZ' = n,  where  
X ' , Y' and Z' are  c o o r d i n a t e s  in  %. D i s t a n c e s  o f  atoms  
from p l a n e s  ( a )  ar e  g i v e n  in  square  b r a c k e t s .

k m n

P l a n e ( 1 ) i  0 ( 1 ) - ( 3 ) , N(2)

( i )  Zn 0 .4 34 4  0 .0901  - 0 . 8 9 6 2  1 .0476

0 ( 1 )  - 0 . 0 0 3 ,  0 ( 2 )  - 0 . 0 0 3 ,  0 ( 3 )  - 0 . 0 0 3 ,  N(2) 0 . 0 0 9 ,  
Zn 0 . 3 2 5

( i i )  Co 0 . 41 1 5  0 .1 1 49  -0 .9041  1 .1419

0 ( 1 )  - 0 . 0 0 2 ,  0 ( 2 )  - 0 . 0 0 2 ,  0 ( 3 )  - 0 . 0 0 2 ,  N(2) 0 . 0 0 6 ,  
Co 0 . 2 6 7

( i i i )  Cu 0 . 3 9 9 2  0 . 10 7 7  - 0 . 9 1 0 5  1 .0288

0 ( 1 )  - 0 . 0 0 5 ,  0 ( 2 )  - 0 . 0 0 5 ,  0 ( 3 )  - 0 . 0 0 5 ,  N(2)  0 . 0 1 4 ,

Cu 0 . 2 6 3

P l a n e ( 2 ) :  C ( 1 ) - ( 5 ) ,  N (1)

( i )  Zn - 0 . 7 8 7 5  0 .5 8 9 0  - 0 . 1 8 1 6  - 1 . 2 0 1 9

C(1) - 0 . 0 0 3 ,  C(2) - 0 . 0 2 2 ,  C(3) 0 . 0 2 9 ,  C(4) - 0 . 0 1 0 ,

C(5) - 0 . 0 1 5 ,  N(1)  0 . 0 2 2 ,  Zn 0 .0 62

( i i )  Co - 0 . 7 8 2 7  0 . 59 65  - 0 . 1 7 7 7  - 1 . 0 6 3 2

C(1) - 0 . 0 1 8 ,  C(2) - 0 . 0 0 6 ,  C(3) 0 . 0 1 8 ,  C(4) - 0 . 0 0 6 ,  
C(5) - 0 . 0 1 8 ,  N(1) 0 . 0 3 0 ,  Co 0 . 02 0

( i i i )  Cu - 0 . 7 4 2 9  0 .6 53 3  -0 .1461  - 0 . 5 5 1 7

C(1 ) - 0 . 0 0 1 ,  C(2) - 0 . 0 0 2 , 0 ( 3 )  - 0 . 0 0 3 ,  C(4) 0 . 0 1 3 , 
C(5 ) - 0 . 0 1 6 ,  N(1)  0 . 0 1 0 ,  Cu 0 .047



TABIiS I I . I X  ( c o n t l

k 6 in n

P l a n e ( 3 ) s C ( 6 ) - ( 8 ) ,  N(3)

( i )  Zn - 0 . 3 5 3 6  -0 .0 0 71  - 0 . 9 3 5 4  - 4 . 0 7 6 8

0 ( 6 )  - 0 . 0 2 0 ,  0 ( 7 )  0 . 0 1 9 ,  0 (8 )  - 0 . 0 0 9 ,  N(3) 0 . 0 1 0 ,
Zn 0 . 0 2 6

( i i )  Co - 0 . 3 9 1 0  - 0 . 0 0 1 0  - 0 . 9 2 0 4  - 4 . 1 5 5 2

0 ( 6 )  - 0 . 0 0 3 ,  0 ( 7 )  0 . 0 0 3 ,  0 ( 8 )  - 0 . 0 0 1 ,  N(3) 0 . 0 0 2 ,
Co 0 . 0 0 4

( i i i )  Cu - 0 . 2 9 9 5  -0 . 0 0 4 1  -0 .9 5 4 1  - 3 . 7 6 7 0

0 ( 6 )  - 0 . 0 1 1 ,  0 ( 7 )  0 . 0 1 1 ,  0 ( 8 )  0 . 0 0 6 ,  N(3) - 0 . 0 0 6 ,
Cu 0 . 0 1 4

D ih e dr a l  a n g l e s  ( ° )  between p l a n es

Zn Co Cu

Plane (1 ) - - ( 2 ) 8 2 . 8 8 4 .7 8 4 . 7

Plane (1 ) - - ( 3 ) 4 6 . 8 4 7 . 8 4 1 .5

Plane (2 ) - - ( 3 ) 63 .6 6 2 .0 68 .9



F I G U R E  1 1 . 2 1
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A view o f  the  m o l e c u l e  a lo ng  b showing the  atomic  numbering
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II. 2. 3. C R Y S T A L  A N D  M O L E C U L A R  S T R U C T U R E  O F
\

D I N I T R A T O T R IS (P Y R ID IN E )-C A D M IU M (II ) ,

Cd(py)3( N 0 3)2

(a) M a t e r i a l  U s e d  in  th e  D e t e r m i n a t i o n

T h e  p r e p a r a t io n  p r e v i o u s l y  d e s c r i b e d  in  the

(1 7 0 )
l i t e r a t u r e  p r o d u c e d  s a t i s f a c t o r y  c r y s t a l s  fo r  the X - r a y

a n a ly s i s .

(b) E x p e r i m e n t a l  and R e s u l t s

F u l l  e x p e r i m e n t a l  d e t a i l s ,  a t o m ic  p a r a m e t e r s ,  

th e r m a l  p a r a m e t e r s  a n d  s t r u c t u r e - f a c t o r  t a b le s  a r e  g iv e n  in  

A ppendix  V .

F i g u r e s  II. 24  and II. 25 s h o w  the a t o m ic  n u m b e r in g  

s c h e m e  and th e  m o l e c u l a r  p a c k in g  r e s p e c t i v e l y .  T a b le  II. X l i s t s  

in te r a to m ic  d i m e n s i o n s  and  T a b le  II. XI g i v e s  s o m e  l e a s t - s q u a r e s  

b est  p la n e s  c a l c u l a t e d  t h r o u g h  the  m o l e c u l e .

(c ) D i s c u s  s io n

T h e  a n a l y s i s  h a s  r e v e a l e d  th a t  C d (p y )^ (N 0 3) 2 i s  

m o n o m e r ic  in  d i r e c t  c o n t r a s t  to th e  p r e d i c t e d  p o l y m e r i c  n a tu r e  o f  

the c o m p le x  ( 1 7 0 ) an d  th a t  th e  c a d m iu m  a to m  i s  s u r r o u n d e d  b y  t h r e e  

Pyridine and tw o  b id e n t a t e  n i t r a t e  g r o u p s  ( F ig u r e  II. 24 ) .  T he  

cry s t a l lo g r a p h ic  r e q u i r e m e n t  f o r  t w o - f o l d  m o l e c u l a r  s y m m e t r y  

found fo r  the  t h r e e  c o m p l e x e s  M (p y)^ (N O ^ )2 (II. 2 . 2) (M = C o ( l l ) ,
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/ T\ r, / ( 8 0 ,  8 1 ) ,  . . . .
Cu(II), Zn(II) ), i s  m a in t a in e d  in the p r e s e n t  c a s e  and in th is

s e n s e  the  m o l e c u l a r  p a c k in g  of  a l l  fo u r  c o m p o u n d s  a r e  s i m i l a r .  

H o w e v e r ,  C d (py) (NO ) i s  d i s t i n g u i s h e d  f r o m  the o t h e r  t h r e e  

c o m p le x e s  b y  p o s i t i o n i n g  o f  the  m o l e c u l e s  in  the  y - d i r e c t i o n  o f  the  

c r y s t a l ,  and  a l s o  in  the  s p a t ia l  a r r a n g e m e n t  o f  the l ig a n d s  ab o u t  the  

t w o - fo ld  a x i s ,  t h e r e  b e in g  no o b v io u s ,  n o r  d i r e c t ,  r e la t io n s h ip  

b e tw e e n  the  c o o r d i n a t e s  o f  a t o m s  in  the  p r e s e n t  c o m p le x  and t h o s e  

of the o th e r  c o m p l e x e s .  C o m p a r i s o n  o f  i n t e r m o l e c u l a r  d i s t a n c e s  

in a l l  fo u r  c o m p l e x e s  d o e s  n o t  in d ic a t e  a n y  s t r ik in g  c h a n g e s  in  th e  

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

of the c o n t a c t s  do n o t  v a r y  g r e a t l y .  In e a c h  c a s e ,  the  c l o s e s t  

a p p r o a c h e s  b e t w e e n  m o l e c u l e s  a r e  e i t h e r  e q u a l  to o r  g r e a t e r  than  the  

su m s o f  the  c o r r e s p o n d i n g  v a n  d e r  W a a ls  r a d i i .

T h e  l a r g e s t  c o n t r a s t  b e t w e e n  the  m o l e c u l a r  s t r u c t u r e  

of C d(py)^(N O ^)2 and  th e  m o l e c u l a r  s t r u c t u r e s  o f  the o th e r  t r i s -  

pyrid in e  c o m p l e x e s ,  l i e s  in  the  m o d e  o f  n i t r a t e  c o o r d in a t io n .  In 

the p r e s e n t  c o m p l e x ,  the  c a d m i u m - o x y g e n  d i s t a n c e s  (C d -0 (1 )

2. 444(9) X ,  C d - 0 ( 2 )  2. 4 9 1 (1 0 )  X ) ,  a l th o u g h  j u s t  s ig n i f i c a n t l y  

d ifferen t,  in d i c a t e  th a t  th e  n i t r a t e  g r o u p s  a r e  a l m o s t  s y m m e t r i c a l l y  

c o o r d in a te d ,  w h e r e a s  the  c o r r e s p o n d in g  d i m e n s i o n s  in  the C o(I l) ,

Cu(ll) and Z n ( l l )  c o m p l e x e s  in d ic a t e  d i s t i n c t  i f  d i f f e r in g  d e g r e e s  o f  

S y m m e t r y  in  the m e t a l - n i t r a t e  b o n d in g .  C o n s id e r in g  the d i f f e r e n c e s  

in r e s p e c t iv e  m e t a l - o x y g e n  d i s t a n c e s  in e a c h  o f  the  C d(Il),  Co(II)  

and Zn(lI) c o m p l e x e s  a s  in d ic a t in g  the in d iv id u a l  a s y m m e t r i e s  o f  

nitrate c o o r d in a t io n ,  s h o w s  th a t  t h e s e  t h r e e  c o m p l e x e s  f o r m  a



w e l l - d e f in e d  s e r i e s  ( M - 0 ( 2 )  -  M - O ( l ) )  = 0. 047 X  (C d),

0. 104 X  (C o ) ,  0. 186 X  (Z n )  in  w h ic h  the  a s y m m e t r y  s h o w s  an

e x p e c te d  i n c r e a s e  w ith  d e c r e a s i n g  m e t a l  io n ic  r a d iu s .  T h u s ,  the

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

s e v e n - c o o r d i n a t e  e n v i r o n m e n t .  T h e  Cu(II) c o m p le x  i s  an a n o m a lo u s

(81 \
m e m b e r  o f  the  s e r i e s  a s  a r e s u l t  o f  s t a t i c  J a h n - T e l l e r  d i s t o r t io n s  ' 

(II. 2. 2).

C o m p a r i s o n  o f  the  s t r u c t u r e s  o f  Z n (p y )  (NO )
kt J 6

(8 0  81 )
and Zn(py)^(N O ^)^  * w ith  the  p r e s e n t  c o m p le x  a l s o  d e m o n 

s tr a te s  t h is  s i z e  e f f e c t .  T h e r e  a r e  no l ig a n d  f i e l d  s t a b i l i s a t io n

e f fe c ts  in  the  Z n ( l l )  an d  Cd(II) io n s  b e c a u s e  of  t h e ir  c o m p le t e d  d 

s h e l l s  and  the  s t e r e o c h e m i s t r y  o f  t h e ir  c o m p l e x e s  i s  d e t e r m in e d  

s o le ly  b y  c o n s i d e r a t i o n s  o f  s i z e ,  e l e c t r o s t a t i c  f o r c e s  and  c o v a le n t  

bonding f o r c e s  T h u s ,  Zn(II) h a s  a t e n d e n c y  to a s s u m e  a

c o o r d in a t io n  n u m b e r  o f  f o u r  w h e r e a s  Cd(II) i s  m o r e  l i k e l y  to be  

s ix - c o o r d in a t e .  E x a m p l e s  o f  c o r r e s p o n d in g  c o m p l e x e s  o f  Zn(II)  

and C d (ll)  s h o w in g  t h e s e  p r e f e r e n c e s  a r e  g iv e n  in  T a b le  II. XII. T h e  

de c r e a s in g  a s y m m e t r y  o f  the n i t r a t e  c o o r d in a t io n  in  the  s e r i e s  

Zn(py)2( N 0 3 )2 Z n (p y ) 3( N O s ) 2 C d (p y )3(NC>3) 2 i s  a l s o  in  a g r e e m e n t  

with the e x p a n s i o n  o f  c o o r d in a t io n  f r o m  Zn(Il)  to C d(Il).

A lth o u g h  th e  c a d m iu m - l i g a n d  b o n d s  in  the p r e s e n t

com p lex  a r e  lo n g  c o m p a r e d  w ith  p r e v i o u s l y  r e c o r d e d  v a l u e s  fo r

(1 9 7 )s ix - c o o r d in a te  c a d m iu m  c o m p l e x e s  > the  C d -0  d i s t a n c e s  a r e

144s. J
°f  the s a m e  o r d e r  a s  fo u n d  in  th e  e i g h t - c o o r d in a t e  C d ( N 0 3 ) 2 * 411^0 

(C d-O (nitrate) = 2 . 4 4  and 2. 59 X ) .  A  s i m i l a r  e f f e c t  w a s  n o ted  in
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the s t r u c t u r e s  o f  the  o t h e r  t r i s - p y r i d i n e  c o m p l e x e s  (II. 2. 2).

If the  n i t r a t e  g r o u p s  a r e  r e g a r d e d  a s  o c c u p y in g  

( 6 4 ,  73)
s in g le  c o o r d in a t i o n  s i t e s  ’ , the s t r u c t u r e  m a y b e  d e s c r i b e d

on the b a s i s  o f  d i s t o r t e d  s q u a r e - b a s e d  p y r a m id a l  g e o m e t r y .

A l t e r n a t i v e l y ,  th e  s e v e n - c o o r d i n a t e  g e o m e t r y  m a y  b e  r a t i o n a l i s e d

by r e g a r d in g  th e  p y r i d i n e s  a s  o c c u p y in g  t h r e e  c o r n e r s  o f  a s q u a r e -

plane w i t h  the  f o u r th  c o r n e r  b i s e c t i n g  two o f  th e  o x y g e n s  o f  the

n i t r a t e  g r o u p s  M - O ( l )  and  M - O ' ( l ) .  T h e  r e m a in in g  two o x y g e n s

[0(2) and 0 '(2 ) ]  th e n  o c c u p y  th e  s i t e s  a x ia l  to th is  p la n e  ( F i g u r e  II. 23) .

T h is  ty p e  o f  d e s c r i p t i o n  o f  the  b o n d in g  h a s  b e e n  u s e d  in  e x p la in in g

(81)
the d i s t o r t i o n  p r e s e n t  in  the  c o m p le x  C u ( p y ) , ( N O ,)  , v ' (II. 2 . 2 ) .

J  O u

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

to c o n s id e r  th e  a t o m s  s u r r o u n d in g  the  c a d m iu m  a s  f o r m in g  a

d i s to r te d  p e n t a g o n a l  b i p y r a m i d  ( F ig u r e  II. 26 ) .  The n i t r o g e n  a t o m s

N ( l )  a n d N ' ( l )  a r e  in  th e  a x i a l  p o s i t i o n s  w h i le  the  e q u a t o r ia l  p la n e  i s

o c c u p ie d  b y  f o u r  o x y g e n  a t o m s  f r o m  the n i t r a t e  g r o u p s  [0(1), 0 (2 ),

0'(2) and  0 ’( l ) ] a n d  th e  n i t r o g e n  a t o m  o f  th e  r e m a in in g  p y r id in e  [ N( 3) ] .

The in e q u iv a le n t  C d - 0  and  C d -N  d i s t a n c e s  r e f l e c t  the  p o s i t i o n s  o f  the

(1 0 8 )
ligands in  th e  s p e c t r o c h e m i c a l  s e r i e s  and th e  d i s t o r t io n s  in

the i n t e r a t o m i c  a n g l e s  a t  the  c a d m iu m  a t o m  in  the  e q u a t o r ia l  p la n e  

from  the i d e a l  v a lu e  o f  7 2 °  a r i s e  b e c a u s e  the  o x y g e n  a t o m s  o f  the  

nitrate  g r o u p s  [ 0 ( 1 ) ,  0 (2 )  and  0 ’(1 ) ,  0 '(2)] c a n n o t  a c c o m m o d a t e

such a l a r g e  a n g l e .  T h e  N ( I ) - C d - N ( 3 )  = N '(  1 ) - C d - N ( 3 )  a n g le  

( 9 7 . 1(2)C ) i s  i n c r e a s e d  f r o m  90 b y  s t e r i c  r e p u l s i o n  b e t w e e n  the  

Pyridine g r o u p s .
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V e r y  f ew  s e v e n - c o o r d i n a t e  c a d m iu m  c o m p l e x e s

a r e  k n ow n . C d ^ Z n (P O ^ )^  h a s  b e e n  r e p o r t e d  to c o n ta in  t h r e e

(1 9 9 )d i s t in c t ly  d i f f e r e n t  c a d m iu m  c o o r d i n a t i o n - g e o m e t r i e s  . O ne o f

th e se  i s  s e v e n - c o o r d i n a t e  c a d m iu m  in  a d i s t o r t e d  p e n ta g o n a l  

b ip y r a m id a l  a r r a n g e m e n t .  T h e  d i s t o r t io n  p r o d u c e s  C d -0  d i s t a n c e s  

in the r a n g e  2. 2 6 - 2 .  6 7 (2 )  X  and  c a n  be  r e la t e d  to the  c h e la t in g  

c h a r a c t e r  o f  the  l i g a n d s .  S e v e n - c o o r d i n a t e  c a d m iu m  h a s  a l s o  b e e n  

p o s tu la te d  in  the  c r y s t a l  s t r u c t u r e  o f  Cd P  0 but no d e s c r i p t i o n  o f
Li L I

the c o o r d in a t io n  p o ly h e d r o n  w a s  g iv e n

A n o th e r  m o r e  r e c e n t  e x a m p le  o f  s e v e n - c o o r d i n a t i o n  

is  in C d(C H  CO ) (H 0) w h e r e  the  m o l e c u l a r  g e o m e t r y  h a s  b e e n
J  C* C* Cd Li

d e s c r ib e d  a s  d i s t o r t e d  s q u a r e  b a s e - t r i g o n a l  c a p ,  and the  C d -0  

d is ta n c e s  a r e  in  the  r a n g e  2 . 2 9 2 - 2 . 5 9 7 ( 4 )  X   ̂ T he d i s t o r t io n s

in th is  c o m p l e x  p r o b a b ly  r e s u l t  f r o m  h y d r o g e n  b on d in g  and f r o m  the  

b r i d g in g /c h e la t i n g  n a t u r e  o f  the  a c e t a t e  g r o u p s .

In th e  p r e s e n t  c o m p le x ,  t h e r e  i s  a p o l a r i s a t i o n  

e ffe c t  d i s c e r n a b l e  in  th e  n i t r a t e  g r o u p s  w ith  th e  t e r m i n a l  N - O  bond  

(1. 2 1 3 (1 9 )  X )  s h o r t e r  than the  o t h e r  two (1 .  2 6 3( 14), 1. 2 6 1( 14) X ) .

The O - N - O  a n g l e s  a r e  a l l  d i s t o r t e d  f r o m  120 and th e  C d - O - N  

an g les  (C d - 0 (  1 ) - N ( 2 )  = 9 7 . 4 ( 6 ) ° ,  C d - 0 ( 2 ) - N ( 2 )  = 9 5 . 1 ( 7 ) ° )  

approach  th e  v a l u e s  n o r m a l l y  fou n d  f o r  s y m m e t r i c a l  b id e n ta te

n a e ta l-n i tr a to  b o n d in g  A s  f o r  p r e v io u s  m e m b e r s  o f  the s e r i e s

(80> 81) , ,(II. 2. 2), a l l  th e  m e t a l - b o n d e d  g r o u p s  a r e  a r r a n g e d  so  a s  to

m in im is e  s t e r i c  i n t e r a c t i o n .



TABLE I I . X

Cd(py)5 (N05 ) 2

In te r a to m ic  d i s t a n c e s  ( X )  and a n g l e s  ( ° )  w i th  e s t i m a t e d  

standard d e v i a t i o n s  in  p a r e n t h e s e s

( a )  Bonded d i s t a n c e s

Cd-0(1) 2 . 4 4 4 ( 9 )

O1tOO

1 . 3 9 3 ( 2 1 )

Cd-0(2) 2 . 4 9 1 ( 1 0 )

lr\01o 1 . 3 9 2 ( 1 8 )

Cd-N(1) 2 . 3 0 1 ( 9 ) N( 3 ) - C( 6 ) 1 . 3 3 0 ( 1 5 )

Cd-N(3) 2 . 3 4 7 ( 1 4 ) C(6 ) -C (7 ) 1 . 4 0 2 ( 1 8 )

N(1) -C(1) 1 . 3 6 5 ( 1 8 ) C(7 ) -C(8 ) 1 . 3 2 5 ( 1 6 )

N(1) -C(5) 1 . 3 3 5 ( 1 5 )

01CM 1 . 2 6 3 ( 1 4 )

C(1) - C ( 2) 1 . 3 6 3 ( 2 3 ) N ( 2 ) - 0 ( 2 ) 1 . 2 6 1 ( 1 4 )

C(2) -C(3) 1 . 3 7 4 ( 2 2 )

01CMs? 1 . 2 1 3 ( 1 9 )



TABLE I I . X  ( c o n t )

( b )  I n t e r b o n d  a n g l e s

0(1 ) - 0 d - 0 ( 2) 5 1 . 3 ( 3 ) C ( 3 ) - C ( 4 ) - C ( 5 ) 1 1 6 . 2 ( 1 2 )

0 ( 1 ) - C d - 0 ' ( 1 ) 9 2 . 8 ( 3 ) C ( 4 ) - C ( 5 ) - N ( 1 ) 1 2 3 . 9 ( 1 2 )

0 ( 1 ) - C d - O ' ( 2 ) H 3 . 9 ( 2 ) Cd-N(1 ) - C ( 1) 1 2 0 . 7 ( 8 )

O 1 0 pi 1 53 8 6 . 2 ( 3 ) 0 d - N ( 1 ) - 0 ( 5 ) 1 2 1 . 8 ( 8 )

0 ( 1 ) - C d -N ' ( 1 ) 8 4 . 1 ( 3 ) C ( 1 ) - N ( 1 ) - C ( 5 ) 1 1 7 . 6 ( 1 1 )

0(1 ) -Cd-N(3) 1 3 3 . 6 ( 2 ) C (7 ) - C ( 6 ) - N ( 3 ) 1 2 0 . 4 ( 8 )

0 ( 2 ) - C d - 0 ' ( 2 ) 1 6 4 . 8 ( 3 ) C ( 6 ) - 0 ( 7 ) - C ( 8 ) 1 2 0 . 1 ( 1 3 )

0 ( 2 ) - C d - N ( 1 ) 9 5 . 9 ( 3 ) C ( 7 ) - C ( 8 ) - C ' ( 7 ) 1 1 9 . 8 ( 1 2 )

0 ( 2 ) - C d - N ' ( 1 ) 8 6 . 9 ( 2 ) Cd-N(3) -C(6) 1 2 0 . 4 ( 8 )

0 ( 2 ) - 0 d - N ( 3 ) 8 2 . 4 ( 2 ) 0 ( 6 ) - N ( 3 ) - 0 » ( 6 ) 1 1 9 . 2 ( 1 1 )

N( 1 )-Cd-N' ( 1 ) 1 6 5 . 8 ( 3 ) 0 d - 0 ( 1 ) - N ( 2 ) 9 7 . 4 ( 6 )

N(1)-Cd-N(3) 9 7 . 1 ( 2 ) Cd -0 ( 2 ) -N( 2 ) 9 5 . 1 ( 7 )

C(2)-C( 1 ) - N ( 1) 1 2 2 . 8 ( 1 3 ) 0 ( 1 ) -N( 2 ) - 0 ( 2 ) 1 1 5 . 5 ( 1 1 )

C( 1 ) - C (2 ) - C(3 ) 1 1 8 . 3 ( 1 5 ) 0 ( 1 ) - N ( 2 ) - 0 ( 3 ) 1 2 2 . 6 ( 1 1 )

C( 2 ) - C(3 ) -G (4 ) 1 2 1 . 3 ( 1 4 ) 0 ( 2 ) - N ( 2 ) - 0 ( 3 ) 1 2 1 . 9 ( 1 2 )



TABLE I I  .X ( c o n t )

( c )  I n t r a m o l e c u l a r  d i s t a n c e s

Cd. . . 0 ( 1 ) 3 . 2 2 0 ( 1 ) . • N(1) 3 . 2 4

Cd. . . 0 ( 5 ) 3 .21 0 ( 1 ) . . r  ( 1 )

00 
T— •K\

Cd. . . 0 ( 6 ) 3 . 2 3 0 ( 2 ) . . 0 * ( 1 ) 3 .5 0

Cd. . • N(2) 2 . 8 9 0 ( 2 ) . . 0 ( 6 ) 3 .1 4

0 ( 1 ) . • . 0 ( 5 ) 3 . 1 6 0 ( 2 ) . . 0 ( 3 ) 2 . 1 6

0 ( 1 ) . • - 0 ’ ( 1 ) 3 . 5 4 0 ( 2 ) . .N (1 ) 3 .5 4

0 ( 1 ) . • . 0 ( 2 ) 2 .1 4 0 ( 2 ) . . N ' ( 1 ) 3 . 3 0

0 ( 1 ) . . . 0 ( 3 ) 2 .17 0 ( 2 ) . • N(3) 3 .1 9

i



TABLE I I . X  ( c o n t )

( d )  I n t e r m o l e c u l a r  c o n t a c t s

0 ( 1 ) . . . C O ) 1 3 . 4 2 0 ( 3 ) . . . C ( 2 ) IV 3 . 4 0

0 ( 1 ) . . . C O ) 11 3 . 5 2 0 ( 3 ) . . . C ( 2 ) V 3.51

0 ( 1 ) . . . C ( 8 ) n 3 . 2 4 0 ( 3 ) . . . C ( 4 ) 1 3 . 5 5

0 ( 2 ) . . . C ( 4 ) m 3 .5 8 0 ( 3 ) . . . 0 ( 6 )V 3 . 4 4

0 ( 3 ) . . . 0 ( 1 ) IV 3 .4 3 0 ( 3 ) . . . C (7 ) V 3 . 5 6

0 ( 3 ) . . . C ( 1 ) V 3 .4 7 N ( 2 ) . . . C ( 7 ) V 3 .5 5

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

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

a t  x ,  y ,  z .

I  1 / 2  + x ,  3 / 2  -  y ,  1 /2  + z

I I  x ,  1 + y ,  z

I I I  1 / 2  -  x ,  - 1 / 2  + y ,  1 / 2  -  z

IV x ,  1 -  y ,  1 / 2  + z

V 1 / 2  -  x ,  1 / 2  + y ,  1 / 2  -  z



TABLE I I . X I

c a ( p y ) 3 (N05 ) 2

L e a s t - s q u a r e s  b e s t  p l a n e s  t h r o u g h  t h e  m o l e c u l e .  The 
e q u a t i o n s  a r e  i n  t h e  fo rm  kX1 + £Y^ + mZ’ = n ,  w h e re  
X1i Y1 a n d  Z1 a r e  c o o r d i n a t e s  i n  X. D i s t a n c e s  o f  a to m s  
from p l a n e s  (S )  a r e  g i v e n  i n  s q u a r e  b r a c k e t s

k  £, m n

P l a n e (  1 ) :

0 ( 1 ) - ( 3 ) ,  N(2)  - 0 . 9 43 1  0 . 0 01 3  - 0 . 3 3 2 5  - 5 . 5 5 4 6

0 ( 1 )  0 . 0 0 4 ,  0 ( 2 )  0 . 0 0 4 ,  0 ( 3 )  0 . 0 0 5 ,  N(2) - 0 . 0 1 3 ,  Cd - 0 . 2 9 2

P l a n e ( 2 ) :

C(1) —( 5 ) ,  N( 1) 0 . 4 8 10  0 .4 91 4  - 0 . 7 2 6 0  4 . 0 15 9

C(1) - 0 . 0 0 4 ,  0 ( 2 )  0 . 0 0 8 ,  0 (3 )  - 0 . 0 0 4 ,  0 ( 4 )  0 . 0 0 7 ,  0 ( 5 )  

0 . 0 0 9 ,  N(1)  - 0 . 0 0 5 ,  Cd - 0 . 0 0 5

P l a n e ( 3 ) :

C ( 6 ) - ( 8 ) , N(3)  - 0 . 5 2 7 0  - 0 . 0 0 1 4  - 0 . 8 4 9 8  - 4 . 3 8 6 9

0(6)  0 . 0 0 4 ,  0 ( 7 )  - 0 . 0 0 4 ,  0 (8 )  0 . 0 0 2 ,  N(3) - 0 . 0 0 2 ,  Cd - 0 . 0 0 5

D i h e d r a l  a n g l e s  b e tw e e n  p l a n e s  ( ° )

Plane  ( 1 ) —(2)  78

P lane  ( 1 ) —( 3 )  39

P lane  ( 2 ) —(3 )  69



TETRAHEDRAL POLYMERIC OCTAHEDRAL

Zn(l'JH3 ) 2B r 2 ^ 1 9 0 ') Cd(!ffl3 ) 2B r 2 ^ 1 9 3 ^

Z n ( N H , ) 2C l 2 ^ 1 9 1 ) Cd(NH3 ) 2C l 2 ( 1 9 4 ^

Z n ( p y ) 2C l 2 ( 1 9 2 ) C d ( p y ) 2C l 2 (1 9 5 )

Z n ( p y ) 2 (N3 ) 2 ( 1 7 2 ) C d ( p y ) 2 (N3 ) 2 ^ 1 9 6 ^

TABLE I I . X I I

A c o m p a r i s o n  o f  c o r r e s p o n d i n g  Z in c  and  Cadmium Com plexes



FIGURE 1 1 . 2 4  

Cd(py)3 (N03 ) 2

A v i ew o f  t h e  m o l e c u l e  a l o n g  b s h o w i n g  t h e  a t o m i c  n u m b e r i n g



C1 03



FIG II IJ

Cd ( p - ) ^ ( - 0 5 ) 2

The molecular packing viewed along the "b axis



a



F I G U R E  1 1 . 2 6

The e n v i r o n m e n t  a r o u n d  Cd i n  Cd (p y)
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THE STRUCTURES OF SOME METAL-NITRATO COMPLEXES OF AMINES 

WITH GREATER STERIC REQUIREMENTS THAN PYRIDINE

CHAPTER 1

D i n i t r a t o b i s ( c t - p i c o l i n e ) - c o p p e r ( I I )

CHAPTER 2

A q u o ( d i n i t r a t o b i s q u i n o l i n e ) - cadmium( I I )
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C H A P T E R  1 

D in i tr a to b is (o c  - p i c o l i n e ) - c o p p e r ( I I )

III. 1 . 1 .  T H E  C O P P E R  N I T R A T E -o C -P I C O  L IN E  S Y S T E M

S e v e r a l  c o m p l e x e s  o f  the ty p e  L  M (NO  )

(L = a m in e ,  M  = C o(II) ,  N i ( l l ) ,  Cu(II) and Zn(II)) , h a v e  b e e n  

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

(M e^ P O )^ C o(N O ^ ) 2 ,  ̂  ̂  ̂ ( F ig u r e  I. 3). H o w e v e r ,  the  X - r a y

a n a ly s e s  o f  C u (p y )2 ( N 0 3)2 ( a s  [C u(py)2(NC>3 )2 ] 2 . p y  ( ?5 , -

S e c t io n  II. 1. 2) and Z n (p y )2 (NC>3 )2 ( S e c t io n  II. 1 . 4 )  h a v e  r e v e a l e d

s tr u c t u r e s  th a t  a r e  q u ite  u n r e la t e d  to t h is  s p e c i e s ,  the  c o p p e r  c o m p le x  

in p a r t i c u l a r  b e in g  a c e n t r o s y m m e t r i c  d i m e r  w ith  a s y m m e t r i c  and  

n o n - e q u iv a le n t  n i t r a t o - g r o u p s .  T h e r e f o r e ,  an  i n v e s t i g a t i o n  o f  

c o p p e r ( l l )  n i t r a t e  c o m p l e x e s  w ith  l ig a n d s  b u lk ie r  than  p y r id in e  h a s  

been  c a r r i e d  o u t  to  d e t e r m i n e ,  i f  p o s s i b l e ,  the  m o s t  f a v o u r a b le  

s t e r e o c h e m i s t r y ,  o r  s t e r o c h e m i s t r i e s ,  o f  c o m p l e x e s  o f  th e  typ e  

Cu(L) (NO ) , w h e r e  L  i s  a u n id e n ta te ,  n e u t r a l  l ig a n d .
£  J  6

o c - P i c o l i n e  i s  a c o n v e n ie n t  c h o i c e  o f  l ig a n d  s in c e  

the s t r u c t u r e s  o f  the  c o r r e s p o n d in g  h a l id e  c o m p l e x e s ,  C u (p y )2 C l 2 

and C u (o C -p ic ) 2 C l 2> a r e  k n o w n . T h e  m o l e c u l a r  s t r u c t u r e  o f  

Cu(py) C l  ( 2 0 2 ) ( F i g u r e  III. 1) m a y  b e  d e s c r i b e d  a s  p o l y m e r i c ,
w (L

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

by two c h l o r i n e  a t o m s  an d  n i t r o g e n  a t o m s  f r o m  tw o  p y r id in e  g r o u p s  

*n a t r a n s  s q u a r e - p l a n a r  a r r a n g e m e n t .  T h e  s ix - c o o r d i n a t i o n  i s



FIGURE I I I . I  

M o l e c u l a r  s t r u c t u r e  o f  CuCpyOjClp ( 2 0 2 )

I

C u

3 0 5

C u



FIGURE I I I

The Molecular Structure of Gu( a-pic) 2 ^ 2



.2*21

1-98

2-26

3*37

C u
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c o m p le t e d  b y  b r id g in g  c h l o r i n e s  a b o v e  and  b e lo w  th is  p la n e .  If the  

p y r id in e  m o i e t i e s  a r e  r e p la c e d  b y  o C - p ic o l in e  g r o u p s ,  the l a t t e r  a r e  

o r ie n t a t e d  so th a t  th e  ^ C -m eth y l  g r o u p s  l i e  in c i s  p o s i t i o n s  r e l a t i v e  

to e a c h  o t h e r .  T h is  e f f e c t i v e l y  b lo c k s  on e  o f  the a x ia l  s i t e s ,  t h e r e b y  

r e d u c in g  th e  c o o r d in a t i o n  o f  the  c o p p e r  to  f iv e  and th e  m o l e c u l a r  un it  

to a d im e r  ( F i g u r e  III. 2).

S in c e  o c - p i c o l i n e  c o m p l e x e s  o f  Cu(II) a r e  a l s o  

known w h e r e  th e  o C -m e th y l  g r o u p s  a r e  in  t r a n s  p o s i t i o n s  ^05)^

p r io r  to  the X - r a y  i n v e s t i g a t i o n ,  tw o m o l e c u l a r  s t r u c t u r e s  f o r  

C u (o c -p ic )  (NO ) c o u ld  b e  e n v i s a g e d :Cd J L

(i)  w i th  o n e  a x i a l  s i t e  b lo c k e d  ( c i s  - m e t h y l  g r o u p s ) ;

( i i )  w i th  b o th  a x i a l  s i t e s  b lo c k e d  (t r a n s  o C -m e th y l  g r o u p s ) .

It w a s  t h e r e f o r e  im p o r t a n t  to  a s c e r t a i n  w h ic h  o f  t h e s e  tw o  c o n f ig u r 

ations w a s  f o r m e d  and  the  e f f e c t  o f  the  c o n f ig u r a t io n  on the  n i t r a t e  

g e o m e t r y  and  m o d e  o f  b o n d in g  ( p a r t i c u la r l y  in c o m p a r i s o n  to the  

d im e r ic  n a tu r e  o f  [C u (p y )2 (NC>3 )2] 2 .p y .

I n i t i a l l y ,  w e  w e r e  a w a r e  o f  o n ly  o n e  f o r m  o f  

Cu(oC - p i c )  (NO  ) b u t  H a th a w a y  i n a s i n g l e - c r y s t a l  s tu d y  o f

the e .  s .  r .  and  e l e c t r o n i c  s p e c t r a  o f  th is  c o m p o u n d , o b ta in e d  a 

secon d  f o r m .  T h e  e x i s t e n c e  o f  t h e s e  tw o  c r y s t a l l i n e  m o d i f i c a t i o n s  

r e p r e s e n t s  an  a l m o s t  u n iq u e  ty p e  o f  p o l y m o r p h i s m ,  s in c e  b o th  

fo rm s  u t i l i s e  the s a m e  s p a c e  g r o u p  s y m m e t r y  w ith  a l m o s t  id e n t ic a l  

unit c e l l s ,  y e t  h a v e  q u ite  d i f f e r e n t  c r y s t a l  p a c k in g .  T o  in d ic a t e  

the d i f f e r e n t  n a t u r e s  o f  t h e s e  tw o  f o r m s ,  P r o f e s s o r  H a th a w a y  h a s  

kindly s e n t  the  r e s u l t s  o f  h i s  s i n g l e - c r y s t a l  w o r k  ( F i g u r e s  III. 3 and



: p j n t t i ■ }• ;  T T T ^ - j

The polarised single-crystal electronic spectra of 

Cu ( a~pi c) ̂  (NO^ ) 2 - F orn 1

Ey  = 2 . 0 5 6

xz x -y

y z x “-y

1 5.5'.d ?4d 2-v

X* u . o

1220

ENERGY (kK)



FiG-iiia-: i n . 4

The polarised single-crystal electronic spectra of
Ou(a-pic) p(NO^ ) r. - Porn II
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10 81222 16 141820
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III. 4 ) .  T h e s e  r e s u l t s  h a v e  n o t  b e e n  f u l ly  a n a l y s e d  at p r e s e n t  but  

th ey  a r e  i n d i c a t i v e  o f  th e  s l i g h t  d i f f e r e n c e s  in  b on d in g  r e s u l t in g  f r o m  

the a l ig n m e n t  o f  the  m o l e c u l e s  in  the c r y s t a l  f o r  e a c h  c a s e .  T h e r e 

fo r e ,  the  s t r u c t u r e s  o f  b o th  m o d i f i c a t i o n s  h a v e  b e e n  d e t e r m in e d  by  

t h r e e - d i m e n s i o n a l  X - r a y  d i f f r a c t io n  t e c h n iq u e s .



I I I . 1 . 2 . CRYSTAL AND MOLECULAR STRUCTURE OP 

TWO CRYSTALLINE FORMS OP DINITRATO- 

B I S ( a - P I C O L I N E ) - C O P P E R ( I I )
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III. 1 . 2 .  C R Y S T A L  AND M O L E C U L A R  ST R U C T U R E S  OF TWO

C R Y S T A L L I N E  F O R M S  O F  DIN ITRA TO BIS(oC -P I C O L I N E )  

- C O P P E R ( I I )

(a) M a t e r i a l  U s e d  in  the  D e t e r m i n a t i o n

C r y s t a l s  w e r e  o b ta in e d  a c c o r d in g  to the  m e t h o d  o f  

L e v e r   ̂  ̂ T h e  i s o l a t i o n  o f  the  tw o s e p a r a t e  c r y s t a l l i n e  f o r m s  i s

d ep en d en t  u p on  th e  t e m p e r a t u r e  to w h ic h  the  c r y s t a l l i s i n g  l iq u id  i s  

h e a ted  b e f o r e  c o o l i n g  ( s e e  A p p e n d ix  VI).

(b) E x p e r i m e n t a l  and  R e s u l t s

F u l l  e x p e r i m e n t a l  d e t a i l s ,  a t o m ic  p a r a m e t e r s ,  

th e r m a l  p a r a m e t e r s  an d  s t r u c t u r e - f a c t o r  t a b le s  a r e  g iv e n  in  

A p p en d ix  V I.

F i g u r e s  III. 5 and III. 6 s h o w  the  a t o m ic  n u m b e r in g  

s c h e m e s  f o r  f o r m s  I an d  II r e s p e c t i v e l y .  F i g u r e s  III. 7 an d  III. 8 

show the p a c k in g  a r r a n g e m e n t s  f o r  the  tw o f o r m s .  T h e  i n t e r a t o m i c  

d im e n s io n s  f r o m  the  d e t e r m in a t i o n s  a r e  l i s t e d  in  T a b le  III. 1 w h ile  

the r e s u l t s  o f  s o m e  c a l c u l a t io n s  o f  l e a s t - s q u a r e s  p la n e s  f o r  p o r t io n s  

° f  the m o l e c u l a r  f r a m e w o r k s  a r e  g iv e n  in  T a b le s  III. II ( F o r m  I) and  

III. I l l  ( F o r m  II).

(c ) D i s c u s s i o n

T h e  tw o X - r a y  a n a l y s e s  r e v e a l  that b o th  c r y s t a l l i n e

fo rm s  o f  C u (o C -p ic )  (NO  ) c o n ta in  v e r y  s i m i l a r ,  but not id e n t i c a l ,
2 3 2



- 9 2 -

m o le c u l a r  c o n f ig u r a t io n s  w h ic h  a r e  b a s e d  on  a m o n o m e r i c ,  s i x -  

c o o r d in a te  s t r u c t u r e  in  w h ic h  the n i tr a te  g r o u p s  a r e  a s y m m e t r i c a l l y  

b id e n ta te  w i th  r e s p e c t  to the  c o p p e r  a to m  ( F i g u r e s  III. 5 and III. 6).

One d i s t i n c t i o n  b e t w e e n  th e  two m o l e c u l e s  i s  fou n d  in  the  r e s p e c t i v e  

n o n - e q u iv a le n c e  and  e q u i v a le n c e  o f  the  n i t r a t e  g r o u p s  in  F o r m s  I 

and II. T h e  n o n - e q u i v a l e n c e  o f  the  n i t r a t e  g r o u p s  in  F o r m  I 

(C u -O (l)  2 . 3 0 7 ( 1 3 ) ,  C u - 0 ( 3 )  2 . 0 2 6 ( 1 6 ) ,  C u -0 ( 4 )  1 .9 7 1 ( 1 3 )  and

C u -0 (6 )  2 . 5 5 7 (7 )  X )  p a r a l l e l s  th e  s i tu a t io n  w h ic h  e x i s t s  in  the  

d im e r ic  m o l e c u l e  o f  [ C ^ p y ^ N O ^ ) ^ .  p y  (II. 1. 2). T h is

s i m i l a r i t y  i s  s t r i k i n g  w h e n  th e  c r y s t a l  p a c k in g  o f  F o r m  1 i s  

c o n s id e r e d  ( F i g u r e  III. 7 ) .  It i s  a p p a r e n t  th a t  c e n t r o s y m m e t r i c a l l y -  

r e la ted  m o l e c u l e s  o f  t h is  f o r m  a r e  a l ig n e d  th r o u g h o u t  the  c r y s t a l  

such that a r e l a t i v e l y  s m a l l  r e d u c t io n  in in t e r m o lu c u l a r  s e p a r a t i o n  

could p r o d u c e  d i m e r i s a t i o n  s i m i l a r  to that found  in  [ C ^ p y ^ N O ^ ) ^ ] p y  

w ere  it n o t  f o r  th e  b lo c k in g  a c t io n  o f  the c i s  o c - m e t h y l  g r o u p s .  In 

F o r m  II, th e  s i g n i f i c a n t  s p a t ia l  r e la t io n s h ip  to the  b i s ( p y r id in e )  

co m p le x  d o e s  n o t  p e r t a i n ,  and  the  n i t r a t e  g r o u p s  a r e  n o t  o n ly  

eq u iva len t  ( C u - 0(1 )  2 . 5 1 7 ( 8 ) ,  C u -0 ( 3 )  1 .9 8 3 ( 1 0 ) ,  C u -0 (4 )  2. 005( 10)

and C u -0 (6 )  2. 5 5 1 ( 7 )  X) ,  bu t  s h o w  a s y m m e t r y  o f  the s a m e  o r d e r  a s

that found in  C ^ N O ^ ) ^ .  2* SH^O and in  CufC^H^N^XNO^)^  ̂ ^

. , f , (1 4 1 ,  145 , 147 , 201)
It w a s  p r e v i o u s l y  e x p e c t e d

that the s t r u c t u r e s  o f  c o m p l e x e s  o f  the  typ e  (1-* = a m in e ,

M = C o ( l l) ,  N i( I I ) ,  C u ( l l )  and Zn(II)) w o u ld  b e a r  a c l o s e  r e s e m b l a n c e

to that o f  (M e  P O )  C o(N O  ) w h ic h  h a s  s y m m e t r i c a l l y  b id e n ta te
3 2 3 2

aitrate  g r o u p s  in  a q u a s i t e t r a h e d r a l  a r r a n g e m e n t  ( F ig u r e  I .  3).
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H o w e v e r ,  a s  y e t  t h e r e  a r e  no r e p o r t e d  c o p p e r (I I )  n i t r a t e  c o m p l e x e s

w h o se  s t r u c t u r e s  c o n f o r m  to t h i s .  C o m p a r i s o n  o f  the  m o l e c u l a r

s t r u c t u r e s  o f  the  tw o  f o r m s  o f  Cu(oc - p i c )  (NO ) w ith  t h o s e  o f
2 3 2

[Cu(py) (NO ) ] . p y  ^75 , ( F i g u r e  II. 6)  and  C u ( N O ) . 2 - 5H 0
3 2 2

(F ig u r e  II. 9), r e v e a l s  th a t  a l l  f o u r  c o m p l e x e s  a r e  b a s e d  on  a s h o r t -  

bonded  s q u a r e - p l a n a r  a r r a n g e m e n t ,  w ith  tw o lo n g -b o n d e d  o x y g e n s  

of the n i t r a t e  g r o u p s  ly in g  b e l o w  th is  p la n e  in  a c i s  f a s h io n .  T h is  i s  

in c o n t r a s t  to  C ^ C ^ H ^ N ^ X N O ^  ^4 ^  in w h ic h  the lo n g - b o n d e d  o x y g e n s  

of the n i t r a t e  g r o u p s  a r e  t r a n s  ( F ig u r e  III. 9). A b o v e  the  s q u a r e -  

plane in  b o th  the  p y r id in e  and  h y d r a t e  c o m p l e x e s ,  t h e r e  a r e  l o n g e r  

C u-0  b o n d s  w h ic h  b r i d g e  the  tw o m o n o m e r i c  u n it s  to  e f f e c t  p o l y 

m e r i s a t i o n .  H o w e v e r ,  in  b o th  f o r m s  o f  Cu(«c - p i c ^ N O ^ ) ^ ,  th is  

p o s i t io n  i s  b l o c k e d  b y  the  p r e s e n c e  o f  the  c i s  o C  - m e t h y l  g r o u p s .  T h e  

c is  r e la t io n s h ip  o f  the  oC - m e t h y l  g r o u p s  i s  a l s o  fou n d  in  

C u (o C  - p ic ) ^ C l^  ( F i g u r e  III. 2 ) , a l th o u g h  in  t h is  c a s e  the

s m a l l e r  s t e r i c  r e q u i r e m e n t s  o f  c h lo r in e  a t o m s  in  c o m p a r i s o n  w ith  

nitra te  g r o u p s ,  a l l o w  a d i m e r i s i n g  bond  on  the o p p o s i t e  s id e  o f  the

s q u a r e -p la n e  f r o m  th e  m e t h y l  g r o u p s .

(2 0 7 )
K e t t l e  and P i o l i  v h a v e  s tu d ie d  co p p er (II )

ace ta te  c o m p l e x e s  o f  p y r id in e  and o C  - p i c o l i n e  to e x a m in e  the

effec t  o f  s t e r i c  h in d r a n c e  o f  the  l a t t e r  l ig a n d  on  th e  c o o r d in a t io n  o f

the c o p p e r .  S in c e  t h i s  w o r k ,  the  s t r u c t u r e s  o f  s e v e r a l  c o m p l e x e s

of h a l o g e n - s u b s t i t u t e d  a c e t a t e s  w ith  oC - p i c o l i n e  h a v e  b e e n  r e p o r t e d ,

in p a r t ic u la r  C u ( o c - p i c ) 2( C lC H 2 CC>2 )2 (A ) and

Cu(<?C-pic) (C l CHCO ) (B) T h e  m o le c u la r  s t r u c tu r e s  o f
2 2 2 y2 v '
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th e se  tw o c o m p l e x e s  a r e  sh o w n  in  F i g u r e  III. 10 (A and B ) .  T h e  

p ic o l in e  r in g s  a r e  in  d i f f e r e n t  o r i e n t a t io n s  in  e a c h  c a s e  w ith  the  

oc - m e t h y l  g r o u p s  ly in g  in  t r a n s  p o s i t i o n s  in the  f o r m e r  c o m p le x  and  

in c i s  p o s i t i o n s  in  the  l a t t e r .  H o w e v e r ,  in  b o th  c o m p l e x e s  the  

a c e ta te  g r o u p s  a r e  a s y m m e t r i c a l l y  c o o r d in a t e d  to  the  c o p p e r  w ith  

the lon g  C u -0  b o n d s  t r a n s  to e a c h  o th e r  a s  found  in  C ^ C ^ H ^ N ^ jN O  ) 

( F i g u r e  III. 9) and  in  c o n t r a s t  to the c i s - c o n f i g u r a t i o n  o f  the lo n g  

C u-0 b o n d s  in  b o th  f o r m s  o f  Cu(oC - p i c J ^ N O T h e  tw o a c e t a t e  

groups a r e  e q u iv a le n t  in  (A) a s  an y  s t e r i c  h in d r a n c e  c a u s e d  b y  the  

<C - m e t h y l  g r o u p s  h a s  an  e q u a l  e f f e c t  on  e a c h  a c e t a t e  in  th is  

c o n f ig u r a t io n .  H o w e v e r ,  w ith  the o c -m e th y l  g r o u p s  in  c i s  p o s i t i o n s  

(B), the a x i a l  s i t e  on  the  s a m e  s id e  o f  the  e q u a t o r ia l  p la n e  a s  t h e s e  

groups i s  e f f e c t i v e l y  b l o c k e d  c a u s in g  a le n g th e n in g  o f  th e  C u -0  bond  

(2 .7 1 1 (1 0 )  A ) in  t h is  a r e a .  T he  C u -0  bond  tr a n s  to th is  i s  c o r r e s 

pond ingly  s h o r t e r  (2 .  4 9 3 (9 )  X) a s  t h e r e  i s  no b lo c k in g  o f  th e  a x ia l  

site  on  t h is  s id e  o f  th e  p la n e .  T h e  m o l e c u l a r  p a c k in g  o f  the  la t t e r  

c o m p le x  (B )  b e a r s  a c l o s e  r e la t io n s h ip  to the  p a c k in g  in  

Cu(oC -pic) (NO ) ( F o  r m  I), but the  d i f f e r e n t  c o n f ig u r a t io n  o f  the
W J La

aceta te  and n i t r a t e  g r o u p s  in  the tw o c o m p l e x e s  p r e c l u d e s  a 

d i s c u s s io n  o f  th e  e f f e c t s  on  the  g e o m e t r y  o f  the r e l a t i v e l y - c l o s e  

in t e r m o le c u la r  c o n t a c t s .

A  f u r t h e r  b a s i s  fo r  c o m p a r i s o n  l i e s  in  the

d if fe r en ce  in  a n g le  b e t w e e n  the  p i c o l i n e  r in g s  and the e q u a t o r ia l

CuN^O^ c h r o m o p h o r e .  In th e  tw o f o r m s  o f  Cu(oc -p ic )^ (N O ^ )^  and

in Cu(oc - p i c )  ( C l  CHCO ) (B )  w h e r e  the - m e t h y l  g r o u p s  a r e  in
2 2 2 2
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c i£  p o s i t i o n s ,  th is  a n g le  i s  7 5 - 8 8 ° ,  w h e r e a s  in  Cu(oC - p i c )  (C1CH CO )
2 2 2 2

°it i s  d e c r e a s e d  to 60  . T h e s e  v a lu e s  r e f l e c t  the d i f f e r e n t  s t e r e o 

c h e m i c a l  r e q u i r e m e n t s  o f  the  tw o c o n f ig u r a t io n s  o f  the OC - m e t h y l  

g r o u p s .

T h e  n i t r a t e  g r o u p s  in  both  f o r m s  o f  C u (o C -p ic )  (NO ) 

show  p o l a r i s a t i o n  e f f e c t s  a s  a r e s u l t  o f  c o p p e r - o x y g e n  c o o r d in a t io n .

This i s  m o s t  c l e a r l y  e v id e n t  in  F o r m  II w h e r e  the  t e r m in a l  N -O  

bonds ( N ( 3 ) - 0 ( 2 )  1. 21( 2 ) ,  N ( 4 ) - 0 ( 6 )  1. 21(2)  X)  a r e  j u s t  s i g n i f i c a n t l y

s h o r te r  th a n  the  N - O  b o n d s  a s s o c i a t e d  w ith  the  s t r o n g e s t  C u -0  

in te r a c t io n s  ( N ( 3 ) - 0 ( 3) 1 . 2 9 ( 2 )  and N ( 4 ) - 0 ( 4 )  1 . 2 9 ( 2 ) X ) .  M o r e -  

o v e r ,  the  O - N - O  v a l e n c y  a n g l e s  d i f f e r  f r o m  the  id e a l  v a lu e  o f  1 2 0 °  

in the e x p e c t e d  m a n n e r ,  w ith  the  l a r g e s t  a n g le  o p p o s i t e  the  s h o r t e s t  

c o p p e r - o x y g e n  b on d . T h e  C u - O - N  a n g l e s  a r e  a l s o  d e c r e a s e d  f r o m  

the v a lu e  o f  1 1 0 °  o b t a in e d  f o r  n o r m a l  u n id e n ta te  c o o r d in a t io n   ̂

and th is  r e f l e c t s  the  s t r e n g t h  o f  the l o n g e r  c o p p e r - o x y g e n  b o n d s .

A ll the n i t r a t e  g r o u p s  a r e  v i r t u a l ly  p la n a r  w ith  the c o p p e r  a t o m s  

ly ing j u s t  o f f  t h e s e  p l a n e s  ( T a b le s  III. II and III. III). T h e  d ih e d r a l  

an g les  b e t w e e n  th e  p l a n e s  o f  the n i t r a t e  g r o u p s  a r e  10 ( F o r m  I) and  

6 ( F o r m  II).

A l l  th e  b o n d  l e n g th s  and  a n g le s  w ith in  the p i c o l in e

( 209 )
groups a r e  in  g o o d  a g r e e m e n t  w ith  a c c e p t e d  v a l u e s  . T h e

Pyridine r in g s  a r e  p la n a r  and, a l th o u g h  the oC  - m e t h y l  g r o u p s  a r e  

cop lanar w ith  th is  r in g  in  e a c h  c a s e ,  the c o p p e r  a t o m s  l i e  j u s t  o ff  

these  p la n e s  ( T a b l e s  III. II and  III. III). T he  d ih e d r a l  a n g l e s  b e t w e e n  

the p y r id in e  p l a n e s  a r e  8 °  ( F o r m  I) and  1 3 °  ( F o r m  II). T h e  d i s t a n c e s
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b e tw e e n  the  o c - m e t h y l  c a r b o n  a t o m s  and the n e a r e s t  o x y g e n  a t o m s  

a re  a l l  g r e a t e r  than  3. 3 X  in  b o th  f o r m s  and th u s ,  s t e r i c  e f f e c t s  o f  

the - m e t h y l  g r o u p s  on  the  n i t r a t e s  a r e  e i t h e r  v e r y  s m a l l  o r  

n o n - e x i s t e n t .

A lth o u g h  the  p a c k in g  a r r a n g e m e n t s  o f  the  tw o  

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

to both . In F o r m  I, th e  n i t r a t e  g r o u p s  a r e  a l l  a p p r o x i m a t e ly  

a l ig n e d  in  the  ac  p la n e ,  and  the  oC - p i c o l i n e  m o i e t i e s  a r e  a p p r o x i 

m a te ly  a l ig n e d  in  the  b e  p la n e ,  w h e r e a s ,  in F o r m  II, th e  a p p r o x im a t e  

a l ig n m e n t  o f  the n i t r a t e  g r o u p s  c o r r e s p o n d s  to the  b e -  and the  

o £ - p ic o l in e s  a p p r o x i m a t e l y  in  the  ab p l a n e s .  T h is  m a y  b e  a l t e r 

n a t iv e ly  s t a t e d  b y  c o n s i d e r i n g  th e  l o c a l  e q u a t o r ia l  x  and and  a x ia l  

£  d i r e c t io n s ,  w h ic h  c o r r e s p o n d  to the a , b and c  d i r e c t io n s  r e s p e c t i v e l y  

in F o r m  I, but to th e  a ,  c_ and b d i r e c t io n s  in  F o r m  II. O ne p o s s i b l e  

r e a s o n  w h y  th e  m o l e c u l e  m a y  p a c k  in  two d i f f e r e n t  w a y s  in  a lm os  t 

id e n t ic a l  u n it  c e l l s ,  i s  th a t,  in  a d d i t io n  to b e in g  c o m p a c t ,  it  h a s  

v ir tu a l ly  i d e n t i c a l  d i m e n s i o n s  in  the  two d i r e c t io n s  o f  the  e q u a t o r ia l  

plane d e f in e d  b y  the  e x t e n t  o f  the  cC  - p i c o l i n e  and n i t r a t e  m o i e t i e s  f r o m  

the c e n t r a l  c o p p e r  a t o m .  It i s  t h e r e f o r e  r e l a t i v e l y  e a s y  to e n v i s a g e  

the n i tr a te  and o c - p ic o l in e  g r o u p s  ad o p t in g  a l t e r n a t iv e  p o s i t i o n s ,  

e s p e c i a l ly  w h e n  the o v e r a l l  a l ig n m e n t  o f  the d e l o c a l i s e d  p la n e s  

throughout the  c r y s t a l  i s  m a in t a in e d  b y  s u c h  a c h a n g e .  In a d d it io n ,  

it m a y  b e  n o te d  th a t  the  b and c e d g e s  o f  the tw o  u n it  c e l l s  a r e  a l l  

ve r y  s i m i l a r ,  and i t  i s  t h e s e  l e n g th s  w h ic h  d e f in e  the  l o c a l i s e d  

z -a x e s  o f  the tw o c r y s t a l l i n e  f o r m s .
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A lth o u g h  i t  i s  d i f f i c u l t  to e s t i m a t e  e x a c t l y  the  

r e la t iv e  e f f i c i e n c i e s  o f  th e  c r y s t a l  p a c k in g  in  the  two m o d i f i c a t i o n s ,  

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

<  3. 5 X .  T h e r e  a r e  d i f f e r e n c e s ,  h o w e v e r ,  b e t w e e n  the  s t r u c t u r e s  

of the tw o  m o l e c u l e s ,  in  p a r t i c u l a r  the  n o n - e q u i v a le n c e  o f  the n i t r a t e  

groups in  F o r m  I, w h ic h  m a y  b e  r e la t e d  to d e t a i l e d  d i f f e r e n c e s  in  

m o le c u la r  p a c k in g .  In F o r m  I, 0 (2 )  c l o s e l y  a p p r o a c h e s  b o th  0(4)  

and C (7) ( 0 ( 2 ) .  . . 0 (4 )  3 . 3 7 ,  0 ( 2 ) .  . . C (7) 3. 12 X)  and 0(4) i s

c lo s e  to  C (2 )  (0 (4 )  . . . C (2) 3. 12 X) .  In F o r m  II, h o w e v e r ,

th ere  a r e  no  0 . . . 0 i n t e r m o l e c u l a r  c o n t a c t s  <  3. 59 X ,  and no  

0 . . . C c o n t a c t s  < 3 .  32 X.  S in c e  i t  i s  in the d e t a i l e d  n i t r a t e  

c o o r d in a t io n  th a t  the m o l e c u l e s  m o s t  m a r k e d ly  d i f f e r ,  i t  i s  r e a s o n a b le  

to a s s u m e  th a t  th e  c r y s t a l - p a c k i n g  in F o r m  I h a s  i n f l u e n c e d  the  

m o le c u la r  g e o m e t r y  to  a s ig n i f i c a n t  e x te n t .



TABLE I I I . I

C u ( a - p i c ) 2 (N03 ) 2 -  Forms I  & I I

I n t e r a t o m i c  d i s t a n c e s  ( X )  an d  a n g l e s  ( ° )  f o r  b o t h  f o r m s  

w i t h  e s t i m a t e d  s t a n d a r d  d e v i a t i o n s  i n  p a r e n t h e s e s

( a )  I n t e r a t o m i c  D i s t a n c e s

Form I Form I I

Cu-0( 1) 2 . 3 0 7 ( 1 3 ) 2 . 5 1 7 ( 8 )
Cu-0(3) 2 . 0 2 6 ( 1 6 ) 1 . 9 8 5 ( 1 0 )
Cu-0(4) 1 . 9 7 1 ( 1 3 ) 2 . 0 0 5 ( 1 0 )
Cu-0(6) 2 . 4 8 9 ( 1 4 ) 2 . 5 5 1 ( 7 )
Cu-N( 1) 2 . 0 0 0 ( 1 2 ) 2 . 0 0 0 ( 1 0 )
Cu-N(2) 1 . 9 7 0 ( 1 2 ) 1 . 9 9 9 ( 1 0 )
C( 1) - N( 1) 1 . 2 8 ( 2 ) 1 . 3 5 ( 2 )
C( 1) - C( 2 ) 1 . 3 9 ( 2 ) 1 . 3 4 ( 2 )
C(1) - C( 6 ) 1 . 4 4 ( 2 ) 1 . 4 9 ( 2 )
C( 2) - C( 3 ) 1 . 3 5 ( 2 ) 1 . 3 8 ( 2 )
C( 3) - C( 4) 1 . 3 0 ( 2 ) 1 . 3 7 ( 2 )
C (4)  -C ( 5) 1 . 3 6 ( 2 ) 1 . 4 1 ( 2 )
C(5)-.N(1) 1 . 3 0 ( 2 ) 1 . 3 3 ( 2 )
C(7) -N( 2) 1 . 2 8 ( 2 ) 1 . 3 5 ( 2 )
C(7) -C( 8) 1 . 3 8 ( 3 ) 1 . 3 8 ( 2 )
c ( 7 ) - C ( 12) 1 . 4 4 ( 2 ) 1 . 4 7 ( 2 )
0 ( 8 ) —C( 9) 1 . 3 0 ( 2 ) 1 . 3 9 ( 2 )
0 ( 9 ) —C( 10) 1 . 3 0 ( 3 ) 1 . 3 6 ( 2 )
C( 1 0 ) - C( 11) 1 . 3 7 ( 2 ) 1 . 3 4 ( 2 )
0 ( 1 1 ) - N ( 2) 1 . 3 2 ( 2 ) 1 . 3 6 ( 2 )
H ( 3 ) - 0 ( 1) 1 . 2 3 ( 2 ) 1 . 2 5 ( 2 )
N( 3) —0 ( 2 ) 1 . 2 0 ( 2 ) 1 . 2 1 ( 2 )

N( 3 ) - 0 ( 3 ) 1 . 2 3 ( 2 ) 1 . 2 9 ( 2 )

N( 4 ) - 0 ( 4 ) 1 . 2 7 ( 2 ) 1 . 2 9 ( 2 )

W(4) -0(5)  - 1 . 2 0 ( 2 ) 1 . 2 1 ( 2 )
N (4)  —0 ( 6 ) 1 . 2 0 ( 2 ) 1 . 2 4 ( 2 )



TABLE T i l . I  ( c o n t )

( b )  I n t e r b o n d  a n g l e s

Form I  Form I I

0 ( 1 ) - C u - 0 ( 3 5 6 . 0 5) 5 5 . 3 4)
0 ( 1 ) - C u - 0 ( 4 1 4 0 . 6 5) 1 2 9 . 5 4)
0 ( 1 ) - C u- 0 ( 6 8 9 . 1 5) 7 4 . 8 4)
0 ( 1 ) - C u - N (  1 8 8 . 2 5) 9 2 . 3 4)

CM12
 

O1o

9 4 . 1 5) 9 4 . 3 4)
0 ( 3 ) - C u - 0 ( 4 1 6 3 . 2 5) 1 75 . 1 4)
0 ( 3 ) - C u - 0 ( 6 1 45 . 1 5) 1 3 0 . 0 4)
0 ( 3 ) - C u - N (  1 8 8 . 9 6) 9 0 . 0 5)
0 ( 3 ) - C u - i f ( 2 9 0 . 6 6) 8 9 . 4 5)
0 ( 4 ) - C u - 0 ( 6 5 1 . 7 4) 5 4 . 9 4)
0 ( 4 ) - C u - N (  1 8 9 . 3 5) 8 8 . 7 5)
0 ( 4 ) - C u - N ( 2 9 0 . 3 5) 9 1 . 2 5)
0 ( 6 ) - C u - N (  1 9 2 . 2 5) 9 5 . 3 4)
0 ( 6 ) - C u - N ( 2 8 9 . 9 5) 9 1 . 6 4)
N ( 1 ) - C u - N ( 2 ' 1 7 6 . 9 5) 1 7 1 . 5 4)
C ( 2 ) —C( 1 ) -C 6) 1 2 1 . 9 14) 1 2 1 . 8 13)
C ( 2 ) —C ( 1 ) - N 1 ) 1 2 2 . 7 14) 1 21 . 9 1 2 )

C ( 6 ) - C ( 1 ) - N 1 ) 1 1 5 . 4 14) 1 16 . 3 1 2 )

0(1 ) -C(  2 ) -C 3) 1 18 . 1 13) 1 20 . 4 14)
C ( 2 ) - C ( 3 ) - C 4) 1 1 8 . 8 16) 1 1 8 . 7 14)
C ( 3 ) - C ( 4 ) - C 5) 1 1 9 . 9 16) 1 1 9 . 0 13)
C ( 4 ) - C ( 5 ) - W 1) 1 2 3 . 2 15) 1 2 0 . 4 12)
Cu-H( 1) — C (1 1 2 2 . 5 10) 1 2 3 . 6 8 )

Cu-N( 1 ) - C (  5 1 20 . 4 1 1 ) 1 16 . 9 9)
C( 1) —W( 1 ) -C 5) 1 1 7 . 2 13) 1 1 9 . 5 11)
0 ( 8 ) - C ( 7 ) - 0 1 2 ) 1 2 5 . 0 17) 1 2 2 . 2 12)

0
 

CO 1 0 1 2 ) 121 . 1 17) 1 2 0 . 1 11)



TABLE I I I . 1 ( b )  ( e o n t )

Form I Form I I

C ( 1 2 ) - C ( 7 ) - N ( 2 ) 1 1 3 . 9 16) 1 1 7 . 6 11)
C( 7) -C B ) - C ( 9 ) 1 2 2 . 3 19) 1 21 . 3 13)

O1OCo

9 ) - C ( 10) 1 1 6 . 2 17) 1 1 6 . 0 13)
C(9) -C 1 0 ) - C ( 1 1 ) 1 2 2 . 4 18) 1 2 2 . 3 14)
C ( 1 0 ) - 3 ( 1 1 ) - N ( 2 ) 1 2 0 . 2 16) 1 2 1 . 8 1 2 )

Cu-H( 2 - 0 ( 7 ) 1 25 . 3 11) 1 2 0 . 8 8 )

Cu-N(2 - 0 ( 1 1 ) 1 16 . 9 11) 1 20 . 5 9)
C( 7) -N 2 ) - C ( 1 1 ) 1 1 7 . 8 15) 1 1 8 . 5 11)
C u - 0 ( 1 - N ( 3 ) 8 7 . 5 1 0 ) 8 3 . 0 8 )
Cu- 0(3 - N ( 3 ) 100 .1 11) 1 0 7 . 2 8 )

Cu-0(4 - N ( 4 ) 1 11 . 7 10) 1 06 . 5 9)
Cu-0(6 - N ( 4 ) 8 7 . 6 10) 8 1 . 9 8 )

0(1 ) -N 3 ) - 0 ( 2 ) 1 2 9 . 6 16) 1 25 . 3 12)
0(1 ) -N 3 ) —0 ( 3 ) 116 .1 15) 1 1 4 . 5 13)
0 ( 2 ) - K 3 ) —0 ( 3 ) 1 1 6 . 3 16) 120 .1 1 2 )

Io
4 ) - 0 ( 5 ) 1 24 . 7 15) 1 17 . 4 13)

0 ( 4 ) - N 4 ) —0 ( 6 ) 1 0 9 . 0 14) 1 1 6 . 7 14)

0 1 isS 4 ) - 0 ( 6) 1 29 . 3 16) 1 2 5 . 9 13)



TABLE 1 1 1 . 1  ( c o n t )

( c )  I n t r a m o l e c u l a r  non-t>onded d i s t a n c e s

Form I Form II
Cu. . . 0 ( 1 ) 2 . 9 0 2 . 9 7
Cu. . . 0 ( 5 ) 2 . 8 8 2 . 8 6
Cu. . . 0 ( 6 ) 3 . 0 0 3 . 1 4
Cu. . . 0 ( 7 ) 2 . 9 0 2 . 9 3
Cu. . • 0 ( 1 1 ) 2 . 8 2 2 . 9 3
Cu. . • 0 ( 1 2 ) 3 . 0 2 3 . 0 8
Cu. . • N(3) 2 . 5 5 2 . 6 7
Cu. . • N(4) 2 . 71 2 . 6 8
0 ( 1 ) . • . 0 ( 5 ) 3 . 1 0 3 . 3 9
0 ( 1 ) . . . 0 ( 1 1 ) 3 . 1 3 3 . 3 5
0 ( 1 ) . . . 0 ( 2 ) 2 . 1 8 2 . 1 9
0 ( 1 ) . . . 0 ( 3 ) 2 . 0 5 2 . 1 4
0 ( 1 ) . . . 0 ( 6 ) 3 . 3 7 3 . 0 8
0 ( 1 ) . . . N ( 1 ) 3 . 0 0 3 . 2 8
0 ( 1 ) . . . N ( 2 ) 3 . 1 4 3 . 3 3
0 ( 2 ) . . . 0 ( 3 ) 2 . 0 6 2 . 1 7
0 ( 3 ) . . . 0 ( 1 ) 3 . 3 7 3 . 4 5
0 ( 3 ) . . . 0 ( 6 ) 3 . 3 2 3 . 3 1
0 ( 3 ) . • • N ( 1) 2 . 8 2 2 . 8 2
0 ( 3 ) . . . N ( 2 ) 2 . 8 4 2 . 8 0
0 ( 4 ) . • * 0 ( 5 ) 3 . 5 4 3 . 2 9
0 ( 4 ) . . . 0 ( 5 ) 2 . 1 7 2 . 1 4
0 ( 4 ) . • . 0 ( 6 ) 2 . 0 0 2 . 1 5
0 ( 4 ) . . . N ( 1 ) 2 . 7 9 2 . 8 0
0 ( 4 ) . . . N ( 2 ) 2 . 7 9 2 . 8 6
0 ( 5 ) . • . 0 ( 6 ) 2 . 11 2 . 1 9
0 ( 6 ) . • . 0 ( 5 ) 3 . 3 2 3 . 2 1
0 ( 6 ) . . . 0 ( 1 1 ) 3 . 2 5 3 . 2 8
0 ( 6 ) . . . N ( 1 ) 3 . 2 5 3 . 3 8
0 ( 6 ) . • • N( 2) 3 . 1 7 3 . 2 9
N( 1) , • . N ( 3 ) 3 . 1 6 3 . 3 9
N(1) . . .N ( 4 ) 3 . 3 8 3 . 4 1
N(2 ) , • . N ( 3 ) 3 . 3 2 3 . 3 8
N(2) . . . N ( 4 ) 3 . 3 7 3 . 3 8



T A B L E  I I I . I  ( c o n t )

( d )  I n t e r m o l e c u l a r  d i s t a n c e s  i n  F o r m  I

0 ( 1 ) . .  . C U ) 1 3.30 0 ( 3 ) . . .C(3)VI 3.29
0 ( 1 ) . . . C 0 2 ) 11 3.50 0 ( 3 ) . . .C(9)V 3.41
0 ( 1 ) . . . 0 ( 5 ) m 3.59 0 ( 4 ) . . .C(2)VI1 3.12
0 ( 2 ) . . . C U ) 11 3.37 0 ( 4 ) . . .C(6)VI1 3.45
0 ( 2 ) . . . c m 17 3.12 0 ( 5 ) . . .C(3)V m 3.54
0 ( 2 ) . .  .  C( 8 ) 17 3.30 0 ( 5 ) . . . C ( 9 ) IX 3.57
0 ( 2 ) . . .C ( 8 ) V 3.54 0 ( 5 ) . . .C( lO) 1̂ 3.53
0 ( 2 ) . . .C (9 )V 3.53 0 ( 6 ) . . . C (3 ) IX 3.59
0 ( 2 ) . . .C ( 1 2 ) 17 3.42 0 ( 6 ) . .  . C O ) 1* 3.47
0 ( 2 ) . . . 0 ( 4 ) 17 3.37 0 ( 6 ) . . . C( 1 2 ) 11 3.50
0 ( 2 ) . 1

> 
;

CM•• 3 .56 N( 3 ) . .  . c U ) 1 3.65
0 ( 3 ) . .  • C(2) 3.53 N(4>. . .C ( 3 ) IX 3.65

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

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

a t  x ,  y ,  z :

I - x , 1 - y> - z
I I x , 3 / 2 -  y» - 1 / 2  + z

I I I - x , 3 / 2 -  y» - 1 / 2  + z
IV - 1 +  X , 3 / 2  - y ,  - 1 / 2  + z

V - X , - 1 / 2  + y , 1 / 2  -  z
VI - X , 1 / 2 + y» 1 / 2  -  z

VI I 1 - x , 1 -  y . 1 -  z
V I I I 1 - x , 1 / 2  + y ,  1 /2  -  z

IX 1 - x , - 1 / 2  + y» 1 / 2  -  z



TABLE I I I . I  ( c o n t )

( e )  I n t e r m o l e c u l a r  d i s t a n c e s  in  Form I I

0 ( 1 ) . • c t e ) 1 3 . 4 7 0 ( 4 ) . . C ( 8 ) VI1 3 . 5 9
0 ( 2 ) . . C ( 2 ) n 3 . 5 6 0 ( 4 ) . . C ( 9 ) VI1 3 . 3 2
0 ( 2 ) . • C O ) 111 3 . 4 3 0 ( 4 ) . . C ( 1 2 ) VI11 3 . 5 9
0 ( 2 ) . . C ( 1 0 ) IV 3 . 4 2 0 ( 5 ) . . C ( 3 ) VI 3 . 4 6
0 ( 2 ) . . C ( 1 1 ) IV 3 . 3 5 0 ( 5 ) . . C ( 4 ) IX 3. 41
0 ( 2 ) . . C ( 1 2 ) V 3 . 3 9 0 ( 5 ) . . C ( 5 ) K 3 . 2 8
0 ( 2 ) . . 0 ( 4 ) V 3 . 5 9 0 ( 5 ) . . 0 ( 6 ) n 3 . 61
0 ( 3 ) . • C ( 2 ) n 3 . 6 2 0 ( 6 ) . . C( 1 2 ) X 3 . 5 4
0 ( 3 ) . . C ( 3 ) 13: 3 . 3 3 0 ( 6 ) . . 0 ( 5 ) “ 3 . 61
0 ( 3 ) . • C( 9 ) V 3 . 5 0 N( 3) . • C( 9) V 3. 51
0 ( 4 ) . . C ( 3 ) VI 3 . 4 9 N( 4 ) . . C ( 3 ) VI 3 . 6 0

Roman numeral s  as  s u p e r s c r i p t s  r e f e r  t o  t he  f o l l o w i n g  

e q u i v a l e n t  p o s i t i o n s  r e l a t i v e  t o  t he  r e f e r e n c e  mo l e c u l e  

at  x,  y ,  z:

I  1 -  x ,  - 1 / 2  + y,  1 / 2  -  z
I I  -1  + x ,  1 / 2  -  y ,  - 1 / 2  + z

I I I  1 + x ,  y ,  z 
IV - x ,  - y ,  - z  
V x ,  1 / 2  -  y ,  - 1 / 2  + z 

VI -1 + x ,  y,  z 
VII 1 + x ,  1 / 2  -  y ,  1 / 2  + z 

VIII x ,  1 / 2  -  y ,  1 / 2  + z 
IX 1 -  x ,  - y ,  1 -  z
X x ,  1 / 2  -  y ,  - 1 / 2  + z



TABLE III.II 

C u t a - p i c J g C N O , ) j  -  Form I

l e a s t - s q u a r e s  B e s t  p l a n e s  t h r o u g h  t h e  m o l e c u l e .  The 
e q u a t i o n s  a r e  i n  t h e  f o rm k X1 + CY' + mZ' = n ,  w h e r e  
X1, Y' and  Z 1 a r e  c o o r d i n a t e s  i n  8 .  D i s t a n c e s  o f  a to ms  
f rom p l a n e s  ( 8 )  a r e  g i v e n  i n  s q u a r e  b r a c k e t s .

k  t  m n

P l a n e ( 1 ) :

0 ( 1 ) - ( 3 ) ,  N( 3)  - 0 . 0 6 8 4  0 . 9 9 7 3  - 0 . 0 2 5 7  9 . 7 1 5 4

0 ( 1 )  - 0 . 0 0 1 ,  0 ( 2 )  - 0 . 0 0 1 ,  0 ( 3 )  - 0 . 0 0 1 ,  N(3)  0 . 0 0 2 ,  Cu - 0 . 0 6 1

P l a n e ( 2 ) :

0 ( 4 ) —( 6 ) ,  N( 4)  - 0 . 0 7 0 5  - 0 . 9 9 4 7  - 0 . 0 7 4 7  - 1 0 . 1 1 0 0

0 ( 4 )  - 0 . 0 0 1 ,  0 ( 5 )  - 0 . 0 0 1 ,  0 ( 6 )  - 0 . 0 0 1 ,  N( 4)  0 . 0 0 3 ,  Cu 0 . 0 5 9

P l a n e ( 3 ) :

0 ( 1 ) - ( 6 ) ,  N ( 3 ) ,  N(4)  - 0 . 0 0 7 2  - 0 . 9 9 9 7  - 0 . 0 2 4 2  - 9 . 7 8 5 8

0 ( 1 )  - 0 . 0 2 1 ,  0 ( 2 )  0 . 1 0 1 ,  0 ( 3 )  - 0 . 0 8 5 ,  0 ( 4 )  0 . 0 1 7 ,  0 ( 5 )

0 . 0 7 3 ,  0 ( 6 )  - 0 . 0 9 1 ,  N(3)  - 0 . 0 0 1 ,  N(4)  0 . 0 0 7 ,  Cu - 0 . 0 6 2

P l a n e ( 4 ) :

C(1 ) - ( 6 ) ,  N( 1) - 0 . 9 9 8 1  0 . 0 1 6 0  - 0 . 0 5 9 3  - 1 . 6 8 1 3

C(1)  0 . 0 1 5 ,  C ( 2)  - 0 . 0 0 4 ,  C(3)  - 0 . 0 1 9 ,  C( 4 )  0 . 0 2 6 ,  0 ( 5 )  

- 0 . 0 0 3 ,  C ( 6)  0 . 0 0 6 ,  N( 1) - 0 . 0 2 1 ,  Cu - 0 . 0 6 5

P l a n e ( 5 ) :

C( 7) —( 1 2 ) ,  N( 2)  0 . 9 9 5 6  - 0 . 0 6 0 8  - 0 . 0 7 1 2  0 . 8 5 8 6

C(7)  0 . 0 1 7 ,  C( 8 )  - 0 . 0 1 1 ,  C( 9 )  0 . 0 1 6 ,  0 ( 1 0 )  - 0 . 0 1 1 ,  C( 11)  

- 0 . 0 1 6 ,  C ( 1 2 )  - 0 . 0 1 6 ,  N( 2)  0 . 0 2 2 ,  Cu 0 . 0 8 1



TABLE I I I . I I  ( c o n t )

£  JL EL 2.
P l a n e ( 6 ) :

0 ( 3 ) ,  0 ( 4 ) ,  N ( 1 ) ,  N(2)  0 . 0 1 0 4  0 . 0 4 3 1  - 0 . 9 9 9 0  - 2 . 5 2 3 5

0 ( 3 )  - 0 . 1 1 7 ,  0 ( 4 )  - 0 . 1 2 0 ,  N( 1) 0 . 1 1 9 ,  N(2)  0 . 1 1 8 ,  Cu 0 . 1 7 2 ,  

C(6)  - 2 . 1 7 4 ,  C( 1 2 )  - 2 . 1 6 2 ,  0 ( 1 )  1 . 8 7 9 ,  0 ( 6 )  1 . 8 7 2

D i h e d r a l  a n g l e s  b e t w e e n  p l a n e s  ( ° )

P l a n e  ( 1 ) - ( 2 )  

P l a n e  ( l ) - ( 4 )  

P l a n e  ( 1 ) - ( 5 )  

P l a n e  ( 2 ) - ( 4 )

10 P l a n e

85 P l a n e

83 P l a n e

87 P l a n e

( 2 ) - ( 5 )  90

( 4 ) - ( 5 )  8

( 4 ) - ( 6 )  87

( 5 ) - ( 6 )  86



T A B L E  X I I . I I I

C u ( a - p i c ) 2 ( ^ 0 , -  F o r m  I I

L e a s t - s q u a r e s  b e s t  p l a n e s  t h r o u g h  t h e  m o l e c u l e .  The 
e q u a t i o n s  a r e  i n  t h e  f o r m kX'  + 6Y' + mZ' = n ,  w h e r e  
X1, Y' a n d  Z 1 a r e  c o o r d i n a t e s  i n  2 .  D i s t a n c e s  o f  a t o m s  
from p l a n e s  ( a ) a r e  g i v e n  i n  s q u a r e  b r a c k e t s .

k  G rn n

P l a n e ( 1 ) :

0 ( 1 ) - ( 3 ) , N(3)  0 . 9 9 0 5  0 . 0 0 0 7  - 0 . 1 3 7 7  1 . 7 6 1 7

0 ( 1 )  - 0 . 0 0 6 ,  0 ( 2 )  - 0 . 0 0 5 ,  0 ( 3 )  - 0 . 0 0 5 ,  N(3)  0 . 0 1 7 ,  Cu - 0 . 0 9 4

P l a n e ( 2 )  :

0 ( 4 ) - ( 6 ) ,  N(4)  0 . 9 9 3 5  - 0 . 0 8 4 6  - 0 . 0 7 6 8  1 . 6 7 1 8

0 ( 4 )  - 0 . 0 0 3 ,  0 ( 5 )  - 0 . 0 0 3 ,  0 ( 6 )  - 0 . 0 0 3 ,  N(4)  0 . 0 0 9 ,  Cu - 0 . 0 8 2

P l a n e ( 3 ) s

0 ( 1 ) —( 6 ) ,  N ( 3 ) ,  N(4)  0 . 9 9 5 1  - 0 . 0 4 3 9  - 0 . 0 8 8 7  1 . 6 7 5 8

0 ( 1 )  0 . 0 8 1 ,  0 ( 2 )  - 0 . 0 5 7 ,  0 ( 3 )  - 0 . 0 2 6 ,  0 ( 4 )  0 . 0 4 5 ,  0 ( 5 )  

- 0 . 0 3 6 ,  0 ( 6 )  - 0 . 0 3 1 ,  N(3)  0 . 0 2 1 ,  N(4)  0 . 0 0 2 ,  Cu - 0 . 0 0 6

P l a n e ( 4 )  ’

C(1) - ( 6 ) ,  N( 1)  - 0 . 0 7 8 5  - 0 . 1 5 7 2  - 0 . 9 8 4 4  - 2 . 7 0 4 3

C(1)  0 . 0 0 3 ,  C( 2 )  - 0 . 0 0 9 ,  C(3)  - 0 . 0 0 3 ,  C( 4 )  0 . 0 1 8 ,  C( 5)  

- 0 . 0 2 0 ,  C( 6)  0 . 0 0 2 ,  N(1)  0 . 0 0 9 ,  Cu 0 . 0 1 3

P l a n e ( 5 )  •

C ( 7 ) - ( 1 2 ) ,  N( 2)  - 0 . 0 3 1 7  0 . 0 5 6 1  - 0 . 9 9 7 9  - 2 . 1 9 3 7

0 ( 7 )  - 0 . 0 1 4 ,  C ( 8 )  0 . 0 1 1 ,  C( 9 )  - 0 . 0 1 8 ,  0 ( 1 0 )  0 . 0 1 8 ,  C( 11 )  

0 . 0 0 2 ,  C ( 12)  0 . 0 1 1 ,  N(2)  - 0 . 0 1 0 ,  Cu 0 . 1 0 6



TABLE I I I . I I I  ( c o n t )

k  G rn

P l a n e ( 6 ) :

0 ( 3 ) ,  0 ( 4 ) ,  N ( 1 ) ,  N(2)  - 0 . 0 2 8 4  - 0 . 9 9 4 8  - 0 . 0 9 7 8

0 ( 3 )  0 . 0 3 2 ,  0 ( 4 )  0 . 0 3 2 ,  N( 1) - 0 . 0 3 2 ,  N(2)  - 0 . 0 3 2 ,  Cu 0 

C( 6)  - 2 . 3 6 8 ,  C( 12 )  - 2 . 4 2 5 ,  0 ( 1 )  2 . 1 2 1 ,  0 ( 6 )  2 . 1 3 6

D i h e d r a l  a n g l e s  "between p l a n e s  ( ° )

P l a n e  ( l ) - ( 2 )  

P l a n e  ( l ) - ( 4 )  

P l a n e  ( 1 ) - ( 5 )  

P l a n e  ( 2 ) - ( 4 )

6 P l a n e

87 P l a n e

84 P l a n e

89 P l a n e

( 2 ) - ( 5 ) 88

( 4 ) - ( 5 )  13

( 4 ) - ( 6 )  88

( 5 ) - ( 6 )  75

2 . 9 0 2 9

. 1 1 5 ,



FIGURE I I I .5

Cu( a - p i c ) £ ( ) £  -  Form I

A v i ew o f  t h e  m o l e c u l e  a l o n g  b s h o w i n g  t h e  a t o m i c  n u m b e r i n g  

(Unnamed a t o m s  a r e  c a r b o n s )





TABLE I I I . 6

C u ( a - p i c ) 2 (N05 ) 2 -  Form I I

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



Cu

0 2

C11



FIG-1 IKE m .

Cu(ce-pic) ( N 0 ) o

I

-  Form I

The molecular packing viewed along the h axis





FIGURE I I I .8

C u ( a - p i c ) 2 (N05 ) 2 -  Form I I

The m o l e c u l a r  p a c k i n g  v i e w e d  a l o n g  t h e  b a x i s





FIGURE I I I . 9 

M o l e c u l a r  S t r u c t u r e  o f  C u ( p y r a z i n e ) ( N O , ) ^
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C H A P T E R  2 

A q u o ( d in i t r a t o b i s q u in o l in e ) - c a d m iu m ( I I )

III. 2 . 1 .  T H E  C A D M IU M  N IT R A T E -Q U I N O L I N E  S Y S T E M

Q u in o l in e  c o m p l e x e s  o f  th e  ty p e  M (quin)^(N O ^)^

(M = C o ( l l ) ,  N i ( I l ) ,  C u ( l l)  and Zn(II)) h a v e  b e e n  e x a m i n e d  and it  w a s

s u g g e s t e d  th a t  t h e y  h ad  s t r u c t u r e s  c l o s e l y - r e l a t e d  to ( M e ^ P O ^ C o ^ O y ^

It m ig h t  a l s o  be  e x p e c t e d  th a t  th e  c o r r e s p o n d in g  C d (l l)

c o m p le x  w o u ld  b e lo n g  to  t h is  s t r u c t u r a l  typ e  a l th o u g h  a p o l y m e r i c

s p e c i e s  in v o lv in g  b r id g in g  n i t r a t e  g r o u p s  i s  a l s o  a p o s s i b i l i t y .

H o w e v e r ,  a t t e m p t s  to o b ta in  t h is  a n h y d r o u s  s p e c i e s  p r o v e d

u n s u c c e s s f u l ;  the  o n ly  c r y s t a l l i n e  c o m p le x  w h ic h  r e s u l t e d  b e in g

Cd(quin)^(NO^)^(H^O). T h e  c r y s t a l  s t r u c t u r e  o f  the l a t t e r  c o m p l e x

w as t h e r e f o r e  d e t e r m i n e d  to s e e  i f  a n y  in f o r m a t io n  a b o u t  the p a r e n t

com p ou n d  c o u ld  b e  g a in e d .  A n o th e r  r e a s o n  f o r  t h is  s tu d y  w a s  to

e x a m in e  th e  g e o m e t r y  o f  the  n i t r a t e  g r o u p  in  th e  p r e s e n c e  o f  w a t e r

and a 'b u lky ' l ig a n d  in  c o m p a r i s o n  w ith  the  s t r u c t u r e  o f

Ni(py) (NO ) (H 0) w h ic h  h ad  b e e n  s tu d ie d  e a r l i e r  ( S e c t io n
2 3 2 2 2

II. 1 . 6 ) .

(64, 2 01 )



I I I . 2 . 2 CRYSTAL AND MOLECULAR STRUCTURE OF 

AQUO( DINITRATOBISQUI NOLINE)-  

CADMIUM(II)
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I I I .  2. 2. C R Y S T A L  A N D  M O L E C U L A R  S T R U C T U R E  O F

A Q U O (D IN IT R A T O B IS Q U IN O L IN E )-C A D M IU M (ll)

(a) M a t e r i a l  U s e d  in  the  D e t e r m i n a t i o n

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

( 2 0 1 )
m e th o d s  and  r e c r y s t a l l i s e d  f r o m  e t h a n o l - 2 ,  2 ' - d i m e t h o x y -

propane  m i x t u r e .

(b) E x p e r i m e n t a l  and  R e s u l t s

F u l l  e x p e r i m e n t a l  d e t a i l s ,  a t o m ic  p a r a m e t e r s ,  

th e r m a l  p a r a m e t e r s  an d  s t r u c t u r e - f a c t o r  t a b le s  a r e  g iv e n  in  

A p pend ix  VII.

F i g u r e s  III. 11 and  III. 12 s h o w  th e  a t o m ic  n u m b e r in g  

s c h e m e  and  m o l e c u l a r  p a c k in g  r e s p e c t i v e l y .  T h e  in t e r a t o m i c  

d im e n s io n s  a r e  g i v e n  in  T a b le  III. IV and  T a b le  III. V g i v e s  s o m e  

l e a s t - s q u a r e s ,  b e s t  p l a n e s  c a l c u l a t e d  th r o u g h  the  m o l e c u l e .

(c) D i s c u s  s io n

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

m o n o m e r ic  s t r u c t u r e  in  w h ic h  the  c a d m iu m  i s  s u r r o u n d e d  by  two  

n o n -e q u iv a le n t  b id e n t a t e  n i t r a t e  g r o u p s ,  tw o  q u in o l in e  f u n c t io n s  and  

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

bidentate  w h i l s t  the  o t h e r  s h o w s  a s l i g h t  a s y m m e t r y [ ( M - 0 ( 5 )  -  

M -0(4))  = S  = 0 . 17 R  ] w h ic h  i s  o f  the  s a m e  o r d e r  a s  that  

found in  C d (N O 3 ) 2(H 2 0 ) 4  ^4 4 a  ̂ ( §  = 0. 14  X .) ,  u o 2( N O 3 ) 2 ( E t 3 P 0 ) 2
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( 3 5 ) ( S  = 0 . 1 4  A ) ,  U O 2(N O 3 )2(H 2 0 ) 2 (6 2 )  ( g  = 0 . 2 ^ ) ,  and

Zn(py) (NO ) ’  ̂ ( S  = 0. 19 X) .  T h e  c a d m i u m - o x y g e n

(C d -O (n itr a te )  2. 3 9 3 - 2 .  559  C d - 0 ( w a t e r )  2. 346 X ) and c a d m i u m -

n i t r o g e n  ( C d - N  2. 2 9 6 (7 ) ,  2. 330 (7 )  X ) b ond  l e n g t h s  a r e  in  a c c o r d  w ith

p r e v io u s l y  p u b l i s h e d  v a l u e s  f o r  t h e s e  l e n g th s  in  7 and 8 - c o o r d i n a t e

c a d m iu m  c o m p l e x e s  a l th o u g h  th ey  a r e  s l i g h t ly  l o n g e r  than

th o se  d i s t a n c e s  n o r m a l l y  fou n d  in  c o m p l e x e s  c o n ta in in g ,  4, 5 and

s i x - c o o r d i n a t e  c a d m iu m ( l l ) .  T h is  l e n g th e n in g  i s  u s u a l ly  e x p la in e d

as  b e in g  a r e s u l t  o f  the  i n c r e a s e d  c o o r d in a t io n  s p h e r e  o f  th e  c a d m iu m  

(44a , 5 2 ,  73 , 80 ,  81 )

T h e  g e o m e t r y  a r o u n d  the  c a d m iu m  i s  v e r y  d i s t o r t e d  

and m a y  b e  d e s c r i b e d  in  a n u m b e r  o f  w a y s .  T he s t r u c t u r e s  of  the  

a n h yd rou s  c o m p l e x e s  M (q u in )  (NO ) (M = C o ( l l ) ,  N i(II ) ,  C u (l l)  and
L J  Li

Zn(ll))  w e r e  p r e d i c t e d  to  b e  v e r y  s i m i l a r  to the p s e u d o t e t r a -

h e d r a l  g e o m e t r y  o f  ( M e ^ P O ^ C o ^ O ^ ) ^  ( F i g u r e  I. 3). If the  

p r e s e n t  c o m p l e x  i s  r e g a r d e d  a s  the  h y d r a t e d  s p e c i e s  o f  th is  

s tr u c t u r a l  ty p e ,  th e n  th e  n i t r a t e  g r o u p s  and q u in o l in e  m o i e t i e s  m a y  

be r e g a r d e d  a s  b e in g  a r r a n g e d  in  a d i s t o r t e d  p s e u d o t e t r a h e d r a l  

fa sh io n  a r o u n d  the  c a d m iu m  w ith  th e  w a t e r  m o l e c u l e  c o o r d in a t in g  

on that s id e  o f  th e  c a d m iu m  a t o m  l e a s t  a f f e c t e d  b y  the  s t e r i c  bu lk  

of the q u in o l in e  g r o u p s .  A lth o u g h  th is  i s  a f a i r l y  a r b i t r a r y  

p ic tu r e ,  i t  d o e s  r e f l e c t  th e  i n c r e a s e  in  c o o r d in a t io n  f r o m  Zn to  Cd,  

a s, in  th e  t e t r a h e d r a l  s t r u c t u r e  o f  Z n(py)^(N O ^)^  ̂  ̂ ( S e c t io n

II. 1 .4 ) ,  the  n i t r a t e  g r o u p s  a r e  u n id e n ta te  w h e r e a s  b id e n ta te  n i t r a t e  

groups a r e  fo u n d  in  th e  p r e s e n t  c a s e .  T h e  m a in  j u s t i f i c a t i o n  f o r
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u s in g  th is  p s e u d o t e t r a h e d r a l  a p p r o a c h  i s  the  c i s  p o s i t i o n in g  o f  the  

q u in o l in e  g r o u p s  in  c o n t r a s t  to the  t r a n s  a r r a n g e m e n t  u s u a l l y  fou n d  

in n o n - t e t r a h e d r a l  c o m p l e x e s  c o n ta in in g  N - h e t e r o c y c l i c  l i g a n d s .

If th e  s t e r e o c h e m i s t r y  a r o u n d  th e  c a d m iu m  i s  

e x a m in e d  in  a m o r e  o r th o d o x  m a n n e r ,  i t .m a y  b e  d e s c r i b e d  a s  v e r y -  

d i s t o r t e d ,  s q u a r e - b a s e d  p y r a m id a l ,  the  n i t r a t e  g r o u p s  b e in g  r e g a r d e d  

as  l a r g e  u n id e n ta te  a n io n s  * '. A l t e r n a t i v e l y  a m o r e  r e a l i s t i c

a p p r o a c h  i s  to  c o n s i d e r  the d i s t o r t io n s  o f  the  a t o m s  f r o m  a  

p e n t a g o n a l - b i p y r a m id  g e o m e t r y .  T w o  d i f f e r e n t  v i e w s  o f  the  

c o o r d in a t io n  a r o u n d  the  c a d m iu m  a r e  g i v e n  in  F i g u r e s  III. 13 and  

III. 14 to s h o w  th is  s t e r e o c h e m i s t r y .  T h e  a x ia l  s i t e s  a r e  o c c u p i e d  

by the o x y g e n  o f  th e  w a t e r  [0(7)] and the n i t r o g e n  o f  o n e  o f  the  

q u in o l in e s  [N(2)j w h i le  in  th e  e q u a t o r ia l  p la n e  l i e  the  n i t r o g e n  o f  the  

r e m a in in g  q u in o l in e  [N ( l ) ]  and  the  c o o r d in a t e d  o x y g e n s  o f  the  tw o  

n itra te  g r o u p s  [0(1), 0 (2 ) ,  0 (4) and  0 (5 )]  . T h e  l a t t e r  fo u r  o x y g e n s  

are v i r t u a l l y  c o - p l a n a r  w ith  th e  c a d m iu m  a t o m  ( m a x i m u m  d e v ia t io n  

fro m  the b e s t  l e a s t - s q u a r e s  p la n e  = 0. 16 R ) .  H o w e v e r ,  N ( l )  i s  

d is p la c e d  0. 88 R f r o m  t h is  p la n e  (T a b le  III. V) the  d i s p l a c e m e n t  b e in g  

in the d i r e c t i o n  a w a y  f r o m  the  a x ia l  q u in o l in e  r in g .  T h e  a n g u la r  

d is to r t io n s  in  th e  e q u a t o r ia l  p la n e  a r e  sh o w n  in  F i g u r e  III. 1 5 (a ) .

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

3-t the c a d m iu m  a r e  r e s t r i c t e d  to c a .  52  b y  the n i t r a t e  g e o m e t r y .

This c o n t r a c t io n  f r o m  the id e a l  v a lu e  f o r  a p e n ta g o n a l  p la n e  o f  72 , 

r e q u ir e s  an  e x p a n s i o n  o f  the  o t h e r  a n g le s  and it  i s  no t  s u r p r i s i n g  

that the l a r g e s t  i n c r e a s e s  in  a n g l e s  in v o lv e  th e  n i t r o g e n  a to m ,



N ( l )  ( O - C d - N  '"w 92 ), a s  a r e s u l t  o f  the  s t e r i c  e f f e c t s  o f  th is

q u in o l in e  g r o u p .  B y  c o m p a r i s o n ,  in  the  c o r r e s p o n d in g  p e n ta g o n a l

(71 )
p lane  o f  C d (py)^(N O ^)^  ( S e c t io n  II. 2. 3), the  a n g le  at the  c a d m iu m

a to m  b e t w e e n  th e  c o o r d in a t e d  o x y g e n s  o f  the  n i t r a t e  g r o u p s  i s  a l s o

5 2 ° ,  but th e  O - C d - N  a n g l e s  in  th is  p la n e  ( 8 2 ° )  a r e  l e s s  than  the

0(1 ) - C d - 0 ' (  1) a n g le  ( 9 3 ° )  o f  the p r e s e n t  c o m p le x  b e c a u s e  o f  the

s m a l l e r  s t e r i c  r e q u i r e m e n t s  o f  the  p y r id in e  m o l e c u l e .

T h e  a t o m s  N (3 )  and 0(7) ( F i g u r e s  III. 13 and

III. 14) a r e  d i s t o r t e d  f r o m  the a x ia l  s i t e s  s u c h  th a t  N ( 3 ) - C d - 0 ( 7 )  =

1 6 1 .5 ( 2 ) ° .  T h is  d i s t o r t i o n  a g a in  i s  due to  s t e r i c  r e p u l s i o n  b e t w e e n

the q u in o l in e  g r o u p s  and  b o th  o f  t h e s e  a t o m s  l i e  at an a n g le  a w a y

fr o m  the  r in g  (A ) ( F i g u r e  III. 11). D e v ia t io n s  f r o m  9 0 °  o f  the a n g l e s

m ade a t  th e  c a d m iu m  b e t w e e n  N (2 )  and 0(7) and the e q u a t o r ia l  a t o m s

are  g iv e n  in  F i g u r e  III. 15(b).

T h e r e  i s  the p o s s i b i l i t y  o f  an  e x t e n s i v e  h y d r o g e n -

bonding n e t w o r k  b e t w e e n  n e ig h b o u r in g  m o l e c u l e s  o f  the  p r e s e n t

c o m p le x .  T h e  o x y g e n  a t o m  o f  the  c o o r d in a te d  w a t e r  i s  in v o lv e d  in

h y d r o g e n  b o n d s  w i th  tw o o x y g e n  a t o m s  f r o m  d i f f e r e n t  n i t r a t e  g r o u p s

of d i f f e r e n t  m o l e c u l e s  ( F ig u r e  III. 16). T h e  0 . . .  0 c o n t a c t s  a r e

2. 80 and 2. 8 4  X ,  an d  the 0 ’(4) . . 0 (7) . . 0"(2) a n g le  i s  109 . 2 ° .

The h y d r o g e n  b o n d in g  t h e r e f o r e  i n v o lv e s  the  c o o r d in a te d  o x y g e n s

of the n i t r a t e  g r o u p s  0 (4 )  and  0(2) u n l ik e  the h y d r o g e n  b o n d in g  in

(95 )
Ni(p y )7(NO ) (H 0) ( S e c t io n  II. 1 . 6 )  v ' w h e r e  it  i s  the  t e r m i n a l  

2 3 2 2 2

oxygen s  th a t  a r e  c o n c e r n e d .  H o w e v e r ,  h y d r o g e n  b o n d in g  to

/ 44c l)
c o o r d in a te d  o x y g e n s  in  C d ^ O ^ ^ ^ ® ) ^  *s
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a lth o u g h  the  0 . . .  0 c o n t a c t s  in  th is  c a s e  a r e  l o n g e r  ( 2 . 8 7 - 2 . 9 6  X)  

than t h o s e  fo u n d  in  C d (q u in )2(N O 3) 2(H 20 )* T h e  h y d r o g e n - b o n d in g  

n e tw o r k  in  the  p r e s e n t  c o m p le x  i s  ' la y e r e d '  and a p p r o x i m a t e ly  

a l ig n e d  in  the  ab p la n e .  T h is  ty p e  o f  a l ig n m e n t  w a s  a l s o  a f e a t u r e

in the c r y s t a l  s t r u c t u r e  o f  N i(p y )  (NO ) (H O)
2 3 2 2 2

T h e  s l i g h t  d i f f e r e n c e s  in  c o o r d in a t io n  o f  the  

n itr a te  g r o u p s  a r e  r e f l e c t e d  in  t h e ir  in t e r n a l  d i m e n s i o n s .  T he  

n itr a te  g r o u p  s h o w in g  th e  g r e a t e s t  a s y m m e t r y  in  i t s  b o n d in g  to the  

c a d m iu m  ( 0 ( 4 ) - ( 6 ) ,  N (4 ) ) ,  h a s  the  e x p e c t e d  o r d e r  of  N - O  b ond

le n g th s ,  N ( 4 ) - 0 ( 4 ) > N ( 4 ) - 0 ( 5 ) > N ( 4 ) - 0 ( 6 )  (1 . 2 8 7 (1 0 ) ,  1. 2 5 2 (1 1 ) ,

1. 209 (8 )  X  r e s p e c t i v e l y ) ,  r e f l e c t i n g  th e  s t r e n g t h  o f  the  c a d m i u m -  

o x y g e n  i n t e r a c t i o n .  S i m i l a r l y ,  th e  O - N - O  a n g le s  v a r y  f r o m  the  

t r ig o n a l  v a lu e  o f  1 2 0 °  in  the  p r e d i c t e d  m a n n e r  s u g g e s t i n g  a s l i g h t  

s y s t e m a t i c  d i s t o r t i o n  c a u s e d  b y  the n i t r a t e  c o o r d in a t io n .  In the  

other  n i t r a t e  g r o u p  ( 0 ( l ) - ( 3 ) ,  N (3 ) ) ,  a lth o u g h  the  N - O  d i s t a n c e  

a d ja c en t  to  th e  s t r o n g e s t  C d - 0  i n t e r a c t i o n  i s  i n c r e a s e d  f r o m  the  

f r e e  io n  v a lu e  ^1 0 3  ̂ ( N ( 3 ) - 0 ( 2 )  1 .2 8 9 ( 1 1 )  X) ,  the  r e m a in in g  N -O  

d i s t a n c e s  a r e  e x p e r i m e n t a l l y  id e n t i c a l  ( N ( 3 ) - 0 ( l )  1 .2 3 3 ( 1 0 ) ,  

N (3 ) -0 (3 )  1 . 2 3 5 ( 1 1 )  X) .  If the  l a t t e r  r e s u l t  i s  g e n u in e ,  th e  m o s t  

ob v iou s  c a u s e  i s  s o m e  i n t e r m o l e c u l a r  e f f e c t  s i n c e  th e  c o o r d in a te d  

o x y g e n s  o f  e a c h  n i t r a t e  g r o u p  a t  th e  c a d m iu m  a r e  r e s t r i c t e d  to  

ca. 52 b y  the  n i t r a t e  g e o m e t r y .  T h is  c o n t r a c t io n  f r o m  the  id e a l  

value f o r  a p e n t a g o n a l  p la n e  o f  72 , r e q u i r e s  an  e x p a n s io n  o f  the  

other  a n g l e s  and  it  i s  n o t  s u r p r i s i n g  that the l a r g e s t  i n c r e a s e s  in  

an g les  i n v o lv e  th e  n i t r o g e n  a t o m ,  N ( l )  ( 0 - C d - N  92 ), a s  a r e s u l t
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of the s t e r i c  e f f e c t s  o f  t h is  q u in o l in e  g r o u p .  B y  c o m p a r i s o n ,  in  the

(7 1 )
c o r r e s p o n d in g  p e n t a g o n a l  p la n e  o f  C d(P y )3(N ° 3 )2 ( S e c t io n  II. 2. 3), 

the a n g le  a t  th e  c a d m iu m  a t o m  b e t w e e n  the c o o r d in a te d  o x y g e n s  o f  

the n i t r a t e  g r o u p s  i s  a l s o  5 2 ° ,  but the  O -C d -N  a n g le s  in  t h is  p la n e  

(8 2 ° )  a r e  l e s s  th a n  the  0( 1 ) - C d - 0 ' (  1) a n g le  ( 9 3 ° )  o f  the  p r e s e n t  

c o m p le x  b e c a u s e  of  the  s m a l l e r  s t e r i c  r e q u i r e m e n t s  o f  th e  p y r i d in e  

m o le c u l e .

T h e  a t o m s  N (3 )  and 0(7)  ( F i g u r e s  III. 13 and III. 14)

a re  d i s t o r t e d  f r o m  the a x i a l  s i t e s  s u c h  th a t  N ( 3 ) - C d - 0 ( 7 )  = 161 . 5 ( 2 ) ° .

T h is  d i s t o r t i o n  a g a in  i s  due to  s t e r i c  r e p u l s i o n  b e t w e e n  the  q u in o l in e

grou p s  and  b o th  o f  t h e s e  a t o m s  l i e  at an a n g le  a w a y  f r o m  the r in g  (A)

(F ig u r e  III. 11). D e v i a t i o n s  f r o m  9 0 °  o f  the  a n g l e s  m a d e  a t  the

c a d m iu m  b e t w e e n  N (2 )  and 0(7)  and  the e q u a t o r ia l  a t o m s  a r e  g i v e n

in F i g u r e  III. 15(b).

T h e r e  i s  th e  p o s s i b i l i t y  o f  an  e x t e n s i v e  h y d r o g e n -

bonding n e t w o r k  b e t w e e n  n e ig h b o u r in g  m o l e c u l e s  o f  the p r e s e n t

c o m p le x .  T h e  o x y g e n  a t o m  o f  the  c o o r d in a t e d  w a t e r  i s  in v o lv e d  in

h y d r o g e n  b o n d s  w ith  tw o  o x y g e n  a t o m s  f r o m  d i f f e r e n t  n i t r a t e  g r o u p s

of d i f f e r e n t  m o l e c u l e s  ( F ig u r e  III. 16). T h e  0 . . .  0 c o n t a c t s  a r e

2. 80 and 2 . 84  X  and  th e  0 f(4) . . 0 (7 )  . . 0"(2)  a n g le  i s  109 . 2 ° .

The h y d r o g e n  n i t r a t e  g e o m e t r y  i s  k n ow n  to be  s e n s i t i v e  to c h a n g e s

( 7 7 - 9 )
m c r y s t a l  p a c k in g  ( s e e  Cu(°c - p i c ^ N O ^ ) ^  ~ S e c t i o n  III. 1 . 2  ).

The o x y g e n  a t o m  o f  the  w a t e r  m o l e c u l e  0 (7)  h a s  an  i n t e r m o l e c u l a r  

contact  w ith  0 (3 )  o f  3.  26 X ,  w h e r e a s  the s h o r t e s t  0 . . .  0 i n t e r -  

f t io le c u la r  d i s t a n c e  in v o lv in g  0(6) i s  3. 46 X .  A l th o u g h  b o th  o f  t h e s e
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v a lu e s  a r e  l a r g e r  th an  the  s u m s  o f  the v a n  d e r  W a a ls  r a d i i  o f  two  

o x y g e n  a t o m s  (2 .  80 A   ̂ th is  m a y  b e  the r e a s o n  f o r  the  s l i g h t

d i s t o r t io n s  in  the  s e c o n d  n i t r a t e  g r o u p .  T h e  O - N - O  a n g l e s  in the  

l a t t e r  n i t r a t e  g r o u p  do s h o w  the e x p e c t e d  o r d e r ,  w ith  th e  l a r g e s t  

an g le  o p p o s i t e  th e  s t r o n g e s t  C d -0  bond .

C o n s i d e r a t i o n  of  the C d -O -N  a n g le s  r e f l e c t  the  

d i f f e r e n t  c a d m i u m - o x y g e n  i n t e r a c t i o n s  in  the  tw o n i t r a t e  g r o u p s .

In both  c a s e s ,  the  n i t r a t e s  a r e  p la n a r  ( T a b le  III. IV) a l th o u g h ,  in  

the f o r m e r  c a s e ,  th e  c a d m iu m  a t o m  i s  s i g n i f i c a n t l y  o f f  th is  p la n e  

(0.  32 X) ,  w h e r e a s ,  in  the  l a t t e r  n i t r a t e  g r o u p , the  c a d m iu m  a t o m  

is  v i r t u a l ly  c o p la n a r  w ith  the fo u r  a t o m s  ( 0 ( l ) - ( 3 ) ,  N ( 3 ) ) .  T h is  

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

The d ih e d r a l  a n g le  b e t w e e n  the  n i t r a t e  p la n e s  i s  18 .

T h e  in t e r n a l  d i m e n s i o n s  o f  the  q u in o l in e  r in g s  a r e  

in accord w ith  l i t e r a t u r e  v a l u e s  B o th  g r o u p s  a r e  p la n a r

although  in  n e i t h e r  c a s e  i s  the  c a d m iu m  a t o m  c o p la n a r  w ith  th e  r in g s  

(T ab le  III. V ) . A g a in ,  th is  i s  e x p e c t e d  to a r i s e  b e c a u s e  o f  s t e r e o 

c h e m ic a l  c o n s i d e r a t i o n s  in  p a c k in g  t h e s e  b u lk y  l ig a n d s  a r o u n d  the

c a d m iu m  a t o m .  T h e  d ih e d r a l  a n g le  b e t w e e n  the q u in o l in e  g r o u p s

• ^  ois  71 .
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C d ( q u i n ) 2 (N03 ) 2 (H20)

I n t e r a t o m i c  d i s t a n c e s  (51) and  a n g l e s  ( ° )  w i t h  e s t i m a t e d  

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

( a )  Bonded  d i s t a n c e s

Cd- 0(1 2.492 7) C 10 -N(2) 1.305

Cd- 0(2 2.430 8) c 10 -C( 1) 1.439

Cd- 0(4 2.393 7) c 11 - c ( 2) 1.394

Cd- 0(5 2.559 9) c 12 - c ( 3) 1.385

Cd- 0(7 2.346 7) c 13 - c ( 4) 1.417

Cd- N(1 2.296 7) c 13 -o( 8) 1.426

Cd- N(2 2.330 7) c 14 -c ( 5) 1.343

C(1 ) -N D 1.318 10) c 15 -c ( 6) 1.400

C(1 )-C 2) 1.407 12) c 16 -C( 7) 1.391

C(2 ) -c 3) 1.340 14) G 17 - c ( 8) 1.431

C(3 )-C 4) 1.460 13) C 18 -N(2) 1.382

C(4 ) -c 5) 1.406 13) N 3)--0(1 1.233

G (4 )-C 9) 1.411 12) N 3)--0(2 1.289

0(5 )-C 6) 1.353 15) N 3)--0(3 1.235

0(6 ) - c 7) 1.370 15) N 4)--0(4 1.287

0(7 ) -c 8) 1.363 15) N 4)--0(5 1.252

0(8 ) - c 9) 1.402 13) N 4)--0(6 1.209

0(9 )-N 1) 1.389 11) Mean C-H 0.95

Mean 0-H 0 . 8 5

11

13

11

14

14

13

15

15

13

12

11

10

11

11

10

11

8 )



TABLE I I I . IV ( c o n t )

( b )  I n t e r b o n d  a n g l e s

0 1 ) - C d - 0 2 5 2 . 0 2) C ( 6 ) - C ( 7 ) - C ( 8 1 2 0 . 9
0 1 ) - C d - 0 4 7 4 . 8 2) C ( 7 ) - C ( 8 ) - C ( 9 1 1 9 . 8
0 1 ) - 0 d - 0 5 1 2 4 . 0 2) C ( 8 ) - C ( 9 ) - C ( 4 1 1 8 . 4
0 1 ) - O d - 0 7 8 0 . 2 2) C(4 ) - C (  9 ) -N(  1 1 2 1 . 4
0 1 ) - C d - N 1 144 .1 2) C ( 8 ) - C ( 9 ) - N ( 1 1 2 0 . 2
0 1 ) - C d - N 2 8 1 . 4 2) C d - N ( 2 ) - C ( 1 0 ) 1 1 6 . 8
0 2 ) - C d - 0 4 1 2 6 . 2 3) C d - N ( 2 ) - C ( l 8 ) 1 2 5 . 3
0 2 ) - C d - 0 5 1 7 3 . 0 3) C ( 1 0 ) - N ( 2 ) - C ( 1 8 ) 1 1 7 . 8
0 2 ) - C d - 0 7 8 1 . 9 2) C( 1 1 ) - C ( 1 0 ) - N 2) 1 2 4 . 7
0 2 ) - C d - N 1 9 3 . 1 3) C ( 1 0 ) - C ( 1 1 ) - C 12) 1 1 6 . 7
0 2 ) - C d - N 2 8 7 . 4 2) C ( 1 1 ) - C ( 12 ) - C 13) 1 2 0 . 6
0 4 ) - C d - 0 5 5 1 . 3 3) C ( 12 ) - C ( 1 3 ) —C 14) 1 2 2 . 7
0

oioixt- 7 8 2 . 4 3) C ( 1 2 ) - C ( 1 3 ) - C 18) 1 1 8 . 2
0 4 ) - C d - N 1 1 3 7 . 0 3) C ( 1 4 ) - C ( 1 3 ) - C 18) 11 9. 1
0 4 ) - C d - N 2 9 2 . 0 2) C ( 1 3 ) - C ( 1 4 ) - C 15) 1 2 0 . 8
0 5 ) - C d - 0 7 1 0 3 . 5 3) C ( 14) — G( 1 5 )-C 1 6 ) 1 2 1 . 5
0 5 ) - C d - N 1 9 1 . 6 3) C ( 1 5 ) —C( 1 6) -C 17) 1 2 0 . 4
0 5 ) - C d - N 2 8 6 . 2 3) C ( 1 6 ) - C ( 1 7 )-C 18) 1 1 9 . 3
0 &1o1o- 1 8 7 . 5 2) C ( 1 7 ) - G ( 1 8 )~C 13) 1 1 9 . 8
0 7 ) - C d - N 2 1 6 1 . 5 2) C ( 1 3 ) - C ( 1 8 ) - N 2) 1 2 2 . 0
N 1 ) -C d- N 2 1 0 8 . 2 3) C ( 1 7 ) - C ( 1 8 ) - N 2) 119 . 1
C d- N (1 ) - C 1 1 1 6 . 7 5) Cd- 0(  1 ) -N(  3) 9 4 . 5
Cd-N(1 ) -C 9 1 2 5 . 3 6) C d - 0 ( 2 ) - N ( 3 ) 9 6 . 0
c 1 ) -N(  1 ) - C 9) 1 1 7 . 7 7) G d - 0 ( 4 ) - N ( 4 ) 9 9 . 9
c 2 ) - C ( l ) - N 1) 1 2 5 . 7 8) C d - 0 ( 5 ) - N ( 4 ) 9 2 . 9
c 1 ) - C ( 2 ) - 0 3) 1 1 7 . 5 8) 0 ( l ) - N ( 3 ) - 0 ( 2 1 1 7 . 6
0 2 ) - C ( 3 ) - G 4) 1 2 0 . 8 8) 0 ( l ) - N ( 3 ) - 0 ( 3 1 2 3 . 6
c 3 ) - C ( 4  ) - G 5) 1 2 2 . 9 8 ) 0 ( 2 ) - N ( 3 ) - 0 ( 3 1 1 8 . 9
c 3 ) - C ( 4 ) - G 9) 1 1 6 . 9 7) 0 ( 4 ) - N ( 4 ) - 0 ( 5 1 1 5 . 5
c 5 ) - C ( 4  ) - •G 9) 1 2 0 . 2 8 ) 0 ( 4 ) - N ( 4 ) - 0 ( 6 1 2 0 . 4
c 4 ) - C ( 5 ) - C 6) 1 1 8 . 6 9) 0 ( 5 ) - N ( 4 ) - 0 ( 6 1 24 . 1
c 5 ) - C ( 6 ) - C 7) 1 2 2 . 0 9) H ( 1 9 ) - 0 ( 7 ) « H ( 2 0 ) 1 04 ( 8

Mean C-C-H 119
Mean N-C-H 116

0 * ( 4 ) .  . 0 ( 7 ) .  • 0 " ( 2)  1 0 9 . 2 ( 8 )

9
8
8
8

8
8

5

7
8
9
9
9
8
8
9
9
9
8
8
7
8

5
5
5
6
8
8
8
7
8
8



T A B L E  X I I . I V  ( c o n t )

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

Cd. . • C ( 1 ) 3 . 1 2 0 ( 2 •  • . 0 ( 7 ) 3 . 1 3

c a .  . . 0 ( 8 ) 3 . 4 9 0 ( 2 •  • • N(1) 3 . 4 3

Cd. . • C ( 9 ) 3 . 3 0 0 ( 2 •  « • N(2) 3 . 2 9

Cd. . . C ( 10) 3 . 1 4 0 ( 4 •  • . 0 ( 1 0 ) 3 . 2 5

Cd. . . 0 ( 1 7 ) 3 . 4 9 0 ( 4 • • . 0 ( 5 ) 2 . 1 5

Cd. . . C ( 18) 3 . 3 2 0 ( 4 •  » . 0 ( 6 ) 2 . 1 7

Cd. . • N( 3) 2 . 8 7 0 ( 4 • • . 0 ( 7 ) 3 . 1 2

Cd. . • N( 4) 2 . 9 0 0 ( 4 • • • N(2) 3 . 4 0

0 ( 1 ) . . . 0 ( 2 ) 2 . 1 6 0 ( 5 • • . 0 ( 8 ) 3 . 1 6

0 ( 1 ) . . . 0 ( 3 ) 2 . 1 8 0 ( 5 • + . 0 ( 1 0 ) 3 . 4 8

0 ( 1 ) . . . 0 ( 4 ) 2 . 9 7 0 ( 5 •  • . 0 ( 6 ) 2 . 1 7

0 ( 1 ) . . . 0 ( 7 ) 3 . 1 2 0 ( 5 • • . N ( 1 ) 3 . 4 9

0 ( 1 ) . •  . N ( 2 ) 3 . 1 5 0 ( 5 •  • . N ( 2 ) 3 . 3 5

0 ( 2 ) . .  . 0 ( 1 7 ) 3 . 3 4 0 ( 7 •  » . 0 ( 1 ) 3 . 1 6

0 ( 2 ) . •  . 0 ( 3 ) 2 . 1 7 0 ( 7 « ♦ •  N(1) 3 . 2 1

N(2) . •  . N ( 3 ) 3 . 4 9 0 ( 7 •  « . N ( 3 ) 3 . 3 8



TABLE I I I . I V  ( c o n t )

( d)  I n t e r m o l e c u l a r  c o n t a c t s ,  i n c l u d i n g  t h o s e  i n v o l v e d  

in  hydrogen bonding

0 ( 1 ) . . . c d ) 1 3 .3 4 0 ( 4 ) . . . 0 ( 7 ) 1 2 .84

0 ( 1 ) . . . C d ) 1 3 .4 4 0 ( 4 ) . . . N O ) 1 3 . 3 0

0 ( 1 ) . . . C ( 1 4 ) n 3 .3 6 0 ( 4 ) . . . H 0 9 ) 1 1.97

0 ( 1 ) . . . C ( 15 ) 11 3 .4 2 0 ( 5 ) . . . C ( 5 ) VI 3 . 4 2

0 ( 2 ) . . . 0 ( 4 ) n l 3 .1 9 0 ( 6 ) . . . 0 ( 1 )VI1 3 . 0 0

0 ( 2 ) . . . 0 ( 7 ) m 2 . 8 0 0 ( 6 ) . . . C ( 2 ) VI1 3 . 2 6

0 ( 2 ) . . . H ( 2 0 ) i n 2 .03 0 ( 6 ) . . . C ( 1 7 ) VI1 3 .3 7

0 ( 3 ) . . . C ( 5 ) IV 3.31 0 ( 6 ) . . • 0 ( 7 ) 1 3 . 4 2

0 ( 3 ) . . . C ( 1 2 ) V 3 . 4 3 0 ( 6 ) . . . N ( 1 ) VI1 3 .3 9

0 ( 3 ) . . . 0 ( 7 ) m 3 . 2 6 0 ( 7 ) . . . N O ) 1 3 .4 3

Roman numerals  as  s u p e r s c r i p t s  r e f e r  t o  the  f o l l o w i n g  

e q u i v a l e n t  p o s i t i o n s  w i th  r e s p e c t  t o  the  r e f e r e n c e  mo lec u l e

at  x ,  v f z :

I - x , 1 / 2  + y ,  1 / 2  -  z

I I 1 - x ,  1 / 2  + y ,  1 /2  -  z

I I I - X , - 1 / 2  + y ,  1 /2  -  z

IV X, - 1 / 2  -  y ,  - 1 / 2  + z

V 1 - x ,  - 1 / 2  + y ,  1 /2  -  z

VI - X , - y ,  1 -  z

VII X, 1 + y .  Z



TABLE I I I . V  

Cd( q u i n ) £ ( NOj) g ( HgO)

L e a s t - s q u a r e s  b e s t  p l a n e s  t h r o u g h  t h e  m o l e c u l e .  The 
e q u a t i o n s  a r e  i n  t h e  fo rm kX'  + <?Y' + mZ' = n ,  w h e r e  
X1, I '  and  Z'  a r e  c o o r d i n a t e s  i n  2 .  D i s t a n c e s  o f  a t o m s  
f rom p l a n e s  ( a )  a r e  g i v e n  i n  s q u a r e  b r a c k e t s

k i  m n

P l a n e ( 1 ) :

C( 1 ) - ( 9 ) , N(1 ) 0 .6 51 4  - 0 .7 3 4 1  - 0 . 1 9 1 6  - 0 . 4 9 8 6

C(1 ) 0 . 0 0 3 ,  0 ( 2 ) 0 . 0 1 8 , c ( 3 )  0 . 0 0 7 ,  C(4) - 0 . 0 0 6 , C(5)

- 0 . 0 1 2 ,  C( 6 )  - 0 . 0 1 1 ,  C(7)  0 . 0 1 8 ,  C( 8 )  0 . 0 1 7 ,  C( 9)

- 0 . 0 0 5 ,  N( 1)  - 0 . 0 3 0 ,  Cd - 0 . 3 1 1

P l a n e ( 2 ) :

C ( 1 0 ) - ( 1 8 ) ,  N ( 2 )  - 0 . 0 7 9 6  - 0 . 2 7 2 8  - 0 . 9 5 8 8  - 7 . 6 8 5 0

C(10)  - 0 . 0 0 4 ,  C ( 1 1 )  - 0 . 0 0 9 ,  C ( 12)  0 . 0 0 5 ,  C( 13)  - 0 . 0 0 4 ,  C( 14 )  

0 . 0 1 0 ,  C( 1 5 )  - 0 . 0 0 2 ,  C ( 16)  - 0 . 0 0 7 ,  C( 1 7)  0 . 0 0 1 ,  C ( 18)  

- 0 . 0 0 4 ,  N(2)  0 . 0 1 4 ,  Cd 0 . 2 1 0

P l a n e ( 3 ) t

0 ( 1 ) —( 3 ) ,  11(3) - 0 . 9 8 7 7  0 . 0 2 5 1  - 0 . 1 5 4 2  - 2 . 5 9 6 3

0 ( 1 )  - 0 . 0 0 2 ,  0 ( 2 )  - 0 . 0 0 2 ,  0 ( 3 )  - 0 . 0 0 2 ,  N(3)  0 . 0 0 5 ,  Cd - 0 . 0 3 6

P l a n e ( 4 )  ’•

0 ( 4 ) —( 6 ) ,  N ( 4 )  0 . 9 8 5 2  - 0 . 0 9 2 6  - 0 . 1 4 4 0  0 . 0 3 1 8

0 ( 4 )  0 . 0 0 2 ,  0 ( 5 )  0 . 0 0 2 ,  0 ( 6 )  0 . 0 0 2 ,  ! i (4)  - 0 . 0 0 5 ,  Cd 0 . 3 1 8

D i h e d r a l  a n g l e s  ( ° )  b e t w e e n  p l a n e s

P l a n e  ( 1 ) - ( 2 )  71 P l a n e  ( 2 ) - ( 3 )  77

P l a n e  ( 1 ) - ( 3 )  51 P l a n e  ( 2 ) - ( 4 )  85

P l a n e  ( l ) - ( 4 )  43 P l a n e  ( 3 ) - ( 4 )  18



FIGURE I I I . 11 

C d ( q u i n ) 2 (N03 ) 2 (H20)

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

(Unnamed a to m s  a r e  c a r b o n s )



C d



Cd ( c i u i n )  0 (H 0)
c. J  c. S

The molecular packing viewed along the h axis





FIGURE I I I .  13

The e n v i r o n m e n t  a r o u n d  t h e  cadmium atom v ie w e d  a l o n g  c

C d



e n v t r o n n e T *



FIGURE I I I  .15

0 2

2-430
,2-492

52-0
931

2-29674-8

91-6
513

2*393

2-559

2-15 v

05
( b )

D e v i a t i o n s  o f  a n g l e s  b e tw e e n  e q u a t o r i a l  a to m s  and  a x i a l  
a to m s  f ro m  9 0 °

X~Cd-N(2) X - C d - 0 ( 7)

N (1) 1 0 8 .2 8 7 . 5
0 ( 2 ) 8 7 . 4 8 1 . 9
0 ( 1 ) 8 1 . 4 8 0 . 2

0 ( 4 ) 9 2 . 0 8 2 . 4
0 ( 5 ) 8 6 . 2 1 0 5 .5

D e v i a t i o n  o f  a n g l e  a t  cadmium a tom  f rom  180° 

N ( 2 ) - C d - 0 ( 7 )  = 1 6 1 . 5 °



FIGURE III .16 

C d ( q u i n ) 2 (N O^)2 (H20)

s t r u c t u r e  v i e w e d  a l o n g  a  s h o w in g  t h e  h y d r o g e n  b o n d i n g
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APPENDIX I  

EXPERIMENTAL

B I S [PINITRATOBIS(PYRIDINE)COPPER( I I ) ]  -PYRIDINE

P r e p a r a t i o n  o f  C r y s t a l s

The c o m p lex  was p r e p a r e d  by t h e  s t o i c h e i o m e t r i c  

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

n i t r a t e  i n  e t h a n o l .  By s lo w  e v a p o r a t i o n  o f  a  s o l u t i o n  

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

s u i t a b l e  c r y s t a l s  f o r  an  X - r a y  e x a m i n a t i o n  w e re  o b t a i n e d .

S i n c e  t h e  c r y s t a l s  s l o w l y  d ecom pose  i n  t h e  X - r a y  beam when 

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

C r y s t a l  D a t a

C i o H i o ^ O g C u ,  0* 5C^H^N (m o n o m e r ic  u n i t )

M = 3 8 2 . 8  (monomer)

M o n o c l i n i c

a  = 9 . 7 9  + 0 . 0 3 ,  b = 1 0 .8 9  + 0 . 0 3 ,  c = 1 6 .1 5  ± 0 . 0 3  £ ,

P = 9 8 . 0  + 0 . 2 ° ,  U = 1705

= Z = 4 ( f o r  m onom er) ,  Dc = 1 .4 9

P ( 0 0 0 )  = 844

S p a c e  g r o u p  P 2 1/ c  ( C ^ ,  No 14) f rom  s y s t e m a t i c  a b s e n c e s :

OkO f o r  k o d d ,  hOG f o r  2 odd 

Cu-Ka X - r a y s ,  = 1 .5 4 1 8  % 

m (C u -K a ) = 2 2 . 5  cm "1
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C r y s t a l l o g r a - p h l c  M e a s u r e m e n t s

The u n i t  c e l l  p a r a m e t e r s  w e re  d e t e r m i n e d  f rom  

o s c i l l a t i o n  a n d  V / e i s s e n b e r g  p h o t o g r a p h s  t a k e n  w i t h  Cu-K 

r a d i a t i o n  an d  f ro m  p r e c e s s i o n  p h o t o g r a p h s  t a k e n  w i t h  Mo-K^.

(X = 0 . 7 1 0 7  8 )  r a d i a t i o n .

A s m a l l  c r y s t a l  s e l e c t e d  f o r  m e a s u r e m e n t  was 

r o t a t e d  a b o u t  b an d  2386 i n d e p e n d e n t  r e f l e c t i o n s  f rom  t h e  

r e c i p r o c a l  l a t t i c e  n e t s  h0 -9£  w e re  r e c o r d e d  on e q u a t o r i a l  

and e q u i - i n c l i n a t i o n  V / e i s s e n b e r g  p h o t o g r a p h s  by t h e  m u l t i p l e  

f i l m  t e c h n i q u e .  The i n t e n s i t i e s  w ere  e s t i m a t e d  v i s u a l l y  by 

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

L o r e n t z ,  p o l a r i s a t i o n ,  and  r o t a t i o n  f a c t o r s  m ade.  The 

c a l c u l a t e d  s t r u c t u r e  f a c t o r s  w ere  p l a c e d  on an  o v e r a l l  s c a l e  

by c o m p a r i s o n  w i t h  t h o s e  o b t a i n e d  f rom  t h e  Okfc r e c i p r o c a l -  

l a t t i c e  n e t  r e c o r d e d  by  p r e c e s s i o n  m e t h o d s .  U n o b s e rv e d  

r e f l e c t i o n s  w e re  n o t  i n c l u d e d  i n  t h e  c a l c u l a t i o n s  and  

a b s o r p t i o n  c o r r e c t i o n s  w ere  n o t  a p p l i e d .

S t r u c t u r e  D e t e r m i n a t i o n  and  R e f i n e m e n t

The e n t i r e  s t r u c t u r e  was d e t e r m i n e d  by 

c o n v e n t i o n a l  P a t t e r s o n  and  e l e c t r o n - d e n s i t y  c a l c u l a t i o n s  w i t h  

i n i t i a l  p h a s i n g  a p p r o p r i a t e  t o  t h e  c o p p e r  a to m .  S e v e r a l  

c y c l e s  o f  s t r u c t u r e - f a c t o r  an d  e l e c t r o n - d e n s i t y  c a l c u l a t i o n s  

e f f e c t e d  p r e l i m i n a r y  r e f i n e m e n t  and  r e d u c e d  R t o  0 . 2 3 .  

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

v i b r a t i o n  p a r a m e t e r ,  U. ( 0 . 0 5  , was a s s i g n e d  t o  t h e  a t o m s .
ISO
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The l e a s t - s q u a r e s  r e f i n e m e n t  o f  p o s i t i o n a l ,  

t h e r m a l  an d  s c a l e  p a r a m e t e r s  c o n v e r g e d  a f t e r  12 c y c l e s ,  

when R was 0 . 1 0 4  a n d  R* (= 51 w A 2/  £ w F ^ )  was 0 . 0 1 8 .  D e t a i l s  

o f  t h e  r e f i n e m e n t  a r e  g i v e n  i n  T a h l e  1. . A f t e r  c y c l e  5 t h e  

d a t a  w e re  p l a c e d  on an  o v e r a l l  a b s o l u t e  s c a l e  and  i n  a l l  

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

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

a f t e r  c y c l e  7 n e c e s s i t a t e d  t h e  u s e  o f  t h e  b l o c k - d i a g o n a l  

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

c o m p u t e r - s t o r e  l i m i t a t i o n s .

I n  a l l  r e f i n e m e n t  c y c l e s ,  t h e  w e i g h t i n g  schem e 

g i v e n  a s  e q u a t i o n  ( 3 2 )  ( S e c t i o n  1 . 1 . 8 ( b ) )  was a p p l i e d  t o  t h e  

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

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

c y c l e s  a s  i n d i c a t e d  by a  ( F q | and  ( s i n  0 / \  ) a n a l y s i s  o f  

51 The f i n a l  v a l u e s  a r e  p^ 200,  p^  0 . 0 1 ,  p^ 0 . 0 0 0 5 ,

and p^ 0 .

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

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

e v a l u a t e d .  T h e s e  c a l c u l a t i o n s  r e v e a l e d  no e r r o r s  i n  t h e  

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

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

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

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

I n  a l l  t h e  s t r u c t u r e - f a c t o r  c a l c u l a t i o n s ,  t h e  

a to m ic  s c a t t e r i n g  f a c t o r s  u s e d  a r e  t h o s e  g i v e n  i n  r e f .  2 1 2 .



- 1 0 8 -

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

T a b l e  2 .  The f r a c t i o n a l  c o o r d i n a t e s  o f  a l l  n o n - h y d r o g e n  

a tom s  a r e  g i v e n  i n  T a b l e  3 and  t h e  a n i s o t r o p i c  t h e r m a l  

p a r a m e t e r s  i n  T a b l e  4 .

The r e l e v a n t  i n t e r a t o m i c  d i m e n s i o n s  and  some 

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

a r e  g i v e n  i n  S e c t i o n  I I . 1*2 .  The e s t i m a t e d  s t a n d a r d  

d e v i a t i o n s  r e c o r d e d  w ere  d e r i v e d  f rom  t h e  i n v e r s e  o f  t h e  

l e a s t - s q u a r e s  n o r m a l - e q u a t i o n  m a t r i x ,  and  a r e  p r o b a b l y  b e s t  

r e g a r d e d  a s  minimum v a l u e s .



T A B L E  1

C o u r s e  o f  r e f i n e m e n t

C y c l e s  P a r a m e t e r s  r e f i n e d

1 - 5  x ,  y,  z ,  U. f o r  Cu, N ,  0,  C;
— — —i s o

l a y e r  s c a l e  f a c t o r s  k, , uni t
—k

w e i g h t s ,  f u l l  m a t r i x

6 - 7  x ,  y ,  z ,  U. f o r  Cu,  N ,  0, C;— — —i s o

o n e  o v e r a l l  s c a l e  f a c t o r .  W e ig h t in g  

s c h e m e  a d j u s t e d ,  f u l l  m a t r i x

8 - 1 2  x ,  y_, z ,  U ( i ,  j_= 1, 2, 3) f o r

Cu,  N ,  0, C.  S m a l l  a d j u s t m e n t s  to 

w e i g h t i n g  s c h e m e .  B l o c k  d i a g o n a l  

a p p r o x i m a t i o n  to  n o r m a l  e q u a t io n  

m a t r i x

F  in a l  
R

0. 137

0.  133

0.  104

F i n a l
R'

0 . 0298

0 . 0 2 7 8

0 . 0 1 8 3
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Observed and final-calculated structure amplitudes
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[ C u ( p y ) 2 (]'I05 ) 2 l 2 . p y  

Atom p o s i t i o n s  ( f r a c t i o n a l  c o o r d i n a t e s )

x / a ,vA z / c

c 1) - 0 . 0 9 3 8 10) 0 .2957 10) 0 .0 0 8 2 6)
c 2) - 0 . 1 5 6 8 13) 0 .5885 11) - 0 . 0 4 1 7 8)
c 3) - 0 . 0 9 4 5 13) 0 .4 41 0 13) » - 0 . 1 0 0 5 9)
c 4) 0 .0 5 8 6 15) 0 .5909 11) - 0 .1 1 9 1 7)
c 5) 0 .0 9 6 9 10) 0 .2978 9) - 0 . 0 6 8 8 6)
c 6) 0 .1 4 0 2 10) - 0 . 0 9 4 2 10) 0 . 18 59 5)
c 7) 0 . 2 0 2 0 11) - 0 . 1 8 7 7 10) 0 . 25 *5 6)
c 8) 0 . 5 4 5 0 12) - 0 . 2 0 8 2 12) 0 .256 4 7)
c 9) 0 . 42 4 5 11) - 0 . 1 5 7 8 11) 0 . 1 87 9 7)
c 10) 0 .5 5 5 6 9) - 0 .0 48 1 10) 0 . 1575 5)
c 11) 0 . 4 9 7 0 16) 0 .5658 23) - 0 . 0 6 8 9 13)
c 12) 0 . 45 9 5 17) 0 .4529 24) - 0 . 0 7 6 6 14)
c 13) 0 .4 6 4 9 18) 0 .5779 21) -0 .0 0 8 1 21)
0 1) 0 .0801 6) 0.1961 6) 0 .1695 4)
0 2) 0 . 29 5 7 8)

CT'invi-C\J•O

9) 0 . 1565 5)
0 3) 0 .1971 10) 0 .5158 9) 0•2606 5)
0 4) 0 .1 1 4 5 6) 0 .0025 6) - 0 . 0 4 1 2 3)
0 5) 0 . 5 2 8 0 7) 0.0751 7) - 0 . 0 44 1 4)
0 6) 0 . 2 4 6 0 10) - 0 . 0 7 2 0 8) - 0 . 1 2 9 3 5)
N 1) 0 . 1 9 6 9 8) 0 .2530 7) 0 . 1 98 2 4)
N 2) 0 .2 5 6 6 8) 0 . 0016 7) - 0 . 0 7 2 9 4)
N 3) 0 . 0 5 1 6 7) 0 .246 8 7) - 0 . 0 0 5 7 4)
N 4) 0 .2 1 4 8 7) - 0 . 0 2 4 3 8) 0 . 1 55 2 4)
Cu( 1 ) 0 . 1 1 6 6 5 ( 1 1 ) 0 . 1 0 7 7 2 ( 1 1 ) 0 . 0 6 5 5 6 ( 6)



TABLE 4 

lcu(  pjO 2 *py

( a )  A n i s o t r o p i c  t e m p e r a t u r e  f a c t o r s  ( f t2 ) *

2 i i —22 - 3 3 2U32 ^ 3 1 2Hi 2
C ( 1 ) 0 . 0 4 1 0 . 0 2 8 0 . 0 5 0 0 . 0 2 0 0 . 0 0 9 - 0 . 0 0 9
0 ( 2 ) 0 . 0 5 7 0 . 0 2 3 0 . 0 8 0 - 0 . 0 2 8 - 0 . 0 3 5 0 . 0 3 8
0 ( 3 ) 0 . 0 5 6 0 . 0 4 5 0 .0 9 1 0 .0 3 1 - 0 . 0 6 8 0 . 0 1 7
0 ( 4 ) 0 . 0 9 3 0 . 0 2 6 0 . 0 4 9 - 0 . 0 0 6 0 . 0 0 3 0 . 0 0 9
0 ( 5 ) 0 .0 4 1 0 . 0 1 5 0 . 0 4 0 - 0 . 0 0 3 0 . 0 0 0 0 . 0 0 7
0 ( 6 ) 0 . 0 3 8 0 . 0 3 8 0 . 0 2 5 0 . 0 0 2 - 0 . 0 0 2 - 0 . 0 1 6
0 ( 7 ) 0 . 0 5 6 0 . 0 2 8 0 . 0 3 6 0 . 0 1 7 - 0 . 0 0 2 - 0 . 0 2 0
0 ( 8 ) 0 . 0 5 8 0 . 0 5 5 0 . 0 4 0 0 . 0 2 3 - 0 . 0 1 1 0 . 0 0 6
0 ( 9 ) 0 . 0 4 0 0 . 0 5 0 0 . 0 4 9 0 . 0 2 6 - 0 . 0 0 2 0 .0 4 1
0 ( 1 0 ) 0 . 0 2 1 0 . 0 5 3 0 .0 3 1 0 . 0 1 5 - 0 . 0 0 6 0 . 0 1 3
0 ( 1 1 ) 0 . 0 4 9 0 . 1 8 0 0 . 1 3 3 0 . 1 8 7 0 . 0 1 6 0 . 0 2 8
0 ( 1 2 ) 0 . 0 5 4 0 . 1 5 5 0 . 1 3 5 0 . 0 1 9 - 0 . 0 4 2 - 0 . 0 1 7
0 ( 1 3 ) 0 . 0 4 7 0 . 0 9 4 0 . 3 0 4 - 0 . 0 4 3 0 . 0 2 6 0 . 0 2 9
0 ( 1 ) 0 . 0 3 4 0 . 0 3 4 0 .0 3 1 - 0 . 0 2 0 0 . 0 0 5 - 0 . 0 0 1
0 ( 2 ) 0 . 0 4 9 0 . 0 6 1 0 . 0 6 3 - 0 . 0 2 6 0 . 0 4 6 - 0 . 0 5 8
0 ( 3 ) 0 . 0 8 2 0 . 0 6 9 0 . 0 4 5 - 0 . 0 6 1 0 . 0 0 9 - 0 . 0 4 2
0 ( 4 ) 0 . 0 2 4 0 . 0 2 0 0 . 0 2 7 0 . 0 0 5 0 . 0 0 9 0 . 0 0 1
0 ( 5 ) 0 . 0 2 8 0 .0 4 1 0 . 0 5 0 - 0 . 0 1 0 0 . 0 1 5 0 . 0 0 7
0 ( 6 ) 0 . 0 8 2 0 . 0 5 2 0 . 0 6 3 0 . 0 4 5 0 . 0 8 4 - 0 . 0 0 1
N( 1) 0 . 0 4 6 0 . 0 1 8 0 . 0 2 8 - 0 . 0 1 7 0 . 0 0 4 - 0 . 0 1 5
N(2 ) 0 . 0 3 3 0 . 0 2 8 0 . 0 2 7 0 . 0 0 5 0 . 0 2 6 - 0 . 0 0 3
N(3) 0 . 0 2 9 0 . 0 2 1 0 . 0 2 7 0 . 0 0 6 - 0 . 0 0 8 - 0 . 0 1 0

N(4) 0 . 0 2 8 0 .0 3 1 0 . 0 2 0 0 . 0 0 2 0 . 0 0 2 - 0 . 0 0 6
C u (1 ) 0 . 0 3 2 0 . 0 2 8 0 . 0 2 7 - 0 . 0 0 5 0 . 0 0 1 0 . 0 0 1

( b ) A v e r a g e e s t i m a t e d  s t a n d a r d  d e v i a t i o n s ( X 2 )

C 0 . 0 0 7 0 . 0 1 0 0 . 0 1 0 0 . 0 1 4 0 . 0 1 2 0 . 0 1 2
0 0 . 0 0 4 0 . 0 0 6 0 . 0 0 4 0 . 0 0 7 0 . 0 0 6 0 . 0 0 7
N 0 . 0 0 4 0 . 0 0 5 0 . 0 0 3 0 . 0 0 6 0 . 0 0 5 0 . 0 0 6

Cu 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1

* T h e se a r e  t h e v a l u e s o f  U . . i n e q u a t i o n  ( 5 )  ( S e c t i o n

1 . 1 . 4 ( b ) ) .
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APPENDIX I I  

EXPERIMENTAL

DINfl?RATOBIS(PYRIDINE)-ZINO(II)

P r e p a r a t i o n  o f  C r y s t a l s

Z i n c ( I l )  n i t r a t e  h e x a h y d r a t e  was d e h y d r a t e d  

by h e a t i n g  u n d e r  r e f l u x  i n  2 , 2 - d i m e t h o x 3̂ pro p an e  f o r  an  h o u r .  

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

and t h e  r e s u l t i n g  c o m p lex  was r e c r y s t a l l i s e d  f rom  e t h a n o l -
t

2 , 2 - d i m e t h o x y p r o p a n e  c o n t a i n i n g  a  l i t t l e  p y r i d i n e .  To 

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

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

c o l l o d i o n .

Cr y s t a l  D a t a

C10H1 o W n 
M = 3 4 7 . 4

M o n o c l i n i c

a  =  10 .2 7  +  0 . 0 3 ,  t> = 18 .93  +  0 . 0 3 ,  c = 16 .15  +  0 . 0 3  X ,  
P = 12 2 .8  + 0 . 2 ° ,  V = 1484 3? 

Dra = 1 . 5 3 ,  Z = 4,  Dc = 1 .55  

F( 0 00 )  = 704  

Space group P 2 . / n  ( e q u i v a l e n t  p o s i t i o n s ,  x ,  y,  z; 1 / 2  + 

x » 1 / 2  - y ,  1 / 2  +  z; - x ,  - y ,  - z ;  1 / 2  -  x ,  1 / 2  *  y ,  1 / 2  -  

z)
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Cu-K^ X - r a y s ,  = 1 .5 4 1 8  & 

y j i (C u -K a ) = 2 6 . 8  cm"”^

C r y s t a l l o g r a p h i c  M e a s u r e m e n t s

The u n i t - c e l l  p a r a m e t e r s  w ere  d e t e r m i n e d  f rom  

o s c i l l a t i o n  an d  W e i s s e n b e r g  p h o t o g r a p h s  t a k e n  w i t h  Cu-Ka
r a d i a t i o n ,  a n d  f ro m  p r e c e s s i o n  p h o t o g r a p h s  t a k e n  w i t h  Mo-K 

( ">v = 0 . 7 1 0 7  2 )  r a d i a t i o n .  The s y s t e m a t i c  a b s e n c e s  (OkO 

when k i s  o d d ,  hOC when h + 0 i s  odd )  u n i q u e l y  d e t e r m i n e  

t h e  s p a c e  g r o u p  a s  P 2 ^ / n .

1044 i n d e p e n d e n t  r e f l e c t i o n s  f ro m  t h e  r e c i p r o c a l -  

l a t t i c e  n e t s  0 - 6 k £  w e re  r e c o r d e d  on e q u a t o r i a l  and  e q u i -  

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

t e c h n i q u e  a n d  w e re  e s t i m a t e d  v i s u a l l y  by c o m p a r i s o n  w i t h  a  

c a l i b r a t e d  s t r i p .  A f t e r  c o r r e c t i o n  f o r  L o r e n t z ,  p o l a r i s a t i o n ,  

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

on an  o v e r a l l  s c a l e  by  c o m p a r i s o n  w i t h  v a l u e s  o b t a i n e d  f rom  

t h e  h0(> r e c i p r o c a l - l a t t i c e  n e t  r e c o r d e d  by p r e c e s s i o n  m e t h o d s .  

U n o b s e rv e d  r e f l e x i o n s  w ere  n o t  i n c l u d e d  i n  t h e  c a l c u l a t i o n s  

and a b s o r p t i o n  c o r r e c t i o n s  w ere  n o t  a p p l i e d .

S t r u c t u r e  D e t e r m i n a t i o n

The p o s i t i o n  o f  t h e  z i n c  a tom was d e t e r m i n e d  

from t h e  t h r e e - d i m e n s i o n a l  P a t t e r s o n  s y n t h e s i s ,  an d  t h e  

o t h e r  20 n o n —h y d r o g e n  atom p o s i t i o n s  w ere  r e v e a l e d  i n  t h e  

f i r s t  h e a v y —a t o m - p h a s e d  e l e c t r o n - d e n s i t y  d i s t r i b u t i o n .
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S e v e r a l  c y c l e s  o f  s t r u c t u r e - f a c t o r  and  e l e c t r o n - d e n s i t y  

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

R t o  0 . 2 5 .  D u r i n g  t h e s e  c a l c u l a t i o n s ,  an  o v e r a l l  i s o t r o p i c  

v i b r a t i o n  p a r a m e t e r ,  U. ( 0 . 0 6  X2 ) ,  was a s s i g n e d  t o  a l l  a t o m s ,
X i j O

and  t h e  d a t a  w e re  p l a c e d  on an a p p r o x i m a t e  a b s o l u t e  s c a l e  

by c o m p a r i s o n  o f  k r | F j  and  H | F C| f o r  e a c h  l a y e r .

S t r u c t u r e  R e f i n e m e n t

The l e a s t - s q u a r e s  r e f i n e m e n t  o f  p o s i t i o n a l ,  

t h e r m a l ,  and  s c a l e  p a r a m e t e r s  c o n v e r g e d  a f t e r  11 c y c l e s  

when R was 0 . 1 0 0  a n d  R* was 0 . 0 1 8 .  D e t a i l s  o f  t h e  r e f i n e 

ment a r e  g i v e n  i n  T a b l e  5 .  A f t e r  c y c l e  6 ,  t h e  d a t a  w ere  

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

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

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

a f t e r  c y c l e  6 n e c e s s i t a t e d  t h e  u s e  o f  t h e  b l o c k - d i a g o n a l  

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

c o m p u t e r - s t o r e  l i m i t a t i o n s .

I n  a l l  r e f i n e m e n t  c y c l e s ,  t h e  w e i g h t i n g  scheme 

g i v e n  a s  e q u a t i o n  ( 5 2 )  ( S e c t i o n  1 . 1 . 8 ( b ) )  was a p p l i e d  t o  

"the d a t a .  I n i t i a l l y  t h e  p a r a m e t e r s ,  p ,  w e re  c h o s e n  t o  

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

l a t e r  c y c l e s  a s  i n d i c a t e d  by  a  | F 0 | an d  ( s i n  f i / ' X  ) a n a l y s i s  

° f  H w A 2 . The f i n a l  v a l u e s  a r e  p^ 50 ,  p 2 0 . 0 1 ,  p^ 0 .0 0 1  

and p^ o .
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A d i f f e r e n c e  s y n t h e s i s  and  a  f i n a l  e l e c t r o n -  

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

r e v e a l e d  no e r r o r s  i n  t h e  s t r u c t u r e .  A l t h o u g h  t h e r e  w ere  

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

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

w i t h  a n y  a c c u r a c y ,  an d  t h e y  w e re  n o t  i n c l u d e d  i n  t h e  

c a l c u l a t i o n s .

I n  a l l  t h e  p r e v i o u s  s t r u c t u r e - f a c t o r  c a l c 

u l a t i o n s ,  t h e  a t o m i c  s c a t t e r i n g  f a c t o r s  w ere  t a k e n  f rom  

r e f .  2 1 2 .  The o b s e r v e d  and  c a l c u l a t e d  s t r u c t u r e  f a c t o r s  

a r e  l i s t e d  i n  T a b l e  6 .  The f r a c t i o n a l  c o o r d i n a t e s  o f  a l l  

n o n - h y d r o g e n  a to m s  a r e  g i v e n  i n  T a b l e  7 and  t h e  a n i s o t r o p i c  

t h e r m a l  p a r a m e t e r s  i n  T a b l e  8 .

The r e l e v a n t  i n t e r a t o m i c  d i m e n s i o n s  an d  some 

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

a r e  g i v e n  i n  S e c t i o n  I I . 1 . 4 .  The e s t i m a t e d  s t a n d a r d  

d e v i a t i o n s  r e c o r d e d  w e re  d e r i v e d  f ro m  t h e  i n v e r s e  o f  t h e  

l e a s t - s q u a r e s  n o r m a l - e q u a t i o n  m a t r i x ,  and  a r e  p r o b a b l y  

b e s t  r e g a r d e d  a s  minimum v a l u e s .
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C o u r s e  o f  r e f i n e m e n t

C y c l e s  P a r a m e t e r s  r e f i n e d

1 - 4  x ,  y , z , U.  f o r  Zn ,  N ,  0,  C;
“  “ I S O

l a y e r  s c a l e  f a c t o r s  k , uni t  

w e i g h t s ,  f u l l  m a t r i x

5 - 6  x ,  y ,  z ,  U.  f o r  Zn ,  N ,  0, C;— — —i s o

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

s c h e m e  a d j u s t e d ,  f u l l  m a t r i x

7 - 1 1  x ,  y ,  z ,  U . .  ( i ,  j_= 1, 2,  3) ------

f o r  Zn ,  N ,  0, C.  S m a l l  

a d j u s t m e n t s  to  w e i g h t i n g  s c h e m e .  

B l o c k  d i a g o n a l  a p p r o x i m a t i o n  to  

n o r m a l  e q u a t i o n  m a t r i x

F i n a l
R

0.  140

0.  136

0 . 100

F i n a l
R'

0. 0 3 5 2

0. 0301

0 . 0 1 8 2



Zn (]')/■')... ( '.Cl.),,

Observed and fincil-calci.il?1 ted structure amplitudes
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TABLE 7 

Z n ( p y ) 2 (fTO5 ) 2 

Atom p o s i t i o n s  ( f r a c t i o n a l  c o o r d i n a t e s )

x / a

Zn( 1) 0 . 2 7 9 6 4 ( 2 6 )
c 1) 0.0708 24
c 2) 0.0261 24
c 3) 0.1185 25
c 4) 0.2574 22
c 5) 0.2936 20
c 6) 0.1336 22
c 7) 0.0260 26
c 8) -0 .1000 25
c 9) -0 .1240 23
c 10) -0 .0101 23
0 1) 0.5780 22
0 2) 0.4502 14
0 3) 0.7024 17
0 4) 0.3865 16
0 5) 0.1654 19
0 6) 0.3335 18
N 1) 0.5777 20
N 2) 0.2939 17
N 3) 0.2087 17
N 4) 0.1147 14

l / jD v /c

0 . 1 3 4 4 8 ( 1 0 )  0 . 4 6 8 2 1 ( 2 3 )
0.1203 9) 0.0806 21
0.0934 11) -0.0881 21
0.0456 10) -0 .1068 20
0.0220 9) 0.0399 20
0.0488 9) 0.2068 19
0.2644 8) 0.5122 21
0.3032 9) 0.5308 25
0.2691 9) 0.5157 22
0.1930 9) 0.4711 23
0.1578 8) 0.4626 19
0.1261 9) 0.5440 23
0.2090 6) 0.5857 14
0.2203 7) 0.7025 18
0.0612 6) 0.6650 16
0.0078 7) 0.5008 18

-0 .0412 6) 0.7485 16
0.1849 8) 0.6133 19
0.0076 6) 0.6407 16
0.0973 6) 0.2278 15
0.1902 6) 0.4802 13



TABLE 8

Z n ( p y ) 2 (N05 ) 2

( a )  A n i s o t r o p i c  t e m p e r a t u r e  f a c t o r s  *

2 i i * 22 - 3 3 2—3 2 2231 2»12
Z n(1 ) 0 . 0 5 3 0 .0 5 1 0 .0 4 1 - 0 . 0 1 7 0 . 0 6 2 - 0 . 0 0 6
0 ( 1 ) 0 . 0 5 9 0 . 0 5 8 0 . 0 4 0 0 . 0 0 6 0 . 0 6 4 0 .0 0 1
0 ( 2 ) 0 . 0 4 8 0 . 0 8 2 0 . 0 4 4

N-'vO•C
0 . 0 6 0 - 0 . 0 0 2

0 ( 3 ) 0 . 0 6 7 0 . 0 9 3 0 . 0 2 6 - 0 . 0 2 6 0 . 0 7 0 - 0 . 0 1 9
0 ( 4 ) 0 . 0 5 0 0 . 0 7 0 0 . 0 3 9 - 0 . 0 4 3 0 .0 6 1 0 . 0 2 3
0 ( 5 ) 0 . 0 2 7 0 . 0 6 3 0 . 0 4 2 - 0 . 0 2 4 0 . 0 5 4 - 0 . 0 0 6
0 ( 6 ) 0 . 0 6 6 0 . 0 3 6 0 .0 5 1 - 0 . 0 0 3 0 . 0 8 0 - 0 . 0 0 6
0 ( 7 ) 0 . 0 8 2 0 . 0 4 2 0 .0 7 1 - 0 . 0 1 7 0 . 0 9 7 - 0 . 0 0 8
0 ( 8 ) 0 . 0 7 6 0 . 0 5 7 0 . 0 5 7 - 0 . 0 1 8 0 . 0 9 8 0 . 0 0 4
0 ( 9 ) 0 . 0 5 6 0 . 0 4 8 0 . 0 6 3 - 0 . 0 2 4 0 . 0 7 2 0 . 0 1 5
0 ( 1 0 ) 0 . 0 6 9 0 . 0 3 7 0 . 0 4 4 0 . 0 0 3 0 . 0 8 0 - 0 . 0 0 5
0 ( 1 ) 0 . 0 9 7 0 . 0 9 2 0 . 0 9 8 - 0 . 0 9 1 0 . 0 9 9 - 0 . 0 6 0
0 ( 2 ) 0 . 0 5 3 0 . 0 4 7 0 .0 5 1 0 . 0 1 5 0 . 0 6 7 0 . 0 0 5
0 ( 3 ) 0 . 0 6 2 0 .0 8 1 0 . 0 7 5 - 0 . 0 5 1 0 .0 8 1 - 0 . 0 3 2
0 ( 4 ) 0 . 0 6 0 0 . 0 5 5 0 . 0 6 8 0 . 0 0 7 0 . 0 6 6 - 0 . 0 1 6
0 ( 5 ) 0 . 0 7 2 0 . 0 7 2 0 . 0 6 4 0 . 0 2 0 0 . 0 4 4 - 0 . 0 1 6
0 ( 6 ) 0 . 0 9 9 0 . 0 4 2 0 . 0 5 7 0 . 0 1 6 0 . 0 9 7 - 0 . 0 0 1

N(1) 0 • 066 0 . 0 5 4 0 .0 6 1 - 0 . 0 1 1 0 . 0 8 9 - 0 . 0 1 2
N(2) 0 . 0 4 7 0 .0 4 1 0 . 0 4 4 0 . 0 0 5 0 . 0 5 7 0 . 0 0 5
N(3) 0 . 0 5 0 0 . 0 3 2 0 . 0 3 7 0 . 0 0 2 0 . 0 5 5 0 . 0 2 7
N(4) 0 . 0 3 0 0 . 0 3 3 0 . 0 2 2 - 0 . 0 0 7 0 . 0 4 2 - 0 . 0 0 7

0>) A v e r a g e e s t i m a t e d  s t a n d a r d  d e v i a t i o n s a 2)

Zn 0 . 0 0 2 0 .0 0 1 0 .0 0 1 0 . 0 0 2 0 . 0 0 2 0 . 0 0 2
C 0 . 0 1 4 0 .0 1 1 0 . 0 0 8 0 . 0 1 4 0 . 0 1 7 0 . 0 1 8
0 0 . 0 1 1 0 . 0 0 7 0 . 0 0 8 0 . 0 1 2 0 . 0 1 3 0 . 0 1 4
N 0 . 0 1 0 0 . 0 0 7 0 . 0 0 6 0 . 0 1 0 0 . 0 1 4 0 . 0 1 2

* T h e se  a r e  t h e  v a l u e s  o f  
1 . 1 . 4 ( h ) ) .

Ui3  l n
e q u a t i o n ( 5 )  ( S e c t i o n
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APPENDIX III 
EXPERIMENTAL

DIAQUQ[BISNITRATOBIS(PYRIDINE)] -NICKEL(Il)

Preparation of Crystals

C r y s t a l s  o f  N i ( p y ) ^(NO^) ^ (H ^ O )2 w e re  p r e p a r e d  

f rom  an  a c e t o n e  s o l u t i o n  c o n t a i n i n g  s t o i c h e i o m e t r i c  a m o u n t s  

o f  N i ( N O ^ ) 2E^0 and  p y r i d i n e .  The c r y s t a l s  a r e  b l u e  

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

p h e r i c  d e c o m p o s i t i o n  i n  t h e  X - r a y  beam, t h e  c r y s t a l s  w ere  

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

Crystal Data

C10HH - W Ji 
M = 3 5 8 . 9

M o n o c l i n i c

a  = 8 . 7 8 7  + 0 . 0 0 2 ,  b = 1 1 .7 2 5  + 0 . 0 0 5 ,  c = 7 . 5 4 8  +

0 . 0 0 2  i ,  p = 1 0 6 .9 4  + 0 . 0 2 ° ,  U = 744 ft5

Dm = 1 . 6 0 ,  Z = 2 ,  Dc = 1 .6 0 3

F ( 0 0 0 )  = 388

S p a c e  g r o u p  P 2 . / c  ( C ^ h ’ 110 f ro m  s y s 'tenla'fcic a b s e n c e s :

OkO f o r  k  o d d ,  h o e  f o r  i  odd 

Mo-K X - r a y s ,  >• = 0 . 7 1 0 7  8 

u . (M o-Ka ) = 1 4 . 0  cm-1
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Cr y s t a l l o g r a p h i c  M e a s u r e m e n t s

The u n i t - c e l l  p a r a m e t e r s  w ere  i n i t i a l l y  

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

t a k e n  w i t h  Cu-K^ r a d i a t i o n  ( 7 s  = 1 . 5 4 1 8  £ ) ,  and  f rom  p r e c e s s 

i o n  p h o t o g r a p h s  t a k e n  w i t h  Mo-K^ r a d i a t i o n .  T h e s e  w ere  

s u b s e q u e n t l y  a d j u s t e d  by l e a s t - s q u a r e s  r e f i n e m e n t  o f  0 ,

X > a n d  <f> s e t t i n g  a n g l e s  o f  t w e l v e  r e f l e c t i o n s  d e t e r m i n e d  

on a  H i l g e r  an d  W a t t s  Y 290 d i f f r a c t o m e t e r .

F o r  t h e  i n t e n s i t y  m e a s u r e m e n t s  z i r c o n i u m -  

f i l t e r e d  molybdenum r a d i a t i o n  was u s e d  and  2161 r e f l e c t i o n s  

w ere  c o l l e c t e d  by  u s e  o f  t h e  0 t o  20 s c a n  t e c h n i q u e .  Of 

t h e s e  some 1849 r e f l e c t i o n s  w ere  c o n s i d e r e d  o b s e r v e d  u s i n g  

t h e  c r i t e r i a  I  >  1 o ( l ) ,  w here  a  was d e t e r m i n e d  f ro m  c o u n t e r  

s t a t i s t i c s .  V a l u e s  o f  I  w ere  c o r r e c t e d  f o r  L o r e n t z -  

p o l a r i s a t i o n  e f f e c t s  b u t  no c o r r e c t i o n s  f o r  a b s o r p t i o n  

were  m ad e .

St r u c t u r e  D e t e r m i n a t i o n  and  R e f i n e m e n t

S i n c e  t h e  d e n s i t y  i n d i c a t e d  S=2, an d  a l s o  

t h e  d a t a  w e re  o b s e r v e d  t o  be s y s t e m a t i c a l l y  weak when 

k + t  = 2n ,  i t  was t h o u g h t  t h a t  t h e  n i c k e l  a to m s  w ou ld  o c c u p y  

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

by a  t h r e e - d i m e n s i o n a l  P a t t e r s o n  s y n t h e s i s ,  and  an  e l e c t r o n -  

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

t o  t h e  n i c k e l  a tom  r e v e a l e d  a l l  t h e  o t h e r  n o n - h y d r o g e n  atom
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p o s i t i o n s .  S e v e r a l  c y c l e s  o f  s t r u c t u r e - f a c t o r  an d  e l e c t r o n -  

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

r e d u c e d  R t o  0 . 2 7 .  D u r in g  t h e s e  p r e l i m i n a r y  c a l c u l a t i o n s  

an  o v e r a l l  i s o t r o p i c  v i b r a t i o n  p a r a m e t e r ,  U. ( 0 . 0 5  l ?' ) fISO
was a s s i g n e d  t o  t h e  a t o m s .

The l e a s t - s q u a r e s  r e f i n e m e n t  o f  p o s i t i o n a l ,  

t h e r m a l ,  a n d  s c a l e  p a r a m e t e r s  c o n v e r g e d  a f t e r  9 c y c l e s ,  v/hen 

R was 0 . 4 4  a n d  R1 was 0 . 0 0 5 .  A f t e r  c y c l e  5, a  d i f f e r e n c e  

F o u r i e r  s y n t h e s i s  was c a l c u l a t e d  w h ic h  r e v e a l e d  p o s i t i o n s  

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

w ere  r e f i n e d  u s i n g  i s o t r o p i c  t e m p e r a t u r e  f a c t o r s  ( f o r  d e t a i l s  

o f  t h e  r e f i n e m e n t  s e e  T a b l e  9 ) .

I n  a l l  r e f i n e m e n t  c y c l e s ,  t h e  w e i g h t i n g  scheme 

g i v e n  a s  e q u a t i o n  ( 5 2 )  ( S e c t i o n  1 . 1 . 8 ( b ) )  was a p p l i e d  t o  

t h e  d a t a .  I n i t i a l l y  t h e  p p a r a m e t e r s  w ere  c h o s e n  t o  g i v e  

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

l a t e r  c y c l e s  a s  i n d i c a t e d  by a  | F | a n d  ( s i n  0 / > )  a n a l y s i s  

o f  X w A ^ o  The f i n a l  v a l u e s  a r e  p^ 50 ,  p^  0 . 0 1 ,  p^ 0 .0 0 1  

and  p^ 0 .

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

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

c a l c u l a t e d .  T h e se  r e v e a l e d  no e r r o r s  i n  t h e  s t r u c t u r e .

I n  a l l  t h e  s t r u c t u r e - f a c t o r  c a l c u l a t i o n s ,  

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

212.  The o b s e r v e d  an d  c a l c u l a t e d  s t r u c t u r e  f a c t o r s  a r e  

l i s t e d  i n  T a b l e  10 .  F r a c t i o n a l  c o o r d i n a t e s  o f  a l l  n o n 

h y d r o g e n  a t o m s  a r e  g i v e n  i n  T a b l e  11 an d  a n i s o t r o p i c  t h e r m a l
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p a r a m e t e r s  i n  T a b l e  12.  The p o s i t i o n s  o f  t h e  h y d r o g e n  

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

T a b le  13 .

The r e l e v a n t  i n t e r a t o m i c  d i m e n s i o n s  and 

some c a l c u l a t e d  l e a s t - s q u a r e s  b e s t  p l a n e s  t h r o u g h  t h e  m o l e c u l e  

a r e  g i v e n  i n  S e c t i o n  I I .  1 . 6 .  The e s t i m a t e d  s t a n d a r d  

d e v i a t i o n s  r e c o r d e d  w ere  d e r i v e d  f rom  t h e  i n v e r s e  o f  t h e  

l e a s t - s q u a r e s  n o r m a l - e q u a t i o n  m a t r i x ,  and  a r e  p r o b a b l y  b e s t  

r e g a r d e d  a s  minimum v a l u e s .
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C o u r s e  o f  r e f i n e m e n t

C y c l e s  P a r a m e t e r s  r e f i n e d

1 - 3  x ,  y ,  z ,  U. f o r  N i ,  N ,  0, C;“  —i s o

o n e  o v e r a l l  s c a l e  f a c t o r  K. , un i t—k

w e i g h t s ,  f u l l  m a t r i x

4 - 5  x , y ,  z ,  U. f o r  N i ,  N ,  0, C;— — —i s o

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

s c h e m e  a d j u s t e d ,  f u l l  m a t r i x

6 x ,  y ,  z ,  U.  f o r  N i ,  N ,  0, C,  H;
— —i s o

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

s c h e m e  a d j u s t e d ,  f u l l  m a t r i x

7 - 9  x ,  y ,  z ,  U . .  ( i ,  j = 1, 2, 3) f o r  N i ,  
~  — ~ i j  “

N ,  0, C; x ,  y,  z ,  U. f o r  H; o n e
—  j -  —  —is o

o v e r a l l  s c a l e  f a c t o r ,  s m a l l  a d j u s t 

m e n t s  to w e i g h t i n g  s c h e m e ,  fu l l  

m a t r i x

F i n a l
R

0 . 1 0 0 3

0 . 0 9 3 4

0 . 0 8 7 9

0.  0 4 4 4

F i n a l
R'

0 . 0 1 2 1

0 . 0 1 0 6

0. 0 0 9 4

0 . 0 0 3 0
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Observed and final-calculated, structure amplitudes
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7 . 9  31 . 6  32 .2  
7 . 7  10 . 0  | 0 , 4  
7 -4  7 .2  4 .4

0 9 3*0 *0 ,0  
:  4 27 .0  20,1  
0 3 3 .4  - 3 . 4
r 2 2 6 .1  26 . 2
? 1 4 . 3  , 0 . 7

4 4 2 ! * 2 . 7  
4 2 12 .0  12 .6

0 - I  6 . 4  . 0 . 4
C -2  1 0 . 0  10 .3

4 0 2 I ! Q 20 ,4  
4 -1 3 . 0  2 .2

C - 4  14 .9  !5 I 5
C -5  3 . 7  9 . 4

4 -2  ? 7 , 9 2 4 .9  
4 - 1  14 ,2  - 1 4 . 0  
6 -4  14 .2  10 .3

0 -4  15 .7  ) 6 . 0  
0 -7  3 . 2  -3*9
0 - 4  10 .1 10 .2

4 - 9  19 . 3  19 .7
9 9 7 ,4  7 ,5  
4 3 2 9 . 4  29 .0

9 5 2 9 . 4  2 0 , 0 9 1 12 , 5  12 ,3

5 1 14I 0 20*0
9 2 12 , 0  - 1 2 . 7

4 -? M O  l iU

9 -1 40 .1  3 6 , 3  
9 - 2  9 ,1  - 4 , 5  
9 - 3  4 9 .7  4 4 ,2  
9 - 4  2 .1  - 3 , 4  
9 - 5  10 .6  16 , 4

7 - 4  4 . 3  . 0 . 6  
4 -4  2 2 . 9  23 .0  
9 - 6  11 .0  - 1 1 . 0  
9 -7  0 . 0  0 , 9  
0 -4  3 . 6  -4 .1

9 - 4  2 . 6  - 2 , 0  
9 . 7  19 , 8  19 .0  
5 - 4  7 . 0  7 .6  
9-1C 3 . 6  0 , 4  
4 6 11,1 10 , 4

9 7 4 , |  - 1 , 0  
6 4 6 .7  6 . 9
6 9 2*6 - 2 . 2  
0 4 13 , 7  14 ,0  
6 3 2* |  - 4 , 0

4 4 17 , 7  10 ,0  
4 4 3 ,7  4 .0
4 « 11 .9  11 , 0

e 2 16*1 10 ,4  
6 1 14 .5  14 .7  
6 0 3 4 . | 34 ,9

« 2 n\y 14*. 6

: i  ji :i
■ - 2  2 » . o  2 * 0
0 - 3  5 . 4  9 , 4  
9 -4  2 4 . 5  24 .6

4 . 2  4 7*2 4 9 , 6  
4 - 3  7 . )  » , «

1 -4  2 2 . 3  22 .5  
t  - 0  7 . 5  7 ,1

4 - 4  3 7 . 0  3 4 ,4  
• - 9  3 . 9  - 2 , 7  
4 - 0  14 . 2  14 , 0

1 - 4  2 , «  1 ,4

7 ! 1:1 W
« - 0  ? 7 I |  2 0 l 7  
4 - 4  3 . 3  2 , 6  
4 -10  | 0 . 3  9 , 3

7 9 | 5 . 2  10.9  
7 3 2 5 . |  29 . 4  
7 2 1 .4  2 ,6

3 7 7 , i  e , 3  
3 4 14 ,4  14 ,6  
3 9 14 ,4  19 .3

7 I 44*1 44*0  
7 0 21 . 1  2 0 ,0  
7 * |  4 6 .4  4 7 ,5

3 3 17 ,2  17 .7  
3 1 2 1 .4  ) 2 , 9

7 - 2  26*5  -24*2  
7 - 3  3 2 .2  32 . 0

3 -1 04 ,9  23 .3 7 -5  37 .0  37 , 0

1 - 3  3 4 .4  34 .7  
3 - 4  4 . 9  - 3 . 7

7 -7  14 .0  | 7 . 2  
7 - 0  2 . 5  2 . 0

3 *4 6 . 3  - 9 . 3  
J - 7  9 , 2  4 , 5

6 0 7 , 0  0 , 0  
4 7 3 , 2  - 2 . 0

3 -10  4 .3  3.1 4 9 4 . 3  - 4 . 0

2 0 10 . 4  11 ,2 * 3 14 .5  - 1 5 .2

2 1 3 .0  . 2 ! l  
2 2 2 4 . 0  29 .1

6 1 2 0  l . «  
4 0 2 4 .0  26 . 4

2 1 6 . 9  . 4 , 4  
2 0 10 ,2  16*4

6 -1 2 . 4  - 1 , 0  
6 -2  23 .2  22 , 4

2 -2  44 I 0 * 4 2 l l 4 - 4  14 . 3  10 « 9

2 -4  41 , 2  4 0 .4  
2 - 9  | 1,C -  10 . 4

6 - 4  6 .0  9 .1 
4 - 7  4 .0  9 , 4

2 - 4  2 4 .4  2 4 ,9  
2 *7  4 .0  9 .4

6 -0  4 .0  10 .2  
4 - 9  4 ,7  3 ,2

2 - 4  J . 9 3 .7 9 6 2 . 4  - 1 , 9

1 7 0 ,1 
1 4 10 .4  14 .2

5 1 92 .1  92 . 2  
9 0 2 1 .2  20 ,4

1 4 3 I 4 - 2 . 7 9 -2  5 .3  - 9 . "

1 2 'li! \ : i 5 -9  14 .4  16.9

1 0 >7*9 - 1 7 , 3  
1 - I  76 .9  7 4 .4

9 -7  | 6 *2  I*,® 
5 -4  3 . 0  3 ,4

1 - 2  12 ,3  11 ,6  
1 - 1  30 . 3  29 . 2  
1 —4 4 ,4  3 .0

5 - 9  6 , 3  0 .0
4 6 12 .1  | 2 . 0  
4 A 24 ,2  27 ,4

1 - 9  24 ,2  24 .6  
t - 4  6 . 0  . 4 . 2  
1 -7  9 . 5  9 .4

4 4 6 . 4  - 6 . 9  
4 4 9 . 0  }0 ,4  
« 3 3 , 4  2 . 1

1 - 4  12 . 4  12*5 
0 0 2 . 9  3 .5  
0 4 1 3 .6  14 . 3

« I 6 . 0  7 . 7  
« 0 5 9 .4  4 0 ,3  
« . 1  3 . 6  - 3 . 9

0 4 1 9 . 0  40 .7  
0 2 | 3 , 0  14 ,7  
0 0 12 . 3  . 1 1 . 2

4 . 2  50 .4  96 , 2  
« . 1  M . 9  - 1 9 . 3  
4 -4  25 . 2  2 6 .0

0 *2 7 . 0  7 ,9  
0 - 4  2 0 . 2  2 7 ,2  
0 - 6  1 0 ,0  30 . 4

4 -6  7 . 1  4 . 0  
4 -4  17 ,8  17 ,4  
4 .1 0  9 .0  4 . 7

0 - 10  9 ,1  6 , 9  
17 *2 3 . 4  . 0 . 0

3 6 3 .0  2 .7

15 2 4*0 - 4 , 9 3 « 12 . 1  13 .9

I f  - 1 a l l  9 , 4 3 3 4*6 —5,4

I f  - 3  M.O 11 .6  
14 4 4 . 3  | 0 , l 1 £ J*!J Ally

3 3 ,2  - 3 . 3 1 -1 72 . 2  *2 .4

M 1 3I 4  3 . 1  
14 0 9 . 4  9 , 4
14 . 1  ) , 9  9 . 9
14 -2  4 .0  10.1

3 - 3  4 4 .4  43 .7  
3 - 4  14*3 13.9  
)  - 9  19 .3  16 . )  
3 - 4  I t . *  12 .3

14 . 4  1 2 .4  12,1  
14 . 9  9 . 9  4 , 4
13 1 10,1  10 ,7  
13 2 4 ,9  9 , 0

4 -7  17 .4 10.2 
3 . 4  14 .1 - 1 3 . 4
3 - 0  0 . 9  9 . 7
3 -10  2 , 4  - 1 . 6

13 -1 14 , 6  | 4 . 9 > 0 10 .4  11 .0

11 - 1  2 » ! l  22 , 0 » • 9 . 4  - 9 . *

13 I f  4 ! *  " *  * 4 2 1 9 . 4  9 . 0

I i  4 6 , 0  9 , 4 2 1 «3*1 -41*9

•  6 10*1

. 4
12 . 0  
>2 -*  
II  - 7

! * •«  14 •
29*4 20.
22*1 2 I «

17 .5  14 . 2

10* I I •

12*1 12*2 
10*2 10, 7
J » , f  3 7 ,0  
19*6 30*8
3 | * 5  - 3 1 .1
32*2 . 3 2 , 2

3«0 . 1 , 4
31*1 3 2 ,0
14 .7  | 0 , «

* , 7  * , 2

11*9 12,1

15*0 ) » « ’
4*9 9 . 0
3*9 . 0 , *

13*2 10 ,0

4*4 . 3 , 0
11*0 H . 6  

3*1 . 3 . 1
14 . 7  19 , 0

2*4 *0 ,4
12*9 I3.U  
I J . I  * 1 3 , 0  
13*0 13.2

« , 4  - 0 , 0
I 4 . 0  14 ,2

19 ,3  19,0

9- 4  10 , 0

10 , 2  3 0 , 0

14.2  
10 , 1  
I * . 0

23 ,3
13.1
40 .2

2 2 . 3  

49 , 0

10 .3

13 .0  
43 .6  
30 ,9
4 9 . 0

14 , 0  10, 2

3 4 .2  4 t , 2

19 , 0  19,7

13 .2  . 1 2 , 9

23*7 . 2 2 . 2

3 0 ,4  3 0 . t

2 9 .6

I ’ . 2

12 . 3  * 1 3 ,3



TABLE 11

N i ( p y ) 2 (N03 ) 2 (H20 ) 2 

Atom p o s i t i o n s  ( f r a c t i o n a l  c o o r d i n a t e s )

x / a  y / b  z / c

Ni o .o ooo o( - ) O.OOOOO(-) O.OOOOO(-)
0(1) 0 .3525(5) 0 .0331(3) 0 .1484(6)
0(2) 0 .4998(5) - 0 .0 853 (4 ) 0 .2003(6)
0(3) 0 .5082(5) - 0 .2 019(4 ) 0 .1701(7)
0(4) 0 .3693(5) - 0 .2 597(3 ) 0 .0908(7)
0(5) 0 .2264(4) -0 .2 012(3 ) 0 .0449(6)
0( 1 ) 0 .0731(3) 0 .1101(2) 0 .2289(3)
0(2) 0 .1464(4) - 0 .0 183( 2) 0 .4465(4)
0(3) 0 .1438(3) 0 .1607(2) 0 .5159(3)
0(4) 0 .1069(3) 0 .1200(2) - 0 . 12 39 (4 )
N(1) 0 .1209(3) 0 .0819(2) 0 .3982(4)
N(2) 0 .2162(3) - 0 .0 891( 2) 0 .0726(4)



TABLE 12

N i( p ,y ) 2 (N03 ) 2 (H20 ) 2 

( a )  A n i s o t r o p i c  t e m p e r a t u r e  f a c t o r s  *

*11 *22 % 3 2*32 2*31 2*1 2
Ni 0 . 0 2 7 0 . 0 1 7 0 . 0 2 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
C(1) 0 . 0 3 6 0 . 0 3 0 0 . 0 4 6 - 0 . 0 0 5 0 . 0 2 3  - 0 . 0 0 6
C (2 ) 0 . 0 3 6 0 . 0 3 9 0 . 0 5 9 - 0 . 0 0 8 0 . 0 1 7  - 0 . 0 0 7
C(3) 0 . 0 3 3 0 . 0 4 0 0 . 0 6 6 0 . 0 0 4 0 . 0 2 3 0 . 0 1 3
0 ( 4 ) 0 . 0 4 0 0 . 0 2 8 0 . 0 7 8 - 0 . 0 0 8 0 . 0 2 1 0 . 0 0 9
0 ( 5 ) 0 .0 3 1 0 .0 3 1 0 . 0 4 8 - 0 . 0 0 9 0 . 0 1 5  - 0 . 0 0 4
0 ( 1 ) 0 .0 5 1 0 . 0 2 6 0 . 0 2 2 - 0 . 0 0 1 0 . 0 1 3 0 . 0 0 5
0 ( 2 ) 0 . 0 5 8 0 . 0 2 4 0 .0 4 1 0 . 0 1 2 0 . 0 2 6 0 . 0 1 7
0 ( 3 ) 0 . 0 5 4 0 . 0 2 5 0 . 0 2 6 - 0 . 0 1 2 0 . 0 1 5  - 0 . 0 0 4
0 ( 4 ) 0 . 0 4 5 0 . 0 2 4 0 . 0 2 8 - 0 . 0 0 1 0 . 0 2 8  - 0 . 0 1 2
N( 1 ) 0 . 0 3 0 0 . 0 2 3 0 . 0 2 6 0 . 0 0 1 0 . 0 1 6 0 . 0 0 1
N(2 ) 0 . 0 3 2 0 . 0 2 4 0 .0 3 1 - 0 . 0 0 4 0 . 0 1 8  - 0 . 0 0 4

(B) Mean e s t i m a t e d s t a n d a r d  d e v i a t i o n s  ( f t2 )

Ni 0 . 0 0 0 2 0 . 0 0 0 2 0 . 0 0 0 2 — — —

C 0 . 0 0 2 0 . 0 0 2 0 . 0 0 2 0 . 0 0 3 0 . 0 0 3 0 . 0 0 3
0 0 . 0 0 2 0 . 0 0 1 0 . 0 0 1 0 . 0 0 2 0 . 0 0 2 0 . 0 0 2
N 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 2 0 . 0 0 2 0 . 0 0 2

* T h e s e a r e  t h e v a l u e s  o f  U . . i nJ
e q u a t i on ( 5 )  (Se c t i o n

1 . 1 . 4 ( B ) ) .



TABLE 13

N i ( p y ) 2 (N05 ) 2 (H20 ) 2

H y d ro g en  p o s i t i o n s  * ( f r a c t i o n a l  c o o r d i n a t e s )  an d  i s o t r o p i c  
t e m p e r a t u r e  f a c t o r s  ( f t2 )

H( 1) C (1 ) 0 . 3 4 2 4 ( 5 4 ) 0 . 0 5 0 7 ( 4 1 ) 0 . 1 6 7 0 ( 6 3 ) 0 . 0 1 4 ( 1 2 )
H(2) C (2 ) 0 . 5 9 9 1 ( 5 5 ) - 0 . 0 3 6 3 ( 4 1 ) 0 . 2 5 8 1 ( 6 4 ) 0 . 0 1 9 ( 1 1 )
H(3) 0 ( 3 ) 0 . 6 1 3 9 ( 6 9 ) - 0 . 2 4 0 1 ( 5 1 ) 0 . 2 0 8 4 ( 7 8 ) 0 . 0 3 8 ( 1 5 )
H(4) 0 ( 4 ) 0 . 3 6 2 9 ( 6 1 ) - 0 . 3 3 4 8 ( 4 7 ) 0 . 0 5 5 2 ( 7 3 ) 0 . 0 3 7 ( 1 0 )

H(5) 0 ( 5 ) 0 . 1 2 9 3 ( 4 8 ) - 0 . 2 3 4 8 ( 3 4 ) - 0 . 0 1 0 1 ( 5 4 ) 0 . 0 1 6 ( 9 )
H(6) 0 ( 4 ) 0 . 0 8 3 4 ( 5 0 ) 0 . 1 2 3 4 ( 3 8 ) - 0 . 2 4 1 9 ( 6 5 ) 0 . 0 1 7 ( 1 0 )

H(7) 0 ( 4 ) 0 . 1 0 9 2 ( 6 5 ) 0 . 1 8 4 1 ( 5 1 ) - 0 . 0 9 9 0 ( 7 7 ) 0 . 0 4 0 ( 1 5 )

* H y d r o g e n s  a r e  b o n d e d  t o  a to m s  shown i n  s q u a r e  b r a c k e t s
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APPENPIX IV 
EXPERIMENTAL

PI NI T RAT0 T RIS ( P YRI PI NE) -GO BALT (II)t -CQPPER(II)t -ZINC(II) 

Preparation of Crystals

A l l  t h r e e  c o m p le x e s  w ere  p r e p a r e d  by m e th o d s  

w h ic h  h a v e  p r e v i o u s l y  b e e n  d e s c r i b e d  ( ^ 1 »  145,  170,  176,  179)

C r y s t a l s  w e re  o b t a i n e d  i n  e a c h  c a s e  f rom  1:1 e t h a n o l -  

2,  2 - d i m e t h o x y p r o p a n e  s o l u t i o n s  c o n t a i n i n g  a  s m a l l  am o u n t  o f  

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

w e re  e n c l o s e d  i n  t h i n - w a l l e d  g l a s s  t u b e s .

Cr y s t a l  P a t a

( I )  c 1 5 h 1 5 n 5 0 6 co

M = 4 2 0 . 3  

M o n o c l i n i c
*

a  = 1 2 . 5 8 4  + 0 . 0 0 5 ,  b = 9 . 4 3 5  + 0 . 0 0 4 ,  c = 1 6 .3 2 7  

+ 0 . 0 0 6  X, p = 1 0 9 .4 8  + 0 . 0 5 ° ,  U = 1828 2 3 

Dm = 1 . 5 1 ,  Z = 4 ,  Dc = 1 . 5 3  

F ( 0 0 0 )  = 860
r

S p a c e  g r o u p  C 2 /c  (Cph , No 15) f rom  s y s t e m a t i c  a b s e n c e s :  

t ik i  f o r  h  + k  o d d ,  h06 f o r  t  odd 

Mo-K X - r a y s ,  >  = 0 . 7 1 0 7  2 

u ( M o - K a ) = 1 0 . 2 4  cm
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( I I )  C15H1 5 .TJ50 6 Zn 

M = 4 2 6 . 7  

M o n o c l i n i c

a  = 1 2 . 6 0  + 0 . 0 3 ,  b = 9 . 4 0  + 0 . 0 3 ,  c = 1 6 .2 7  + 0 . 0 3  2 ,

p = 1 0 8 . 9  + 0 . 2 ° ,  U = 1823 2 3

= 1 . 5 5 ,  Z = 4 ,  Dc = 1 . 5 5  

F ( 0 0 0 )  = 8 7 2

S p a c e  g r o u p  C 2 /c  ( C , No 15)  f ro m  s y s t e m a t i c  a b s e n c e s

Cu-K X - r a y s ,  "X = 1 .5 4 1 8  2 a
u . (C u-K a ) = 2 3 . 2  cm-1

( i i i ) c 15h 15n5o6 cu 

M = 4 2 4 . 9  

M o n o c l i n i c

a  = 1 2 .7 8 3  + 0 . 0 0 6 ,  b = 9 . 1 9 9  + 0 . 0 0 5 ,  c = 1 6 .0 5 5

+ 0 . 0 0 8  2 ,  p = 1 0 8 .3 5  + 0 . 0 3 ° ,  U = 1792 2 3

Dffl = 1 . 6 3 ,  Z = 4 ,  Dc = 1 . 6 6  

F ( 0 0 0 )  = 868
r

S p a c e  g r o u p  C 2 /c  No 15)  f ro m  s y s t e m a t i c  a b s e n c e s

Mo-Ka X - r a y s ,  >  = 0 . 7 1 0 7  ft 

u ( M o - K a ) = 1 3 . 8  cm"1

Cr y s t a l l o g r a p h i c  M e a s u r e m e n t s

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

c o m p le x e s  w e re  i n i t i a l l y  d e t e r m i n e d  f rom  o s c i l l a t i o n  and  

W e i s s e n b e r g  p h o t o g r a p h s  t a k e n  w i t h  Cu-K^ r a d i a t i o n ,  and  

f rom  p r e c e s s i o n  p h o t o g r a p h s  t a k e n  w i t h  Mo-Kff r a d i a t i o n .



C o ( p y ) ^ ( N O ^ ) 2 ( I )  a n d  Cu(p tv ) ^ ( N O ^ ) 2 ( I I ) .

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

l e a s t - s q u a r e s  a n a l y s i s  o f  O , ^ ,  and  <p s e t t i n g  a n g l e s  o f  

t w e l v e  r e f l e c t i o n s  r e c o r d e d  on a  H i l g e r  and  V /a t ts  Y290 

f o u r - c i r c l e  d i f f r a c t o m e t e r .

F o r  t h e  i n t e n s i t y  m e a s u r e m e n t s ,  z i r c o n i u m -  

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

c o m p le x  2161 i n d e p e n d e n t  r e f l e c t i o n s  w ere  c o l l e c t e d  ( 1 5 7 8  

f o r  t h e  c o p p e r  c o m p le x )  by u s e  o f  t h e  0 - 2 0  s c a n  t e c h n i q u e .

Of t h e s e  some 1849 f o r  t h e  c o b a l t  co m p le x  ( 1 4 6 6  f o r  Cu) 

w e re  c o n s i d e r e d  o b s e r v e d  u s i n g  t h e  c r i t e r i a  I  ^ 1 o ( I ) ,  

w h e re  o was d e t e r m i n e d  f rom  c o u n t e r  s t a t i s t i c s .  V a l u e s  

o f  I  w e r e  c o r r e c t e d  f o r  L o r e n t z - p o l a r i s a t i o n  e f f e c t s  b u t  

no c o r r e c t i o n s  f o r  a b s o r p t i o n  w ere  m ade.

Z n ( p y ) ^ ( N O ^ ) 2 ( I I I ) .  A s m a l l  c r y s t a l  was 

m o u n ted  a b o u t  b a n d  1020 i n d e p e n d e n t  r e f l e c t i o n s  f rom  t h e  

r e c i p r o c a i - l a t t i c e  n e t s  hO-86 w ere  r e c o r d e d  on e q u a t o r i a l  

and  e q u i - i n c l i n a t i o n  W e i s s e n b e r g  p h o t o g r a p h s  by t h e  m u l t i p l e -  

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

w i t h  a  c a l i b r a t e d  s t r i p .  A f t e r  c o r r e c t i o n  f o r  L o r e n t z ,  

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

w ere  p l a c e d  on an  o v e r a l l  s c a l e  by c o m p a r i s o n  w i t h  v a l u e s  

o b t a i n e d  f ro m  t h e  hkO r e c i p r o c a i - l a t t i c e  n e t  r e c o r d e d  by 

p r e c e s s i o n  m e t h o d s .  U n o b s e rv e d  r e f l e c t i o n s  w e re  n o t  

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

were  n o t  a p p l i e d .
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St r u c t u r e  D e t e r m i n a t i o n  and  R e f i n e m e n t

( I I I )  The s t r u c t u r e  o f  t h e  z i n c  co m p le x  was s o l v e d

by  c o n v e n t i o n a l  P a t t e r s o n  and  e l e c t r o n - d e n s i t y  c a l c u l a t i o n s  

w i t h  i n i t i a l  p h a s i n g  b a s e d  on t h e  z i n c  a tom a n d  a s s u m i n g  

t h e  v a l i d i t y  o f  s p a c e  g r o u p  C 2 /c  ( T h i s  a s s u m p t i o n  

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

S e v e r a l  c y c l e s  o f  s t r u c t u r e - f a c t o r  an d  e l e c t r o n - d e n s i t y  

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

R t o  0 . 1 9 .  An o v e r a l l  i s o t r o p i c  v i b r a t i o n  p a r a m e t e r ,

( 0 . 0 6  I 2 ) was a s s i g n e d  t o  a l l  t h e  a t o m s .

The p a r a m e t e r s  o b t a i n e d  a t  t h e  end  o f  t h e  

r e f i n e m e n t  f o r  t h e  z i n c  co m p lex  w ere  u s e d  f o r  C o ( p y ) ^ ( N 0 ^ ) 2 

a n d  C u ( p y ) ^ (  ) 2 an d  s e v e r a l  c y c l e s  o f  s t r u c t u r e - f a c t o r

and  e l e c t r o n - d e n s i t y  c a l c u l a t i o n s  r e d u c e d  R t o  0 . 2 5  ( f o r  

Co) a n d  0 . 2 0  ( f o r  C u ) .

F o r  Z n ( p y ) ^ ( N O ^ ) 2 , t h e  c o r r e c t n e s s  o f  t h e  

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

s p a c e  g r o u p  Cc w h ic h  c o n v e r g e d  when R was 0 . 1 0  b u t  r e v e a l e d  

d i s t u r b i n g  d i s c r e p a n c i e s  in .  bond l e n g t h s ,  i n  p a r t i c u l a r  an  

a r o m a t i c  C-C b ond  d i s t a n c e  o f  1 . 7 3  ft. I n  c o m p a r i s o n ,  

r e f i n e m e n t  i n  s p a c e  g r o u p  C 2 /c  by f u l l - m a t r i x  l e a s t - s q u a r e s  

c o n v e r g e d  a f t e r  8 c y c l e s  w i t h  R 0 .1 1  an d  R f 0 . 0 2 3 *  The 

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

p r o d u c e d  by t h e  p r e v i o u s  r e f i n e m e n t ,  t h u s  j u s t i f y i n g  o u r  

c h o i c e  o f  t h e  l a t t e r  s p a c e  g r o u p .



- 1 2 1 -

( I )  & ( I I )  S t a t i s t i c a l  a n a l y s e s  o f  t h e  d a t a  f o r  ( I )

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

r e f i n e m e n t  i n  0 2 / c by f u l l - m a t r i x  l e a s t - s q u a r e s  c o n v e r g e d  

a f t e r  8 c y c l e s  i n  e a c h  c a s e  w i t h  R 0 . 1 2  and  R1 0 . 0 1 8  f o r  

Co, a n d  R 0 .1 1  an d  R ! 0 .0 2 1  f o r  Cu. Removal  o f  t h o s e  

p l a n e s  f o r  w h ic h  I  ^  2 o ( l )  l e f t  1104 (Co)  an d  1138 (Cu)  

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

t h e  f i n a l  p a r a m e t e r s  r e s u l t e d  i n  R 0 . 0 7 ,  R 1 0 . 0 0 8  ( C o ) ,  

and  R 0 . 0 8 ,  R f 0 .0 1 1  (Cu ) ( D e t a i l s  o f  t h e  r e f i n e m e n t s  a r e  

g i v e n  i n  T a b l e  1 4 ) .

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

schem e  g i v e n  a s  e q u a t i o n  ( 3 2 )  ( S e c t i o n  1 . 1 . 8 ( b ) )  was a p p l i e d  

t o  t h e  d a t a .  I n i t i a l l y ,  t h e  p p a r a m e t e r s  w e re  c h o s e n  t o  

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

i n  l a t e r  c y c l e s  a s  i n d i c a t e d  by  a  | F q | an d  ( s i n  0/~X ) a n a l y s i s  

o f  ^ w  The f i n a l  v a l u e s  a r e :  ( I )  p^ 100,  p 2 0 . 0 1 ,

p^ 0 . 0 0 0 1 ,  p^ 0 ;  ( I I )  p.| 50,  p 2 0 . 0 0 1 ,  p^ 0 . 0 0 0 1 ,  p^ 0 ;

( i l l )  p 1 50 ,  p 2 0 . 1 ,  p^ 0 . 0 0 0 1 ,  p^ 0 .

I n  a l l  t h e  s t r u c t u r e - f a c t o r  c a l c u l a t i o n s ,  

t h e  a t o m i c  s c a t t e r i n g  f a c t o r s  w e re  t a k e n  f rom  r e f .  212 .

The o b s e r v e d  an d  c a l c u l a t e d  s t r u c t u r e  f a c t o r s  a r e  l i s t e d  

i n  T a b l e s  15 ( C o ) ,  16 (Cu)  an d  17 ( Z n ) .  F r a c t i o n a l  

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

a n i s o t r o p i c  t e m p e r a t u r e  f a c t o r s  a r e  g i v e n  i n  T a b l e s  18 ( C o ) ,

19 (Cu)  a n d  20 ( Z n ) .

The r e l e v a n t  i n t e r a t o m i c  d i m e n s i o n s  an d  some 

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



a r e  g i v e n  i n  S e c t i o n  I I . 2 . 2 .  The e s t i m a t e d  s t a n d a r d  

d e v i a t i o n s  r e c o r d e d  w ere  d e r i v e d  f ro m  t h e  i n v e r s e  o f  t h e  

l e a s t - s q u a r e s  n o r m a l - e q u a t i o n  m a t r i x ,  a n d  a r e  p r o b a b l y  b e s t  

r e g a r d e d  a s  minimum v a l u e s .
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C o m p l e x  C y c l e s

Zn

Co

Cu

Z n

Co

Cu

Z n

Co

Cu

C o u r s e  o f  r e f i n e m e n t

F  in a l
P a r a m e t e r s  r e f i n e d  R

x ,  y ,  z ,  U.  f o r  M , N,  0, C;”  ~ i s o
l a y e r  s c a l e  f a c t o r s  f o r  Zn,  

o v e r a l l  s c a l e  f o r  Co and Cu,  

u n i t  w e i g h t s ,  fu l l  m a t r i x

0.  141  

0. 139  

0 . 1 5 6

x ,  y ,  z ,  U.  f o r  M, N ,  0, C;— j- — —lso
o n e  o v e r a l l  s c a l e ,  w e i g h t i n g  

s c h e m e  a d j u s t e d ,  f u l l  m a t r i x

0. 135  

0.  136  

0. 140

x ,  y ,  z ,  U . .  ( i ,  j = 1, 2, 3),_  j-  __ -
f o r  M, N ,  0, C; s m a l l  a d j u s t 

m e n t s  to w e i g h t i n g  s c h e m e ,  

f u l l  m a t r i x

0. I l l  

0. 123  

0. 114

p l a n e s  f o r  w h i c h  I ^  2cr ( I )  

r e m o v e d

F  in a l  
R'

0. 0 3 4  

0. 041  

0. 0 5 3

0. 028  

0. 025  

0 . 026

0. 023  

0. 018  

0 . 021

Co

Cu

0 . 0 7 2  0 . 0 0 8

0 . 0 8 1  0 . 0 1 1
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2-10 2*11

0 -6
0-10 
0-i7 
5 -2 
J •*
5 -5  
5 •*

1 -5  
3 -6
J - 7  
3 -7  
J - »3*ie
3*12 3* 13

M O
M t  M3 
M «  
* . 1  
4 *3

i  r  o e s  f

3 - 3  
3 - 4
3 - 5  
3 - 6  
3 - 7  
3 •  «
3 . «  
3 ,  10 
3 .  I I 
3 . 1 2  
3 -  1 4

I - 3
I - 4
1 -5 
1 * T j -o i • * 
i . i oi.i i 
1 * 1 2  I - I 3 1-1*5 
1 - 1 6  
l - | 7
e  - ?  e -4
S -5

7 -ft  
7 - 7  
7 - o

7 - 1 *
7 - 1 3

5 - 1 0
5 - 1 2
5 - 1 3

3-103-11
3 - 1 4
3 - J 6

CALC *  * I r  0 6 s f  CAl C M K L F 0 0 $ r c a l c M I r  0 0 s f w i u c

2 1 . ' 0 4 7 1 3 , 4 •  2 0 . 5 7 5 . 1 4 17 - 2 7 , 9 6 4 1 5 0 . 3 4 * » 3
0 4 6 0 . 6 •  1 1 . 1 7 5 - 1 5 15 •  6 , 4 6 4 0 2 0 . 2 2 4 , 0

•  1 2 • * 0 4 4 9 , 0 1 0 , 3 7 5 - 1 6 1 0 2 0 . 0 6 4 - 1 6 1 * 7 •  5 0 . 7
l a . a 0 4 3 4 6 . 2 •  4 9 , 4 7 J  •  J 7 5 2 , 3 6  4 - 2 4 . 2 0 * 5

0 4 2 4 , 0 - 7 , 3 7 3 12 10 0 •  1 0 , 2 6 4 - 3 3 9 . 0 4 1 , 3
1 3 * 6 0 4 1 1 0 . 9 2 1 . 5 7 3 11 1 4 0 •  1 2 ,  2 6 4 - 4 1 5 . 0 9 , 6

- 2 5 . 0 4 0 1 4 , 0 1 5 . 9 7 3 10 21 6 | 0 . O 6 4 - 5 6 5 * 4 - 6 4 . 0
- 1 6 . 5 0 4 - 1 2 5 , 3 •  2 6 , 3 7 3 9 10 | 5 , 6 6 4 - 6 1 0 * 6 - 1 9 . 2

1 6 . 3 0 4 . 2 1 4 . 7 • 1 0 . 0 7 3 0 3 - 9 , 4 6 4 - 7 7 0 . 2 6 0 . 3
I 6 « 0 4 - 3 3 7 , 6 4 0 ,  7 7 3 6 12 1 0 .  1 6 4 - 9 2 6 . 2 — 4 4 , 7

1 . 0 4 - 5 7 0 . 2 •  7 1 , 7 7 3 4 1 9 •  2 7 . 0 6  4 - 1 0 1 6 . 6 • 1 3 . 0
- 2 ’ . 0 4 - 6 1 2 , 5 - 1 7 . 5 7 3 3 19 •  2 1 * 9 6  4 - | l 1 3 . 6 • 1 2 . 4

3 . 0 4 - 7 5 2 , 0 5 0 . 6 7 3 2 19 2 2 , 0 6 4 - 1 2 1 6 * 2 2 0 . 5
J 3 . 0 0 4 - 0 6 . 3 - 4 , 7 7 3 1 0 1 3 , 3 6 4 - 1  3 4 5 * 9 - 4 5 , 2

• 1 3 . 0 4 - 9 2 4 , 2 •  2 5 , 0 7 3 - 1 10 6 , 9 6 4 -  |  4 1 1 * 5 •  1 2 . 7
•  9 . 1 0 4 - 1 0 1 0 , 0 •  1 6 . 0 7 3 - 2 41 4 1 , 0 6 4 -  I S 2 7 , 3 2 0 . 6
1 2 . 9 0 4 - M 3 2 ,  1 3 2 , 6 7 3 - 3 1 9 3 5 . 5 * 4 * | 6 1 0 . 9 0 . 5

- 1 3 . ' 0 4 - | 2 1 4 , 6 0 . 3 7 3 * 4 6 9 •  7 0 , 4 6 4 -  1 7 2 4 • I - 1 0 . 5
•  3 . 4 0 4 - 1 3 3 0 . 4 •  3 3 . 0 7 3 - 5 >5 •  2 5 . 0 9 2 12 1 9 . 0 • 2 9 . 2
31 . 2 0 4 -  | 4 1 1 . 7 - 7 , 0 7 3 * 6 4 4 4 0 , 2 6  2 | 0 1 0 * 0 2 0 . *

0 « 0 4 - 1 5 2 0 , 2 I T • 3 7 3 - 7 3 0 3 4 , 0 6 2 9 1 2 * 9 - 1 3 . 5
- 1 3 . 3 0 4 - 1 6 1 2 . 2 0 . 2 7 3 - 6 44 0 •  4 3 , 2 6 ? 0 1 4 . 2 • 1 2 . 2
- 1 5 . 6 0 4 - 1 7 1 7 , 7 - 1 4 , 1 7 3 - 9 1 4 5 2 . 7 6  2 7 1 6 * 5 1 6 . 6

1 2 . 3 0 2 11 1 3 , 2 7 3 - 1 0 10 3 , 5 6 2 6 1 6 . 6 2 4 . 4
• 3 0 . 3 0 2 10 1 7 , 9 1 5 , 1 7 3 - 1 2 0 0 •  1 7 , 0 6  2 4 1 7 . 6 - 2 0 . 9

4 2 . 4 0 2 9 1 1 . 4 3 , 3 7 3 . 1 3 13 6 •  4 , 4 6 2 3 1 4 . 2 1 7 .  3
5 . 0 2 0 2 4 , 2 - 2 1 . 4 7 3 - 1 4 10 2 1 * 0 6 2 2 0 1 * 6 5 0 , 6

- 2 2 . 7 0 2 7 9 . 3 9 , 3 7 3 - 1 5 14 5 1 4 , 6 6 2 1 1 2 * 0 4 , 5
1 3 . 0 0 2 6 2 4 , 3 2 1 , 0 7 3 - 1 6 16 9 •  1 0 •  7 6 2 0 9 9 . 5 • 9 0 . 0
1 7 , 7 0 2 5 2 3 , 3 •  2 1 . 3 7 3 * 1 7 6 •  9 , 7 6  2 - 1 3 3 * 9 3 4 . 7

• 1 6 . 0 0 2 4 3 1 . 4 •  2 0 . 0 7 1 1 1 1 4 0 1 6 , 3 6 2 - 2 0 | , 5 0 0 .  7
3 0 . 0 0 2 3 2 9 , 9 2 7 . 0 7 | 10 1 1 6 2 . 7 6 2 - 4 6 4 * 4 •  6 6  • 4
- 2 . 9 5 2 2 2 5 . 7 2 7 , 4 7 I 9 17 -  I 4 . 2 6 2 - 5 2 4 * 3 3 0 . 3

•  1 6 . 0 2 - 1 9 ,  1 1 2 , 6 7 1 7 3 0 9 3 3 . 5 6 2 - 6 7 7 . 7 7 6 . 1
•  5 . 5 2 - 3 1 5 , 2 - 1 5 , 0 7 1 6 3 4 •  4 0 . 9 6 2 - 7 0 7 . 1 3 2 . 9

9 * 0 2 - 4 7 0 .  1 - 6 9 .  1 7 1 5 4 9 0 •  5 1 . 7 6 2 - 0 4 0 .  1 • 4 6 . 9
1 » 0 2 - 5 3 4 . 6 3 1 . 6 7 I 4 4 1 7 , 4 6  2 - 9 2 6 * 3 2 6 , 5

- I  1 *7 0 2 - 6 0 1 . 6 0 0 . 4 7 1 3 11 9 2 0 . 9 6 2 - 1 0 1 7 . 0 1 2 .  1
•  7 , 9 0 2 - 7 2 2 , 9 - 2 7 , 0 7 1 1 3 0 3 •  4 0 . 9 6 2 - 1 1 2 3 . 0 - 2 6 .  7
1 5 , 2 0 2 - 0 2 7 , 3 - 2 2 . 7 7 I 0 4 7 4 7 . 6 6  ? M 2 2 3 . 3 • 2 3 . 6
2 7 , 2 0 2 - 9 2 2 , 6 2 2 . 2 7 1 • 01 9 5 4 , 3 6  2 - 1 3 1 0 , 0 1 6 . 4

• 2 7 , 3 0 2 - 1 0 2 0 , 4 1 9 . 7 7 1 - 2 5 3 •  2 , 6 6 2 - J 4 3 1 . 5 3 5 . 5
- 1 . 6 0 2 - 1  I 1 4 , 0 1 1 . 2 7 1 - 3 0 6 9 •  5 9 * 7 6 1 - 1 6 2 5 *  1 • 2 6 . 5
1 6 . 0 0 2 - 1 2 2 7 , 9 - 2 0 . 4 7 1 * 4 15 I 3* 5 6 2 -  J 7 1 0 * 6 7 , 6

-  | 0 . 6 0 2 - 1 3 1 9 , 0 2 0 . 4 7 |  - 5 9 5 1 0 2 . 7 6  2 - | 0 4 * 9 1 1 * 7
• 1 0 . 7 0 2 - 1 4 9 , 0 1 1 . 1 7 1 - 7 4 0 6 •  3 7 . 1 6 0  14 1 5 * 6 •  7 . 3

4 . 0 6 2 - 1 5 2 4 , 0 •  2 6 , 5 7 |  - 0 9 5 •  9 . 9 6  0  10 2 2 * 1 - 2 5 . 2
6 , 0 0 2 - 1 6 1 7 . 3 - 1 6 . 0 7 |  - 9 15 1 1 . 3 6  0  0 0 0 * 2 3 0 . 2

• 2 0 . 5 0 2 - J 7 6 , 0 7 , 2 7 1 - 1 0 5 0 •  9 . 6 6  0 6 3 9 * 9 - 3 9 , 4
• 3 | , V 0 2 - | 0 9 , 3 1 0 , 6 7 l - M 3 5 4 •  4 0 . 4 6  0  4 2 9 . 4 2 9 , 3

4 0 , 0 0 0 10 0 , 6 •  0 . 3 7 1 - 1 2 2 4 2 3 . 0 6 0  2 4 9 . 0 • 4 5 . 0
1 9 , 3 0 0 6 4 3 , 0 •  4 6 , 2 7 1 - 1 3 3 5 5 3 3 . 4 6 0 0 7 3 . 4 6 7 . 3

- 4 2 , 6 0 0 4 5 5 , 5 6 0 . 3 7 1 - 1 4 10 •  1 5 , 5 6  0 - 2 3 9 * 4 - 3 7 . 0
4 , 0 0 2 3 3 , 0 •  3 7 , 0 7 1 - 1 5 3 0 9 •  3 0 * 4 6  0 - 4 0 0 * 3 5 3 , 0
7 . 9 0 0 0 > 2 , 5 5 2 . 2 7 1 * 1 7 16 2 1 0 * 1 ♦ 0 - 6 3 0 * 6 • 3 2 . 0

3 4 , 6 0 0 - 2 3 0 , 5 •  3 4 , 0 7 i *  i a 10 2 . 3 6  0 - 0 1 9 * 2 - 1 0 . 4
• 2 7 , 4 0 0 - 4 7 4 , 7 0 0 . 6 7 | - 1 9 0 0 •  6 . 9 6 0 - 1 0 0 4 . 0 - 0 7 , 0

- 9 , 7 0 0 - 6 6 9 , 6 • 7 1 , 7 6 | 0  0 10 1 3 , 3 6  0 - 1 2 6 3 * 1 6 5 . 0
1 7 , 7 0 0 - 0 5 9 , 5 6 1 . 4 6  } 0  - 2 15 •  1 3 . 9 6  0 * 1 4 2 2 * 9 • 1 0 . 3

- 1 1 . 2 0 0 - 1 0 2 2 . 2 • 2 0 , 4 4^ . 10  O 14 6 •  0 , 0 6  0 - 1 6 2 7 . 0 2 7 . 3

11 4 - | 1 6 . 9 10 6 - 9 *0 9  3 - 1 7 1 3 * 2 • 1 . 9 6 0 - 1 2 2 3 . 2 2 . 0 6 10  - 4 1 9 * 4 1 9 . 9 4  0 - 1 0 1 4 , •  7 . 7
11 4 . 2 . 0 10 6 - 1 1 9 I 9 0 . 4 •  I . e 6 0 - 1 4 S 3 . •  5 3 . 0 6 10  - 5 0 . 0 •  0 . 9 5  9 4 7 , - 4 . 3
U 4 - 3 10 6 - 1 2 9  |  6 3 * 6 1 3 , 1 0 0 - 1 6 4 0 . 4 3 * 6 4 10  •  6 I 6*  6 • | 4 « 1 5  9 5 9 . 1 0 ,  f
11 4 . 4
11 4 -5

10
10

6 - 1 3  
4 7

9 1 5
9 1 3

1 1 .  0
3 6 * 9

• 2 3 . 6  
3 7 ,  V

0 0 - 1 0  
7 9 3

4 ,
9 ,

- 1 5 . 1  
•  1 0 . 4

4 0 6 
4 0 4

a o .  1 
2 2 . 9

1 4 * 9
•  2 2 . 2

5 9  3 
5 9 1

2 2 .
13*

• 1 9 , 1
• 1 3 . 7

11 4 - 6 10 4 6 9 1 2 2 5  • 0 • 2 6 , 0 7 9  2 T , •  4 , 2 6 6 3 9 . 5 •  9 . 0 5 9 1 1 9 . 1 0 . 9
|1 4 -7 10 4 5 9 1 1 3 9 . 6 - 4 2 , 2 7 9  1 6 . 1 0 . 3 6 0 2 3 4 , 5 3 0 . 0 5  9 0 1 5 . 1 3 . 4
l! 4 . « 2 0 . 0 10 4 4 9 1 - 2 1 2 . 2 9 .  | 7 9 - 1 1 6 . •  1 3 . 0 4  1 1 9 .  7 | 2 . 0 5 9 - 1 5* - 1 0 . 9
11 4 . 9 10 4 3 9 J - 3 2 5  . 2 • 2 3 . 6 7 9 - 2 9 . •  1 6 .  7 6 6 0 1 4 . 3 •  2 0 .  1 5 9 - 2 12* - 1 2 . 4
11 4.10 10 4 2 9 I - 4 1 6 . 7 1 0 .  1 7 9 - 3 1 4 . 1 4 .  1 3 5 . 2 •  3 6 . 7 14* 1 7 . 9
11 4-11 10 4 -  I 9  |  - 5 3 9 . 5 4 4 , 0 7 9 - 4 1 . 1 3 . 3 1 6 * 3 1 9 . 1 9 . 4 . 2
11 4-13 10 4 - 3 9 I - 6 1 0 . 5 1 9 , 7 7 9 - 5 2 6 . • 2 0 . 4 3 3 . 6 3 5 . 1 5 9 - 9 16* • 2 1 * 6
11 i  5 10 4 - 4 9 1 - 7 0 6 * 4 • 5 5 .  1 7 ♦ - 6 1 0 . - 3 . 0 J 9 . f •  2 9 . 4 5 9 - 4 13* • 1 * 1
11 1 3 10 4 - 5 9 1 - 0 1 0 * 0 M . 6 7 9 - 7 1 0 . 1 4 . 4 1 4 . 0 - 1 4 . 9 14* 1 5 . 6
12 2 1 10 4 - 6 9 |  - 9 2 3 . 7 2 6 , B 7 9 - 6 6 . 7 . 2 4  6 * 6 4 0 .  1 3 5 , 9 5  9 - 0 t o * 1 3 . 3
12 2 0 10 4 - 7 9 1 •  |  0 0 * 9 | 3 . 0 7 9 - 9 2 2 , •  1 4 ,  2 6 . 0 0 . 5 5 9 - 9 12* •  9 . 2
12 2 - I 0 4 - 6 9 } - l l 1 4 . 7 • 2 1  . 4 7 7 0 3 , •  6 . 1 ' 4  0 * 6 1 6 . 5 •  2 2 . 0 5  7 9 1 3 . - 1 0 . 7
12 2 - 2 10 4 - 9 9 1 -  1 2 1 6 * 2 •  | 0 ,  4 7 7 7 6 , 4 . 6 1 6 , ) - 1 0 * o 5 7 7 4 , 1 0 , 6
12 2 . 3 10 4 - 1 0 9 I -  |  3 1 0 . 7 1 0 , 0 7 7 6 4 , 9 , 7 4 6 - 1 0 1 5 . 6 1 S .  2 5 7 6 1 3 . - 1 0 , 1
12 2 . 4 0 4 - 1 1 3 , 0 9  |  -  |  4 0 , 9 •  4 ,  | 7 7 5 9 , - 5 . 0 4 6 - 1 1 5 . 4 1 3 . 6 5 7 5 > 1 * • 1 0 . 4
>2 2 . 5 1 4 . 0 10 4 -  1 2 9 1 - 1 5 3 0 . 6 • 2 7 , 0 7 7 4 6 . •  2 . 3 4 0 - 1 2 1 9 ,  2 •  I 4 « 0 5 7 4 13* •  1 1 . 6
12 2 - 6 t o 4 - 1 3 9 1 •  I 6 1 2 , 9 0 . 2 7 7 3 3 1 . 2 0 * 4 4 0 - 1 3 1 5 . 0 •  I 4 ,  0 5 7 3 1 0 . 2 2 . 4
12 2 . 7 10 4 - 1  4 9  ! • (  7 1 3 . 3 1 4 . 7 7 7 2 1 4 , - 4 , 7 6 4 11 1 6 * 3 1 3 . 9 5  7 2 11* 1 3 . 3
12 2 - 9 10 4 . 1 5

2 7
0 0 4 1 5 * 0 • 1 3 . 6 7 7 1 > 3 . - 2 3 . 9 4 4  9 1 9 •  0 •  2 2 , 0 5  7 I 1 3 . 0 . 2

12 2*10 10 6 1 3 1 5 * 2 -  1 1 . 0 7 7 - | 1 3 . 1 1 . 2 6 4 0 7 . 7 •  |  2 .  0 5 7 0 1 3 . - 2 . 2
12 2-11 0 2 6 0 0 2 2 0 * 1 1 3 . 1 7 7 . 2 1 3 , 1 3 . 9 4 4 7 1 2 . 2 1 9 ,  0 5 7 - 2 1 5 . 1 7 ,  5
12 2 . | 2 0 2 5 0 6 1 5 , 9 5 , 1 7 7 - 3 6 . 6 . 6 6 6 6 9 . 1 7 . 9 5 7 - 3 1 7 . - 1 2 , 0
12 2- )3 2 2 . 0 0 2 4 0 0 0 10* 1 • 1 5 , 1 7 7 - 4 1 9 , - J 9 . 0 4 6 5 1 7 .  0 •  1 9 , 2 5 7 - 4 1 0 . 2 * 7
12 2*| 4 0 2 3 7 , 8 0 0 - 1 7 . 5 •  6 . 6 7 7 - 5 1 4 . 1 6 . 6 4 6 3 5 6 * 3 5 3 . 5 5 7 - 5 1 9 . 2 0 .  7
12 2-15 0 6 0 - 2 9 . 7 1 3 . 9 7 7 - 6 1 3 . 1 1 . 4 6 6 2 1 0 * 1 •  1 6 .  4 5 7 - 4 0 . •  4 , 3
12 0 4 < 6 , 0 0 2 0 0 0 - 3 2 0 . 3 1 0 , 0 7 7 - 7 2 4 . • 2 1 . 0 6 6 t 3 6 . 2 •  3 7 , 0 3 7 - 7 2 0 , - 2 4 . 2
12 0 2 0 2 •  1 0  0 * 4 1 6 . 9 - 1 7 , 0 7 7 - 0 3 , •  7 , 3 4 6 0 3 0 . 5 •  3 2 . 1 5 7 - 0 0 . •  0 . 9
12 0 0 0 2 - 3 0  0 - 5 2 5 * 0 - 2 1 . 1 7 7 - 9 1 7 . 1 5 . 4 6 4 - 1 > 6 . 6 > 9 . 4 5 7 - 9 1 9 . 1 7 . 2
12 0 -7 4 6 , 0 0 2 - 4 0 0 - 6 1 9 , 1 1 2 . 3 7 7 - 1 1 1 3 . •  0 .  1 6 4 - 2 3 7 . 7 3 5 . 2 3 7»  1 0 1 0 . 4 , 2
12 0 , 4 > 3 . 0 0 2 - 5 6 1 - 7 3 4 . 5 2 1 . 1 7 7 - 1 2 1 1 . - 7 . 3 6 4 - 3 1 5 , 9 •  2 0 . 4 5 7 - 1 1 1 5 . 4 , 0
12 0 . 6  
12 0-10

10
0

2 - 6  
2 - 7

6 > « 0  
0 0 - 9

1 6 . 1
1 5 * 4

• 1 7 , 1  
-  1 6 . 2

7 7 -  |  3
7 7 - 1 4

1 5 .
9 ,

1 3 . 0
| 0 . 9 6  6 - 3

( 9 . 3
4 5 . 0

•  2 1 . 4  
4 5 . 0

5 7 - 1 2  
5  7 - J 3

11 • 
1 9 .

- 0 . 7
1 4 . 2

12 0-12
0 2  - 0 0 0 -  1 0 6*  1 1 1 . 5 7 5 10 2 4 , - 1 9 , 3 3 4 , C •  3 2 . 3 3  7 - 1 5 t o * • 1 1 , 6

12 0-14
12 0 - | t

3 1 . 0 10
0

2 - 1 0
2 - 1 1

0 0 - 1 1
6 6 6

1 0 . 0
5 * 0

1 *4 
•  3 . 3

7 5 9
7 5 0

5 ,
1 7 ,

0 . 2
1 0 . 0

1 4 * 4
3 1 * 1

I 4 .  0
31 *0

5 5 12
5 5 11

12* 1 4 , 0
3 . 7

11 7 e
11 7 10

0
2 - 1 2
2 - | 3 6 . 0

0 6 ? 
6 0 6

1 2 * 7  
1 1*9

| 3 ,  0 
1 0 , 7

7 5 7
7 3 6

1 1 .  
1 2 , •  1 2 . 1

4 4 - 1 0
6 6 - 1 1

2 3 . 0
2 0 . 5

2 4 . 3
•  2 2 . 3

3 5 10 
3  5 9

2 3 *
0 .

- 2 4 . 2  
•  1 . 7

11 7
0 0 6 > 1 . 6 •  2 0 . 4 7 3 5 1 2 , •  1 3 . 0 6 6 - 1 2 1 2 . 2 •  1 1 . 1 5 5 0 2 2 * 2 2 , 2

II 7 
II 7 
n  7 - 6
II 7
H 7 . 0
>2 5 4
11 3 2
!! 5 1
11 3 0 
‘I 3 - j

10
10
10
10
10
10
10
10
10

2 - 1 5
2 - 1 6
2 - 1 7  
0 6 
0 6 
0 4
0 2 
0 0 
C - 2

4 * 0 0 6 4 
0 6 3 
0 6 1 
6 6 - 1  
0 6 - 3  
0 6 - •  
6 6 - 6  
0 6 - 7  
0 6 - 9

3 . 2  
2 9 .  1 
< 0 * 2  
3 4 , 9  
1 8 .  1 
< 8 * 4  
1 6 * 0  
1 5 . 6  
2 2 . 0

1 . 3  
2 7 . 2  

- 1 4 . 5  
2 6 .  1 

- 2 5 .  7 
2 3 . 3  

▼. 1 
- 2 1 . 0  

2 1 . 0

7 5 4 
7 3 3 
7 3 2 
7 5 1 
7 3 0 
7 5 - 1  
7 5 - 2  
7 3 •  4 
7 3 - 4  
7 3 - 7

3 1 ,  
1 6 .  
3 9 ,  
1 9 ,
3 2 ,  

0 .
3 2 ,  
3 7 ,  
47  ,  
1 2 .

3 7 . 4  
- 2 5 . 0  
•  6 2 .  1 
- 1 2 . 9

3 2 . 4  
9 , 0

- 3 1 . 6  
3 0 .  1 

•  4 7 , 0

4  4 - 1 3  
6 6 - 1 4
6 6 - 1 3  
6 6 - 1 6  
4 4 12 
4 4 11 
4 4 10 
6  9 
6  4 0 
6 4 7

3 4 . 0  
0 *1

1 6 . 3  
4 . 4  
7 . 0

2 4 . 0
1 6 . 0  
I 0 •  0
1 6 . 3  
» 3 . 7

3 1 . 5  
•  3 . 0  

•  1 0 . 0  
1 * 4  
6 , 0  

•  2 6 . 0  
- 7 . 2

0 . 4  
•  1 3 . 9

5 5 7 
5 0 6
5 5 5 
5 1 4 
3  3  3 
5 3 2 
5 5 1 
3 3 0

6*
39*
11*
4 4 .

3*
7 $ .
1 7 .
3 0 .

0 .
9 9 .

•  1 0 . 0
- 3 0 . 4  

•  9 ,  1
4 3 .  1 

1 * 0
•  7 4 . 6

1 4 * 9
3 4 . 4  
- 6  ,  7 

- 3 7 , 0
' I 5 • 2
II 3 -4 
H 9 - 5

3 6 , 0

10
10
10

0 - 4  
0 * 6
0 - 0

0 6 -  1 2 
0 6 - 1 3  
0 6 - 1 6

1 6 . 7
2 3 . 9

1 5 . 5  
1 9 . U

7 5 - 0  
7 5 - 9
7 5 - 1 0

5 0 ,
1 6 .

0 .

4 9 . 0
- 1 3 . 5
- 1 0 . 2

6 4 6
6 4 3 
6 4 4

2 . 9  
1 0 . 0  
1 1 *4

•  3 . 5
1 6 . 9
| 6 * 6 i i

4 3 ,
1 0 ,
6 7 .

4 2 . 3  
•  9 3 , 6  
- • 3 . 6

II 5 - 6 1 0 0 - 1 0
1 7 ,  2 7 3 - 1 1 1 7 , - 1 9 . 0 6 4 3 6 0 . 3 - 4 3 . 1 1 0 . 0 , 0

II 9 . 7 1 0 
10

0 - 1  2 
0 - M 0 4 0 5 . 0 2 , 3 7 5 - 1 2 3 2 . 3 0 . 9 4 4 2 3 3 . 1 •  2 0 . 5 3 3 - 0 4 3 * 6 3 * 7



M 4 L f  o e s r  c * i C * «• I r  o a s  r * l r 0 83 9 £*LC

4 . 4 3 *4 1*4 f t - l f t 3 7 - 1 2 9 . 3 - 4 , 0
9 - 1 0 3 3 * 0 • 3 0 , 8 4 13 1 2 . 2 • 0 3 7 . 1 3  1 • 2
4*1 1 - 2 3 . 7 4 12 1 4 , 8 3 7 -  1 4 1 1 . 4
9 -  1 2 2 7 , 0 2 9 ,  1 4 I 1 I 3 5 1* 1 3 . 1 • 1 1 . 9
4» I 3 - 8 ,  1 3 9 . 5 3 5 13 1 3 . 4 •  6 . 3
4 -  1 4 • 3 8 . 8 4 8 1 9 , 0 3 * 12 9»0 8 . ?
4 - 1 4 3 . 7 4 7 21* 1 3 5 ( 1  f t , 7 3 . 1
4 . | * I 8 ,  3 4 6 2 9 , « - 3 5 | 0  3 f t . 0 • 3 4 , 0
4 - 1 7 - 9 ,  ft 4 5 3 1 , 4 3 5 8 9 0 . 2 4 ft .  0
3 1 4 1 1 . 7 4 4 2 3 . 9 3 !  ? 1 0 * 5 2 1 . 8
3 13 8 , 4 3 7 9 , 2 3 5 6 I • 5 - 3 0 . 6
3 12 - 1 3 . 0 4 2 3 5 5 • 8 - 3 . 4
3 10 2 1 . 2 4 1 1 0 3 * 6 3 5 4 2 • 5 2 1 . 1
3 ♦ . 3 . 8 4 0 3 3 .  | 3 5 1 ,  7
3 8 - 9 , 4 • * 4 0 3 5 2 4 • 7 -  4 ft ,  0
3 ft 8 .  3 4 • 1 8 .  | 3 9 1 7 , 2 8 . 0
3 9 8 . 0 4 • 4 0 . 2 3 5 0 * 0 . J 5 2 , 0
3 3 8 ,  ft 4 * 1 3 * 2 3 5 . 1  > 2 . 2 • 3 3 . 4
3 2 9 0 , 4 4 . 4 9 8 , 7 3 9 . 2  ? 4 • 0 • 7 3 . 7
3 1 9 3 . 2 4 -ft 3 0 , 0 3 5 . 3 « 1 2 . 9
3 0 - * 9 . 0 4 - 3 1 . 7 3 5 . 4  2 8 . C 3 0 . 0
3 - 2 9 4 . 2 4 - A 3 0 , 9 3 9 - 9  4 3 , 3 4 7 . 4
3 - 3 • 1 f t . 4 • 6 9 , 4 3 5 - 6  6 4 . 7 • 6 4 . 9
3 - 4 - 2 0 . 9 4 . 1 0 < N 9 3 5 . 7  | f , 8 • 1 9 , 9
3 *5 - 2 8 . 4 .  1 I 2 3 . f t 3 5 - 8  8f t , f t 6 9 . 9
3 -ft 4 7 . 8 4 . 1 2 1 2 . 8 3 5 - 9  l f t . 0 - 1 3 . 0
3 - 7 2 1 . 1 4 . 1 3 2 7 . 0 3 5 - 1 0  4 • ft • 4 9 . 8
3 - 8 3 1 , 0 - 2 9 * 8 4 - 1 5 2 7 , a 3 5 - 1 1  ! . 8 1 . 8
3 - 1 0 1 9 . 7 4 . 1  6 f t . 2 3 5 - 1 2  1 . 0 ft • 9
3 - 1 2 1 8 , 0 - 1 4 , 4 4 . 1 ? 1 1 . 2 3 9 - 1 4  1 2 . 8 • 1 9 , 8
3 - 1 3 •  8 , 4 . 1 8 1 5 . 4 3 5 - 1 *  S . 3 3 . 8
3 - 1 4 2 * • 9 2 14 1 6 . 3 3 9 * 1 6  1 ) 4 .  ft
3*19 J 8 . 9 2 14 9 , 2 3 3 14 1 4 . 0 7 . 3
3 - 1 * - 1 8 . 9 2 P 1 2 . 2 3 3 13  1 • 8 - 9 . 6
3 - J 8 1 2 . 4 2 12 2 0 , 2 3 3 12 1 5 . 4 • 1 3 . 1
1 13 - 1 8 . 9 2 1 1 2 3 . 5 3 3 I I  1 9 . 8
1 12 9 . 2 2 10 P , 1 3 3 10 2 3 . 1 2 9 . 3
1 1 1 3 2 . 0 2 9 1 2 . 4 3 3 9 I ft • 8 1 7 . 5
1 10 - I B . 2 a 1 9 , 9 3 3 8 1 4 . 9 • 1 9 . 9
1 ♦ 4 0 , 0 • 3 8 , 6 2 7 1 * . 7 3 3 1 •  9 •  9 . 6
1 8 1 5 , 4 2 ft 2 8 , 5 3 3 ft 2 9 . 9 2 9 . 8
1 9 •  4 6 , 4 2 4 1 4 ,  ft • 3 3 8 8 5 . 7 ft 2 . 2
1 4 6 2 . 7 2 4 6 4 . 2 3 3 4 7 9 . 9 - 7 7 . 0
1 3 7 2 . 0 2 3 6 2 . 7 3 3 e • 9 1 1 . 9
1 2 • 3 1 . 0 2 2 1 4 1 , 3 3 3 11* , 9 1 0 9 . 6
1 1 1 2 | ,  ft - 1 2 3 , 3 2 1 1 9 , 3 3 3 1 3 0 . 1 2 5 . 3
1 0 • 2 1 . 0 2 0 1 3 6 . 0  • 3 3 0 3f t .  1 - 3 8 , 7
1 - 1 8 7 , 2 *1 1 2 , 0 3 8 * t  8ft . 0 - 9 3 ,  1
1 - 2 * 4 , 0 •  f t ? , 5 2 - 2 1 0 , 7 3 3 - 2  89 . 0 •  1
1 - 3 - 3 2 . 5 2 •  3 3 8 , ft 3 3 - 9  1 8 . 7 1 9 , 1
1 - 4 •  1 0 . 2 2 • < 6 0 . 2 3 3 - f t  82 a 9 2 . 8
1 - 5 4 8 , 3 2 - 4 1 3 . 6 3 3 - 7  20 . 2 2 6 , 7
1 -ft • 2 4 . 8 2 - 6 ft f t .O 3 3 - 8  4ft • 2 •  4 7 , 4
1 - 7 • 7 9 . 3 2 - 7 7 5 , 4 3 3 - f  3Q . 3 • 3 1 . 0
1 - 8 5 7 . 2 *8 3 7 , 3 3 3 * 1 0  3ft • 3 3 9 , 0
1 • » f t f t«0 ft9 ,  9 2 - 8 1 7 , 4 3 3 - 1 1  2? , 8 2 8 . 5
1 - 10 • 5 6 . 2 . 1 0 •  9 , 8 3 3 - 1 1  1 | . 2 •  8 .  1
1- 1 1 - 6 8 . 6 2 - 1  1 1 4 , 8 3 3 - i 3  n • 8 1 3 . 2
1 - 12 2 1 . 0 2 . 1 2 2 3 . 7 3 9 - | 4  3ft , 0 3 3 . 8
1 - 13 2 4 . 1 2 * 1 3 1 4 , 7 3 3 - 1 5  T . 0 1 9 . 8

1- 19 2 9 * 2 •  2 5 . 4 2 . 1 4 2 0 . 3 3 3 - 1  ft
1*17 2 3 , 0 2 - 1 6 3 3 , 3 3 3 - P
1- 18 . 4 , 6 2 - 1 8 1 7 , 8 3 3 - 1 8
1 - 18 - 1 0 . 2 0 14 3 1

1C 4 1 5 . 0 0 12 4 9 , 1 3 1
10 2 2 1 , 0 - 2 0 . 9 0 10 4 4 . 3 1
10 0 1 6 . 9 o a 1 7 . 7 3 1
10 - 2 - 1 2 . 6 0 ft 4 2 . 4 3 1 1 9 , 0
10 - 4 1 7 ,  0 0  4 9 8 , 0 3 1
10 -ft •  i e . 0 0 2 9 2 , 9  . 3 1
10 - 7 - 7 , 4 0 0 4 3 , 8  4 3 1
10 . 8 1 3 . 8 0 - 2 3 0 , 4 3 1

1 10 1 4 . 2 0 - 4 4 9 , J 3 1
a 9 6 . 0 0 - 6 2 0 0 , 5  • 3 1
a a - 1 3 . 2 0 - 8 1 1 1 . f t 3 1
a 7 •  4 . 0 .  10 2 9 , 5 3 ( • 0
a * 1 7 . 2 0 . 1 2 2 0 , 0 3 1 1 1
9 4 - 2 2 . 3 0 - 1 4 1 3 . 8 3 1
a 3 - 4 6 . 4 0 - l f t 1 5 , 7 3 1 , 0
a 2 3 0 . 3 c -  l a 2 0 * 2 3 1
a i 2 4 . 2 9 9 1 4 , 2 3 1
9 0 - 2 7 . 5 9 8 1 0 , 9 3 1
« - l * 1 7 , 9 9 ft 1 2 . 4 3 1 1
a - 2 3 7 , 8 9 9 1 9 . 4 3 1 I
a - 3 1 5 , 7 9 4 2 0 , 6 3 1 1
a - 4 - 2 4 . 8 9 3 1 8 , 5 3 1
a . 9 - 1 8 . 0 9 t 3 2 . 7 3 1
8 *6 3 3 . 9 9 - 1 2 0 . 9 3 1 - 1 0
a - 7 J 8 . 6 9 - 2 3 1 - 1 1
6 . 8 - 2 4 . 1 9 •  3 2 0 . 9 3 1 - 1 3
a . 8 - 2 0 , 8 9 - 4 1 3 , 7 3 1 - 1 4
a - i o 1 5 . 1 9 . 5 1 9 ,  o 3 1 - 1 9
8 - 11 1 0 , 6 9 - ft 3 1 - 1 ?
a - 1 2 - 1 8 . 2 9 • ? 2 2 . 7 3 1 •  1 •
8 - 1 3 • 1 3 . 3 9 . 8 | 3 , f t 2 10
a 12 •  6 , 3 9 . 9 1 3 . 4 2 10
* 10 8 , 0 - 5 , 5 9 . 1  I 2 10
ft 8 2 3 , 0 • 2 3 . 6 ? I 1 I 3 . 3 2 10
ft 8 1 1 . o 7 9 2 3 . 8 2 10
ft 7 31 . 5 7 8 1 4 , 5 2 10
ft 9 • 3 6 . 6 7 7 2 3 . 0 2 t o
ft 4 3 1 , 0 - 3 1 . 8 7 ft 1 6 . 6 2 10 - 1
* 3 4 8 ,  1 7 5 1 6 . 3 2 10
ft 2 1 2 . V 7 4 2 7 . 4 2 10
ft 1 - 3 3 . 5 7 3 1 0 . 5 2 10
ft *1 4 6 . 2 7 2 4 2 . 4 2 10
ft - 2 1 0 , 0 •  4 , 6 7 1 3 4 .  1 2 10
ft - 3 - 3 4 . 9 7 0 1 2 10
ft •  4 •  8 . 7 7 - I 2 9 . 4 2 10
ft - 9 4 4 . 0 ? . 3 1 3 . 4 2 8 1
ft - 7 * 3 . 0 - 6 5 . 9 7 - 4 1 3 . 9 2 8
ft - a - 1 0 , 9 7 . 4 1 1 . 7 2 8
ft - 8 5f t .  1 7 -ft 2 1 . 2 2 8
f t - U - 1 5 . 6 7 - 7 ) ft .  4 2 8
♦ • 1 2 • 1 6 . 2 ? - 8 2 3 . 9 2 8
* • 1 3 3 1 , 9 7 . 9 2 3 . 4 2 8
f t - 14 •  4 . 9 7 . 1 0 2 8
ft- 19 - 1 3 . 5 7 . 1 1 2 8

e o
•  . 4
a
a • *
a . 7  
a * s  
a . f  
•-to 
a - u  
0 - | 2  
a* i 3

ft *8  
ft - ♦  
6 - 1 0  
ft-1 I
6 * 1 7  
f t - | 3  
* • 1 4  
* - | 5  « 1* 
4 19

4 . 9  
4 - f t  
4 - 7  
4 - 8  
4 • *  
4 * 1 0  
4*  | 1 
* • 1 3  
4 * 1 4  
4 * 1 9  
4 * 1 *  ♦ •I*1 1 ft2 14 I 12

2 - 7  
2 • »  
2 - ♦  !• 10 
2« 11 
2 *1 2  
2 . 1 3  
2 * 1 4  
2 * 1 9  
2 - 1 *  
2 - 1 8  0 1* 
0 14 0 12

0 8 8  r  CALC H 4 L C*LC M K t t 0 *5 r CALC

4 2 , 4  4 0 . 8 2 0 - 2 1 1 4 ,  9 1 3 * 1 8 1 3 « 4 1 2 . *
1 2 . 7  7 , 5 2 0 *4 3 J  7 ,  4 1 1 1 7 1 4 . 6 • 1 6 , 9
3 1 . 1  - 2 9 , 3 2 0 - f t 5 . 7  • 1 9 >•  6 1 16 t | . f t * ,  7
1 2 . 9  * 1 3 ,  3 2 0 - 8 7 2 , 0 1 13 1 2 . 2 1 3 . 8
1 4 . 2  | 3 . 6 2 0 . 1 0 •  3 5 . 6 1 M 1 8 . 2 1 1 . 2
1 9 . 4  2 0 . 4 2 0 * 1 2 2 2 . 9 1 13 U * 3 3 . 6
1 0 . 8  ♦ 1 0 * 2 2 0 - 1 4 •  4 0 , 7 1 1 1 2 10* 9 - 5 . 2
1 7 , 9  - 2 2 . 8 2 O- l f t 3 9 . 9 1 1 1 1 4 f t . 4 4 9 , 9
1 9 , 1  I 6 ,  4 2 0 - 1 # •  1 8 . 2 1 10 1 0 * 3 •  9 , 4
1 4 , 1  1 4 , 0 1 1 1  2 •  3 . 1 1 9 •  9 . 7 • * l  . 4
2 7 , 8  - 2 9 . 8 1 1 1  1 •  1 4 ,  2 1 8 < 4 . | • 2 4 , 5

7 , 9  - 1 4 , 4 1 1 1 - 1 1 9 • 9 1 7 * 1 . 8 5 3 . 3
2 1 • 8 2 1 . * 1 1 1 - 3 - 1 2 . 5 1 ft •  5 . 9 9 5 .  1

ft • 7 1 , 4 1 9 10 •  9 . 9 1 9 8 . 9 - J 4 . 9
1 3 . 2  - 4 , 1 t 9 9 2 4 . 8 1 4 9 7 . 6 - 9 7 , f t
2 0 . 2  - 2 1 . 0 1 9 8 9 . 2 1 3 * 4 . 7 - e 9 , 6

9 , 4  - J l . 2 1 9 7 •  2 4 . 8 1 1 2 •  4 . 7 9 7 , 7
2 0 . 7  1 0 . 4 1 9 ft - f t . O 1 1 1 * 8 , 7 • 1 9 9 . 9
2 5 , ?  2 2 . 0 1 9 9 2 1 . 2 1 0 4 3 . 2 6 4 . 9
1 4 , 4  - 1 3 . 2 1 9 3 •  2 6 . 9 1 1 - 1 1 4 f  * ft 1 4 9 . 0
3 7 , 3  - * 0 , 0 1 9 2 •  0 . 9 1 - 2 0 7 . 4 - 4 2 , 4

3 , 6  4 , 1 1 9 I 3 8 .  1 1 . 3 •  3 . 7 - 8 7 , 7
2f t . f t  2 4 , 5 I 9 0 - I . * 1 1 - 4 30*  1 - 2 9 , 0
1 9 , 8  - 4 , 9 1 9 • ) •  2 4 , 4 1 1 - 5 1 0 . 2 9 , 0

6 . 4  2 . 6 1 9 - 2 - 2 2 . 8 1 - ft * 4 . 4 6 8 . 6
4 3 . 8  4 4 , 0 1 9 - 3 1 3 . 2 I 1 - 7 * 2 , 9 • 5 3 . 6
1 9 . 8  - 1 f t . * 1 9 *4 8 . 8 1 1 *9 1 7 . 7 1 9 .  t
3 9 . 1  * 4 1 , 4 1 9 - 9 - 2 1 , 2 1 I •  10 1 8 . ) 1 6 . 9
3 1 , 7  3 1 , 1 1 9 *7 3 0 , 2 1 l - M 4 0 , 4 • 3 1 . 9
4 | , 5  4 2 , 5 I 9 - 0 •  2 , 3 1 1 - 1 2 1 4 , 2 - 2 4 . )
2 1 . 9  • 1 9 , 2 1 9 - 9 - 2 8 . 0 1 1 - 1 3 i j . 4 1 1 . )
6 4 , 3  * 6 9 , 7 1 9 - | l 1 5 , 3 1 l - M 12* 9 • 1 1 . 0
2 f t , I  - 2 0 . 0 1 7 | 3 •  1 1 . 8 1 1 - 1 9 3 2 * 0 - 2 9 , 9
4 ? , 3  5 2 . 1 1 7 11 1 4 , 9 1 l - | 7 10*1 1 2 . 4
1 2 , 6  - f t . f t 1 7 10 3 3 , 7 1 1 - 1 8 9 , 9 - 1 , 9
4 1 , 5  - 4 3 . 2 1 7 9 •  9 , 8 0 | 0  8 1 7 , 7 1 7 , 8
1 5 , 9  | 3 . 4 1 0 •  3 1 . 7 0 10 ft 1 3 . 0 • 1 4 , 2
4 5 , 3  4 4 , 7 1 7 •  1 . 7 0 10 9 1 0 . 0 • 4 , 6
1 2 . 8  -  1 5 , 8 1 ft 2 7 , 4 0 10 4 1 I ■ 7 1 3 . 7

9 , f t  • 7  ,  8 1 3 • 1 4 . 4 0  i d  3 1 3 . 0 I * .  •
5 , 0  - 7 , 7 1 4 - | * . C 0 18  2 2 I • 3 -  1 9 ,  2

1 4 , 1  1 2 , 8 1 7 3 3 1 . 7 O l d  1 0 . 5 - 1 1 . 8
3 . 4  6 . 9 1 2 4 3 . 5 o i p o 1 3 . 7 2 3 . 8

1 8 , 9  - 1 7 , 7 1 I - 3 1 . 4 0 8 12 5 . 6 - 4 , 9
9 , 1  f t . l 1 o - 3 9 . 9 0  8  10 1 4 . 3 l i . l

1 4 , 3  - 1 1 , 1 1 7 * 1 2 2 . 4 0  0 9 I f t . 9 2 6 . 0
1 8 . )  2 1 . 3 1 - 2 9 3 . 5 0 0 8 1 7 . 1 •  1 7 . 2
2 0 , 1  1 7 . 7 1 - 3 • 2 0 . 7 0 8 7 1 9 . 8 • 1 2 , 1
2 8 , 7  - 2 8 . 0 1 *4 •  2 4 , 0 0 8 ft 1 0 . 3 1 8 . 8
1 5 , 8  - 2 2 . 3 1 - ft 2 4 . 6 0 0 9 0 . 5 2 . 9
5 1 , 9  5 9 , 4 1 - 7 •  3 0 . 4 0  8 4 1 2 . 8 - 1 2 , 0
2 5 . 6  2 3 . 3 |  - 8 •  2 9 . 0 0  8 3 1 7 . 0 •  1 4 , 9
9 2 , 4  - 9 9 . 9 1 - 9 1 7 , 3 0  0 1 1 7 . 4 9 , 9
7 f t , 9 0 0 , 4 1 7 - 1 0 2 1 . 8 0 8 1 2 2 * 0 2 2 , 8
1 6 , 9  1 4 . 1 1 7 , 1 1 •  0 , 0 0 8 0 1 9 . 0 - 2 3 .  1
♦ 2 . 9  . f t 4 , 1 1 7 * 1 2 •  8 . 4 0 6  19 i o « * 1 3 . )
19«f t  2 2 . 1 1 7 -  I 4 , 9 , 7 0  6 14 1 0 . 8 •  9 . 7

1 0 3 . 9  1 0 1 . 0 1 14 * 1 0 . * 0 ft | 3 1 0*6 •  2 0 . )
4 5 , 5  4 9 , 6 1 9 13 •  1 . 0 0  6 ( 2 3 . 9 4 . 2

1 1 7 , 4  . » | ? , 0 1 U 2 8 . 7 0 ft |  1 1 8 . 2 1 0 . 2

3 8 , 6  - 3 9 , 4 1 9 11 2 2 . ) 2 3 , 1 0  ft , 0 3 . 9
4 3 . f t  4 2 , 9 1 10 3 0 . 7 - 2 7 , 3 0 ft 9 - 2 1 . 9

7 2 , 2  7 2 . 1 1 9 S. f t - 4 , 9 0 6 0 1 4 , 9

2 7 , 5  - 2 8 . 0 1 5 8 3 2 . 9 2 9 , 3 0 6 ? 2 4 . )
3 3 . 2  • 4 0 , 6 1 9 ft 1 3 * 3 •  6 . 1 0 1 6 •  1 2 . 0
9 3 . 1  9 7 , 1 1 9 5 1 4 , 4 - I t . ) 0 ft 9 •  p . o

2 0 , 5  I 2 , • 1 9 4 2 7 . 0 3 0 , 4 0 6 4 3 6 . 4
9 6 . 4  - 5 7 . 9 1 9 3 9 . 7 •  1 3 . 1 0 6 3 3 9 . 2

7 . 2  - | 0 . 1 1 9 2 0 2 . 9 •  6 1 . 9 0 6  2 • 2 7 . 0
3 9 , 9  3 9 , 6 1 9 1 20  . 2 •  1 ? . * 0 ft 1 •  7 2 , 9

2 0 . 7  - 2 5 , 3 1 5 0 1 0 . ) 3 0 . 4 0 4 | T 1 2 . 4
1 1 . 4  4 , 8 1 5 - 1 7 2 . 6 7 2 , 1 0 4 16 9 . 0

2 2 . 9  2 0 . 0 1 5 - 2 •  9 . 2 •  8 6 , 1 0  4 19 - 2 0 . 3
1 4 , 1  16 , 9 1 9 « 3 4 2 . 1 •  4 3 . 8 0 4 14 •  1 0 . 7

1 1 , 0  • 2 1 . 3 1 5 - 4 4 1 . 4 4 2 . 0 0  4 13 2 7 . 0

1 5 - 5 2 9 . 2 2 3 . 2 0 4 , 2 2 7 . 6
9 , 0  - 2 , 6 1 5 - 6 •  7 . 2 •  3 9 , 2 0  4 11 - 3 9 , 6

2 0 . 3  - 2 1 . 2 1 9 • • 3 2 * 8 3 9 . 8 0 4 10 •  4 , 9
2 1 , 7  J 5 , 9 1 5 • ♦ •  • 8 •  2 , 2 0 4 9 7 0 . 0
1 7 , 2  1 3 , 7 1 4 - 1 0 1 4 . 9 - 2 9 , 8 0  4 0 •  9 , 9
4 4 , f t  - 4 3 . 9 1 5 - 1 4 1 4 • 7 •  1 9 , 3 0 4 7 •  7 0 , 3
5 2 , 0  - 5 4 , 5 1 5 - 1 * 1 0 . 7 1 7 , 2 0 4 6 •  8 , 6
2 8 , 3  3 0 , 4 1 3 17 1 1 . ft •  0 . 9 0 4 9 4 ft • 4

7 1 ,  5 7 4 , 7 1 3 Ift 1 2 . 9 — |  0 ,  3 0 4 4 3 2 . 9
9 , 6  —0 . 9 1 3 M 2 0 . 7 9 , 8 0 4 3 , 1 ) 8 . 9

9 1 , 1  • 8 6 . 9 1 3 13 9 . 4 | 3 . 0 0 4 J • 4 3 . 0
4 9 . 6  4 4 . 4 1 3 12 | 0 . 7 •  8 . 8 0  4 1 • 0 * 3 .  1

3 3 , 2  • 2 4 . 9 1 3 11 1 9 , 9 •  2 1 . 0 0 4 0 9 | . 8
9 8 * 5  « 7 9 , f t 1 3 10 •  4 . 1 3 4 , 4 0 2 10 6 . 9

1 ? 1 , )  - 1 f t )  1 1 3 9 1 9 ,  | 2 C . 8 0 2 I 7 - 1 1  . 2
4 9 , 0  • 3 7 , 3 1 3 8 9 4 . 4 •  0 0 . 2 0 2 1ft - | 3 . 8

8 . 9  2 .  1 1 3 7 3 0 , 3 •  3 9 , 4 0 2 | 9 1 4 . 9

1 3 1 . 2  - 1 2 6 . 8 1 3 ft 2 9 , 2 3 6 . 0 0 2 4 0 . 9

5 8 . 0  5 7 . 1 t 3 5 1 4 . 8 1 7 ,  3 0  2 | 2 - 3 f t . f t

8 3 . 7  8 1 . 3 1 3 4 •  7 , * •  3 5 * 8 0 2 1 1 2 9 . 6
4 0 . )  —4 4 , 5 1 3 3 1 5 . 0 •  1 9 , 7 0 2 , 0 4 6 .  4

4 0 , 9  • 5 1 . * 1 3 2 7 0 . 0 7 1 . 2 0 2 9 • 9 2 , 0

2 3 . )  2 1 . 9 1 3 1 2 5 , 7 3 2 , 7 0 2 0 •  7 0 .  1
3 5 , 4  3 6 . 2 1 3 0 6 1 . ft •  7 0 , 4 0 |  7 9 2 . 2

7 . 0  0 . 7 1 3 1 11* 9 •  D . ) 0 2 5 5 . 4
) 9 « ft * 3 9 , 9 1 3 - 2 3 8 . 4 2 9 , 8 0  2 4 4 I t •  7 6 . 9

1 0 , ft 1 0 . 9 1 3 • ) 1 5 ,  0 1 8 . 9 0 2 3 •  6 ,  1

l f t . 5  1 0 , 1 1 3 —4 2 1 . 3 - 2 9 . 0 O i l •  3 . 7

1 7 , 4  - 2 0 . 7 |  3  *5 9 9 . 2 •  4 0 ,  1 0  2 1 , 4 0 0 . 9

2 5 , 2  - 2 4 , 7 1 3 - f t 4 3 . 7 4 1 . 9 0 2 0 . 0 - 8 3 . 9

1 3 - 7 2f t .  1 2 7 , 4 0 0 18 - 2 2 . 1

3 7 , 0  ) 5 , 3 1 3 - 8 6 0 , ) •  9 9 , 4 0 0  16 3 9 .  1

1 3 , 7  • 1 1 . 7 1 3 - 9 3 . 4 6 , 4 O 0 M - 2 0 . 7

5 5 , 3  5 3 , 6 1 3 - 1 0 4 3 . 2 4 8 , 9 0 0 12 6 9 . 8

1 3 - 1 1 4 0 . 9 4 4 , 1 0 8 10 • 8 4 , 3

1 1 6 , 3  1 2 2 , 3 1 3 - 1 2 2 6 . 0 •  2 6 . 6 0 0 8 1 2 1 , 6
6 | , 7  - f t O. O 1 3 - 1 4 1 6 . 5 1 9 . 9 0  0 6 - 7 3 . 0

1 0 0 , 3  9 4 , 7 1 3 - 1 * 1 1 . 0 - 7 , 0 0 0 4 •  8 , 9
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TABLE 18

C o ( p y ) 5 (N05 ) 2

( a )  Atom p o s i t i o n s  ( f r a c t i o n a l

x / a ■vA>
Co 0 . 5 0 . 7 0 2 2 5 ( 2 0 )

0 ( 1 ) 0 . 3 8 4 6 ( 9 ) 0 . 5 8 4 6 ( 1 3 )
0 ( 2 ) 0 . 3 5 1 5 ( 1 0 ) 0 . 5 7 3 9 ( 1 7 )
0 ( 3 ) 0 . 3 9 2 1 ( 1 2 ) 0 . 6 7 3 7 ( 1 7 )
0 ( 4 ) 0 . 4 6 7 8 ( 1 3 ) 0 . 7 7 6 4 ( 1 5 )
0 ( 5 ) 0 . 4 9 3 1 ( 1 1 ) 0 . 7 7 8 0 ( 1 2 )
0 ( 6 ) 0 . 4 1 0 2 ( 9 ) 0 . 9 9 8 3 ( 1 2 )
0 ( 7 ) 0 . 4 0 6 7 ( 1 1 ) 0 . 1 4 4 3 ( 1 4 )
0 ( 8 ) 0 . 5 1 . 2 2 1 0 ( 1 5 )
0 ( 1 ) 0 . 3 8 5 9 ( 8 ) 0 . 5 2 6 2 ( 9 )
0 ( 2 ) 0 . 3 1 5 0 ( 7 ) 0 . 7 3 1 4 ( 9 )
0 ( 3 ) 0 . 2 1 8 6 ( 7 ) 0 . 5 5 0 2 ( 1 1 )

N(1) 0 . 4 5 1 3 ( 7 ) 0 . 6 8 8 9 ( 9 )
N(2) 0 . 3 0 4 3 ( 8 ) 0 . 5 9 7 8 ( 1 1 )

N(3) 0 . 5 0 . 9 2 7 3 ( 1 2 )

c o o r d i n a t e s )

z /c

0 . 2 5
0 . 3 7 4 6 ( 8 )

0 . 4 4 6 9 ( 9 )
0 . 5 1 3 2 ( 9 )
0 . 5065(8 )
0 . 4 3 0 4 ( 8 )
0 . 2 5 4 9 ( 8 )
0 . 2 5 4 6 ( 8 )

0 . 2 5
0 . 1 8 8 2 ( 5 )
0 . 1 6 1 6 ( 6 )
0 . 0 9 1 7 ( 6 )

0 . 3 6 4 2 ( 5 )
0 . 1 4 5 0 ( 6 )

0 . 2 5



TABXE 18 ( c o n t )

( b )  A n is o t r o p i c t e m p e r a t u r e  f a c t o r s  ( S 2 ) *

2 n —22 - 3 3 2% 2 2—31 2—1 2
Co 0 . 0 4 7 0 . 0 3 9 0 . 0 4 5 0 . 0 0 0 0 . 0 4 0 0 . 0 0 0
C(1) 0 . 0 4 9 0 . 0 7 5 0 . 0 6 6 0 . 0 3 0 0 . 0 4 7 - 0 . 0 0 2
0 ( 2 ) 0 . 0 5 2 0 . 0 9 3 0 . 0 7 5 0 . 0 4 4 0 . 0 6 3 - 0 . 0 2 8
0 ( 3 ) 0 . 0 8 3 0 . 0 9 3 0 . 0 6 5 0 . 0 2 5 0 . 0 5 9 0 . 0 0 5
0 ( 4 ) 0 . 0 9 3 0 . 0 8 0 0 . 0 5 8 - 0 . 0 0 8 0 . 0 6 2 - 0 . 0 0 9
0 ( 5 ) 0 . 0 9 0 0 . 0 5 8 0 . 0 5 8 0 . 0 0 0 0 . 0 6 5 - 0 . 0 0 5
0 ( 6 ) 0 . 0 5 3 0 . 0 5 6 0 . 0 6 8 - 0 . 0 1 7 0 . 0 3 6 0 . 0 3 0

0 ( 7 ) 0 . 0 7 9 0 . 0 5 4 0 . 0 7 7 0 . 0 0 3 0 . 0 6 8 0 . 0 1 9
0 ( 8 ) 0 . 0 8 3 0 . 0 3 7 0 .0 6 1 0 . 0 0 0 0 . 0 3 8 0 . 0 0 0

0 ( 1 ) 0 . 0 7 7 0 . 0 7 0 0 . 0 6 5 0 . 0 1 9 0 . 0 3 2 0 . 0 1 9
0 ( 2 ) 0 . 0 7 8 0 . 0 5 3 0 . 0 9 2 - 0 . 0 2 1 0 . 0 6 8 0 . 0 0 0

0 ( 3 ) 0 . 0 5 3 0 . 1 0 5 0 . 0 9 0 - 0 . 0 6 4 0 . 0 3 7 - 0 . 0 2 9
N(1) 0 . 0 5 3 0 . 0 5 5 0 . 0 5 0 - 0 . 0 0 5 0 . 0 4 4 - 0 . 0 1 0
N(2) 0 . 0 4 8 0 . 0 7 6 0 . 0 5 7 - 0 . 0 3 0 0 . 0 4 8 - 0 . 0 2 8

N(3) 0 . 0 5 2 0 . 0 3 9 0 . 0 5 8 0 . 0 0 0 0 . 0 4 3 0 . 0 0 0

( c )  Mean e s t i m a t e d  s t a n d a r d  d e v i a t i o n s  (St2 )

Co 0 .0 0 1 0 .0 0 1 0 .0 0 1 — 0 . 0 0 2 —

C 0 . 0 0 7 0 . 0 1 0 0 . 0 0 7 0 . 0 1 3 0 .0 1 1 0 . 0 1 2

0 0 . 0 0 6 0 . 0 0 6 0 . 0 0 6 0 . 0 0 9 0 . 0 0 9 0 . 0 0 9
N 0 . 0 0 5 0 . 0 0 5 0 . 0 0 5 0 . 0 0 9 0 . 0 0 8 0 . 0 0 8

* T h e s e  a r e  t h e  v a l u e s  o f  i n  e q u a t i o n  ( 5 )  ( S e c t i o n  

1 . 1 . 4 ( b ) ) .



TABLE 19

C u ( p y ) 5 (N05 ) 2 

( a )  Atom p o s i t i o n s  ( f r a c t i o n a l  c o o r d i n a t e s )

x / a y/*> 7, / c

Cu 0 . 5 0 . 6 9 8 9 0 ( 1 2 ) 0 . 2 5
0 ( 1 ) 0 . 3 8 5 1 ( 7 ) 0 . 5 9 2 5 11) 0 . 3 7 0 3 ( 6 )
0 ( 2 ) 0 . 3 8 5 6 ( 8 ) 0 . 5 8 0 4 14) 0 . 4 4 6 0 ( 7 )
0 ( 3 ) 0 . 4 0 3 9 ( 1 1 ) 0 .6 7 5 1 14) 0 . 5 1 5 3 ( 9 )
0 ( 4 ) 0 . 4 7 6 1 ( 1 2 ) 0 . 7 7 4 9 14) 0 . 5 0 5 0 ( 8 )
0 ( 5 ) 0 . 5 0 4 2 ( 9 ) 0 . 7 8 0 0 13) 0 . 4 2 9 0 ( 6 )
0 ( 6 ) 0 . 4 0 6 7 ( 8 ) 0 .9 9 5 1 9) 0 . 2 4 9 6 ( 7 )
0 ( 7 ) 0 . 4 0 5 8 ( 9 ) 1 .1 5 0 4 10) 0 . 2 4 7 9 ( 7 )
0 ( 8 ) 0 . 5 1 . 2 2 1 2 15) 0 . 2 5
0 ( 1 ) 0 . 3 8 0 4 ( 6 ) 0 . 5 3 5 4 8) 0 . 1 8 7 6 ( 5 )
0 ( 2 ) 0 . 2 8 6 2 ( 8 ) 0 . 7 2 8 0 10) 0 . 1 4 5 8 ( 7 )
0 ( 3 ) 0 . 2 1 7 6 ( 7 ) 0 . 5 1 8 7 12) 0 . 0 9 1 7 ( 7 )
N(1) 0 . 4 5 6 9 ( 6 ) 0 . 6 9 1 2 7) 0 . 3 6 0 5 ( 5 )
H(2) 0 . 2 9 3 4 ( 6 ) 0 . 5 9 5 1 10) 0 . 1 3 9 7 ( 5 )
N(3) 0 . 5 0 . 9 2 3 2 10) 0 . 2 5



TABLE 1 9  ( c o n t )

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

1J11 222 - 3 3 2U32 2H31 2H i 2
Cu 0 .0 5 1 0 . 0 3 0 0 . 0 5 3 0 . 0 0 0 0 . 0 4 9 0 . 0 0 0
C ( 1 ) 0 . 0 5 8 0 . 0 5 9 0 . 0 4 9 - 0 . 0 2 4 0 . 0 3 8 - 0 . 0 4 3
C (2) 0 . 0 6 4 0 . 0 8 9 0 . 0 6 3 0 . 0 0 4 0 . 0 7 0 - 0 . 0 4 1
C (3) 0 . 0 7 8 0 .0 8 1 0 . 0 7 4 0 . 0 2 3 0 . 0 9 5 0 . 0 0 9
0 ( 4 ) 0 . 0 9 4 0 .0 6 1 0 .0 6 1 - 0 . 0 0 2 0 . 0 6 9 0 . 0 1 4
0 ( 5 ) 0 . 0 8 0 0 . 0 4 4 0 . 0 4 4 - 0 . 0 0 9 0 . 0 6 2 - 0 . 0 1 5
0 ( 6 ) 0 . 0 6 2 0 .0 5 1 0 . 0 7 7 - 0 . 0 1 9 0 . 0 5 8 0 . 0 1 2
0 ( 7 ) 0 . 0 7 2 0 . 0 3 5 0 . 0 7 4 - 0 . 0 1 8 0 . 0 4 9 0 . 0 0 9
0 ( 8 ) 0 . 0 7 0 0 . 0 2 7 0 . 0 9 8 0 . 0 0 0 0 . 0 8 0 0 . 0 0 0
0 ( 1 ) 0 . 0 6 8 0 . 0 5 9 0 . 0 6 2 - 0 . 0 0 8 0 . 0 4 6 0 .00A
0 ( 2 ) 0 . 0 8 5 0 . 0 4 6 0 .1 0 1 - 0 . 0 2 4 0 . 1 0 0 - 0 . 0 4 1
0 ( 3 ) 0 . 0 5 9 0 . 1 0 7 0 . 0 9 9 - 0 . 0 8 5 0 . 0 2 8 - 0 . 0 4 1
N(1) 0 . 0 5 0 0 . 0 4 0 0 . 0 5 3 0 . 0 0 0 0 . 0 5 2 0 . 0 0 3
N(2) 0 . 0 4 1 0 . 0 6 4 0 . 0 6 3 - 0 . 0 2 4 0 . 0 4 0 - 0 . 0 2 6

N(3) 0 . 0 6 4 0 . 0 2 3 0 . 0 5 5 0 . 0 0 0 0 .0 6 1 0 . 0 0 0

( c )  Mean e s t i m a t e d  s t a n d a r d  d e v i a t i o n s (X2 )

Cu 0 . 0 0 1 0 .0 0 1 0 .0 0 1 — 0 .0 0 1 —

C 0 . 0 0 5 0 . 0 0 6 0 . 0 0 5 0 . 0 0 9 0 . 0 0 8 0 . 0 0 9
0 0 . 0 0 4 0 . 0 0 5 0 . 0 0 6 0 . 0 0 8 0 . 0 0 7 0 . 0 0 7

N 0 . 0 0 3 0 . 0 0 4 0 . 0 0 4 0 . 0 0 6 0 . 0 0 6 0 . 0 0 5

* T h e s e  a r e  t h e  v a l u e s  o f  i n  e q u a t i o n  ( 5 )  ( S e c t i o n  

1 . 1 . 4 ( h ) )



T A B L E  2 0

Z n ( p y ) 5 (N05 ) 2 

( a )  Atom p o s i t i o n s  ( f r a c t i o n a l  c o o r d i n a t e s )

x / a z / c

Zn 0 . 5 0 . 7 0 8 3 4 ( 2 2 ) 0 . 2 5
C(1) 0 . 3 B 4 5 ( 10) 0 . 5 8 2 9 17) 0 . 3 7 4 7 ( 9 )
0 ( 2 ) 0 . 3 5 3 2 ( 9 ) 0 . 5 6 8 7 16) 0 . 4 4 6 4 ( 9 )
0 ( 3 ) 0 . 3 8 9 3 ( 1 2 ) 0 . 6 7 0 0 18) 0 . 5 1 3 3 ( 1 1 )
0 ( 4 ) 0 . 4 6 2 2 ( 13) 0 . 7 7 2 0 20) 0 . 5 0 4 3 ( 1 1 )
0 ( 5 ) 0 . 4 3 3 9 ( 1 5 ) 0 .7 8 2 1 18) 0 . 4 3 2 1 ( 9 )
0 ( 6 ) 0 . 4 1 2 0 ( 1 3 ) 1 . 0 0 7 8 16) 0 . 2 5 4 0 ( 11)
0 ( 7 ) 0 . 4 0 5 9 ( 1 1 ) 1 . 1 5 3 0 15) 0 . 2 5 1 0 ( 9 )
0 ( 8 ) 0 . 5 1 .2 3 2 1 22) 0 . 2 5
0 ( 1 ) 0 . 3 7 7 9 ( 9 ) 0 . 5 3 6 4 14) 0 . 1 8 8 5 ( 8 )
0 ( 2 ) 0 . 3 0 7 9 ( 9 ) 0 . 7 3 7 8 12) 0 . 1 5 7 2 ( 8 )

0 ( 3 ) 0 . 2 1 5 1 ( 8 ) 0 . 5 5 2 3 15) 0 . 0 9 0 8 ( 8 )

N(1) 0 . 4 5 2 4 ( 8 ) 0 . 6 8 7 4 12) 0 . 3 6 3 6 ( 6 )

N( 2) 0 . 2 9 5 8 ( 8 ) 0 . 6 0 8 6 13) 0 . 1 4 2 1 ( 7 )
N(3) 0 . 5 0 . 9 4 2 5 13) 0 . 2 5



TABLE 20 ( c o n t )

( b )  A n i s o t r o p i c  t e m p e r a t u r e  f a c t o r s  ( 8  ) *

211 - 2 2 - 3 3 2U32 ^ 3 1 2U l2

Z n ( 1 ) 0 . 0 3 9 0 . 0 3 6 0 . 0 3 2 0 . 0 0 0 0 . 0 1 6 0 . 0 0 0
0 ( 1 ) 0 . 0 4 0 0 . 0 6 3 0 . 0 3 8 - 0 . 0 1 1 0 . 0 4 3 0 . 0 1 6
0 ( 2 ) 0 . 0 5 4 0 . 0 7 5 0 . 0 4 4 - 0 . 0 3 2 0 . 0 2 1 0 . 0 3 2
0 ( 3 ) 0 . 0 6 8 0 . 0 9 9 0 . 0 3 8 - 0 . 0 2 2 0 . 0 4 2 - 0 . 0 1 6
0 ( 4 ) 0 . 1 0 1 0 . 0 7 8 0 . 0 1 1 0 . 0 0 4 0 . 0 5 2 0 . 0 0 2
0 ( 5 ) 0 . 0 7 0 0 . 0 5 3 0 .0 5 1 0 . 0 1 9 0 .0 4 1 0 . 0 4 0
0 ( 6 ) 0 . 0 4 6 0 . 0 5 2 0 . 0 4 4 0 . 0 0 1 0 . 0 3 9 - 0 . 0 0 8
0 ( 7 ) 0 . 0 6 0 0 . 0 4 5 0 . 0 8 2 0 . 0 1 6 0 .0 7 1 - 0 . 0 1 8
0 ( 8 ) 0 . 0 3 5 0 . 0 6 6 0 . 0 2 3 0 . 0 0 0 0 . 0 0 2 0 . 0 0 0

0 ( 1 ) 0 . 0 6 6 0 . 0 9 2 0 . 0 5 8 0 . 0 0 2 0 . 0 2 8 0 . 0 1 6
0 ( 2 ) 0 . 0 7 8 0 . 0 4 8 0 . 0 9 2 - 0 . 0 2 2 0 . 0 8 7 - 0 . 0 1 5
0 ( 3 ) 0 . 0 4 4 0 . 1 0 1 0 . 0 6 9 - 0 . 0 6 6 - 0 . 0 0 7 - 0 . 0 4 8
N(1) 0 . 0 3 7 0 . 0 6 3 0 . 0 1 7 - 0 . 0 1 3 0 . 0 1 7 - 0 . 0 0 4
N (2 ) 0 . 0 2 9 0 . 0 5 4 0 . 0 4 0 - 0 . 0 0 5 0 . 0 1 2 0 . 0 0 6

N (3 ) 0 . 0 2 5 0 . 0 1 4 0 . 0 2 3 0 . 0 0 0 - 0 . 0 1 6 0 . 0 0 0

( c )  Mean e s t i m a t e d  s t a n d a r d  d e v i a t i o n s  (X )

Zn 0 . 0 0 2 0 . 0 0 1 0 . 0 0 1 - 0 . 0 0 2 -

C 0 . 0 1 4 0 . 0 1 1 0 . 0 0 8 0 . 0 1 4 0 . 0 1 7 0 . 0 1 8

0 0 . 0 1 1 0 . 0 0 9 0 . 0 0 8 0 . 0 1 2 0 . 0 1 3 0 . 0 1 4

N 0 . 0 1 0 0 . 0 0 7 0 . 0 0 6 0 . 0 1 0 0 . 0 1 4 0 . 0 1 2

* T h e s e a r e  t h e v a l u e s o f  U± j  i n e q u a t i o n  ( 5 ) ( S e c t i o n

1 . 1 . 4 ( b ) )



- 1 2 3 -

APPEEDIX V 

EXPERIMENTAL

P I  N IT  R \TOTRLS ( P Y R I D I N E ) -  CADMIUM ( I I )

Preparation of Crystals

The c om plex  was p r e p a r e d  by s t a n d a r d  l i t e r a t u r e
( M O )m e t h o d s  '  and  was r e c r y s t a l l i s e d  f rom  e t h a n o l - 2 , 2- d i 

me t h o x y p r o p a n e  ( 1 : 1 ) c o n t a i n i n g  a  s m a l l  am ount  o f  p y r i d i n e .  

The c r y s t a l s  w e re  e n c l o s e d  i n  a  t h i n - w a l l e d  g l a s s  c a p i l l a r y  

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

Crystal Data

G15H15N5 ° 6 Cd 
M = 4 7 3 . 8

M o n o c l i n i c

a  = 1 2 . 4 3 4  + 0 . 0 0 7 ,  b = 9 .4 9 4  + 0 . 0 0 5 ,  c = 1 7 . 3 8 5

+ 0 . 0 0 9  2 ,  p = 1 1 5 . 4 2  + 0 . 0 3 ° ,  U = 1853 2 3

= 1 . 7 0 ,  Z = 4 ,  Dc = 1 . 7 0  

F ( 0 0 0 ) = 944

S p a c e  g r o u p  C 2 /c  ( c l ,  No 15)  f rom  s y s t e m a t i c  a b s e n c e s :

hk?-  f o r  h + k  o d d ,  hoe. f o r  2 odd

Mo-K X - r a y s ,  ^  = 0 . 7 1 0 7  2 

n (Mo-Ka ) = 1 2 . 2  cm"
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Cr . y s t a l l o g r a p h i c  M e a s u r e m e n t s

The i n i t i a l  u n i t - c e l l  p a r a m e t e r s  w e re  d e t e r 

m in e d  f rom  o s c i l l a t i o n  and  W e i s s e n b e r g  p h o t o g r a p h s  t a k e n  

w i t h  Cu-K^, ( = 1 . 5 4 1 8  $.) and  f rom  p r e c e s s i o n  p h o t o g r a p h s

t a k e n  w i t h  Mo-K r a d i a t i o n .  T h e s e  w ere  s u b s e q u e n t l y  

a d j u s t e d  by l e a s t - s q u a r e s  r e f i n e m e n t  o f  9 , X  , a n d  <p s e t t i n g  

a n g l e s  o f  t w e l v e  r e f l e c t i o n s  d e t e r m i n e d  on a  H i l g e r  a n d  W a t t s  

Y 290  d i f f r a c t o m e t e r .

F o r  t h e  i n t e n s i t y  m e a s u r e m e n t s  z i r c o n i u m -  

f i l t e r e d  molybdenum r a d i a t i o n  was u s e d  an d  2698  i n d e p e n d e n t  

r e f l e c t i o n s  w e re  c o l l e c t e d  by u s e  o f  t h e  0 - 2 0  s c a n  t e c h n i q u e .  

Of t h e s e  some 2082 r e f l e c t i o n s  w e re  c o n s i d e r e d  o b s e r v e d  

u s i n g  t h e  c r i t e r i a  I  > 1 o ( l ) ,  w h e re  a  was d e t e r m i n e d  f rom  

c o u n t e r  s t a t i s t i c s .  V a l u e s  o f  I  w e re  c o r r e c t e d  f o r  L o r e n t z -  

p o l a r i s a t i o n  e f f e c t s  b u t  no c o r r e c t i o n s  f o r  a b s o r p t i o n  w ere  

m ad e .

S t r u c t u r e  D e t e r m i n a t i o n  and  R e f i n e m e n t

The e n t i r e  s t r u c t u r e  was d e t e r m i n e d  by 

c o n v e n t i o n a l  P a t t e r s o n  an d  e l e c t r o n - d e n s i t y  c a l c u l a t i o n s  

w i t h  i n i t i a l  p h a s i n g  a p p r o p r i a t e  t o  t h e  cadmium. S e v e r a l  

c y c l e s  o f  s t r u c t u r e - f a c t o r  and  e l e c t r o n - d e n s i t y  c a l c u l a t i o n s  

e f f e c t e d  p r e l i m i n a r y  r e f i n e m e n t  a n d  r e d u c e d  R t o  0 . 2 5 .

D u r i n g  t h e s e  p r e l i m i n a r y  c a l c u l a t i o n s  an  o v e r a l l  v i b r a t i o n  

p a r a m e t e r  (U. = 0 . 0 6  2 2 ) was a s s i g n e d  t o  t h e  a t o m s .
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The l e a s t - s q u a r e s  r e f i n e m e n t  o f  p o s i t i o n a l ,  

t h e r m a l  and  s c a l e  p a r a m e t e r s  c o n v e r g e d  a f t e r  9 c y c l e s ,  

when R was 0 . 1 0  an d  R 1 was 0 . 0 1 5 .  A f t e r  c y c l e  5 a  

d i f f e r e n c e  F o u r i e r  s y n t h e s i s  was c a l c u l a t e d  w h ic h  r e v e a l e d  

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

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

p a r a m e t e r s  (U. = 0 . 0 6  X^) b u t  w e re  n o t  r e f i n e d .  Rem oval
X  5  O

o f  t h o s e  p l a n e s  f o r  w h ic h  I  ^  3 a ( l )  l e f t  1491 i n d e p e n d e n t  

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

p a r a m e t e r s  r e s u l t e d  i n  R 0 . 0 8  a n d  R ’ 0 . 0 1 0  ( d e t a i l s  o f  t h e  

r e f i n e m e n t  a r e  g i v e n  i n  T a b l e  2 1 ) .

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

sch em e  g i v e n  a s  e q u a t i o n  ( 3 2 )  ( S e c t i o n  1 . 1 . 8 ( b ) )  was a p p l i e d  

t o  t h e  d a t a .  I n i t i a l l y  t h e  p p a r a m e t e r s  w e re  c h o s e n  t o  

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

v a r i e d  a s  i n d i c a t e d  by a  |F | an d  ( s i n  0 / > v )  a n a l y s i s  o f  

^  w A ^ .  The f i n a l  v a l u e s  a r e  : p^ 50 ,  p ^  0 . 0 0 1 ,  p^ 0 . 0 0 0 1 ,

P4 0 .

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

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

c a l c u l a t e d .  T h e s e  r e v e a l e d  no e r r o r s  i n  t h e  s t r u c t u r e .

I n  a l l  t h e  s t r u c t u r e - f a c t o r  c a l c u l a t i o n s ,  

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

r e f .  2 1 2 .  O b s e r v e d  a n d  c a l c u l a t e d  s t r u c t u r e  f a c t o r s  a r e  

l i s t e d  i n  T a b l e  2 2 .  F r a c t i o n a l  c o o r d i n a t e s  o f  a l l  n o n 

h y d r o g e n  a to m s  a r e  g i v e n  i n  T a b l e  23 an d  t h e  a n i s o t r o p i c



t h e r m a l  p a r a m e t e r s  i n  T a b l e  24 .

The r e l e v a n t  i n t e r a t o m i c  d i m e n s i o n s  a n d  some 

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

a r e  g i v e n  i n  S e c t i o n  I I . 2 . 3 .  The e s t i m a t e d  s t a n d a r d  

d e v i a t i o n s  r e c o r d e d  w e re  d e r i v e d  f rom  t h e  i n v e r s e  o f  t h e  

l e a s t - s q u a r e s  n o r m a l - e q u a t i o n  m a t r i x ,  a n d  a r e  p r o b a b l y  b e s t  

r e g a r d e d  a s  minimum v a l u e s .



T A B L E  21

C o u r s e  o f  r e f i n e m e n t

F i n a l
C y c l e s  P a r a m e t e r s  r e f i n e d  R

1 - 3  x ,  y ,  z ,  U.  f o r  Cd,  N ,  0, C; one— — —i s o

o v e r a l l  s c a l e ,  uni t  w e i g h t s ,  fu l l

m a t r i x  0.  146

4 - 5  x ,  y ,  z ,  U.  f o r  Cd,  N ,  0,  C; H
— ■*- — —i s o

a t o m s  i n c l u d e d  but not  r e f i n e d ,  o n e

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

a d j u s t e d ,  fu l l  m a t r i x  0.  143

6 - 9  x ,  y ,  z ,  U . . ( i ,  j = 1, 2, 3) f o r  Cd,

N ,  0, C; H a t o m s  i n c l u d e d  but not  

r e f i n e d ,  s m a l l  a d j u s t m e n t s  to

w e i g h t i n g  s c h e m e ,  f u l l  m a t r i x  0. 108

F i n a l
R T

0. 031

0 . 026

0. 015
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9 1 4 * 1 ill > 18 1 3 . 2  12. 8 2 2 1 . 3
— 14*2 -  I 3 4 19 | 9 . 7  l o . 4 2 18 . 8

3 4 . 2 - I l  ,  13 2 0 . 7  M | . 7 4 0 18 . 8
20* « • 1 3  4 > 2 21.2 18 . 0 14 .  3

• 3*. 1 i > 3  i l l 18 . 8  2a. 0 U * 324,q 05*9 •  13 4 10 2**2 -I’.1 0 19. 7
34 . 9 • 1 3 4 * ( 9 , 9  - 1 7 , 0 0 1 9 . 9
3 7 . 2 •  13 4 * 2 0 . 0  14 . 4 9 1 *f

,31.3 •  13 1 9 2 1 . 1  19 . 9 13 . 2
• 2 9 . 2 • 1) 4 8 2 4 . 9  . 2 j . « I 19. 7

17. 1 ill ,  3 2 2 . 8  - 2 o . 7 1 1 9 . X
I 9 .  0 1 1 *9 -13 4 4 1 7 .  3 2 4 . 4 1 21.8

•  42*2 • 13 4 3 I I .  9 14« 3 1 2 0 . 7



TABLE 23

C d ( p y ) 5 ( n o 3 ) 2

Atom p o s i t i o n s ( f r a c t i o n a l c o o r d i n a t e s )

x / a jA z / c

Cd 0 . 5 0 . 5 3 4 9 7 ( 1 1 ) 0 . 2 5
C (1 ) 0 . 2 8 7 8 ( 1 4 ) 0 . 4 6 6 7 ( 1 6 ) 0 . 0 6 6 2 ( 8 )
0 ( 2 ) 0 . 1 8 4 4 ( 1 6 ) 0 . 4 7 9 4 ( 1 8 ) - 0 . 0 0 6 1 ( 9 )
0 ( 3 ) 0 . 1 1 3 8 ( 1 4 ) 0 . 5 9 5 0 ( 1 7 ) - 0 . 0 1 4 3 ( 9 )
0 ( 4 ) 0 . 1 4 7 3 ( 1 2 ) 0 . 6 9 8 4 ( 1 5 ) 0 . 0 4 8 6 ( 8 )
0 ( 5 ) 0 . 2 5 5 4 ( 1 1 ) 0 . 6 7 7 3 ( 1 4 ) 0 . 1 1 9 3 ( 8 )
0 ( 6 ) 0 . 4 1 3 0 ( 1 2 ) 0 . 2 1 6 9 ( 1 3 ) 0 . 2 5 7 8 ( 9 )
0 ( 7 ) 0 . 3 1 3 5 ( 1 3 ) 0 . 0 6 9 1 ( 1 4 ) 0 . 2 5 8 4 ( 1 0 )
0 ( 8 ) 0 . 5 - 0 . 0 0 1 0 ( 1 7 ) 0 . 2 5
0 ( 1 ) 0 . 4 2 3 7 ( 9 ) 0 . 7 1 2 6 ( 1 0 ) 0 . 3 1 5 6 ( 6 )
0 ( 2 ) 0 . 4 0 2 5 ( 1 0 ) 0 . 5 0 0 3 ( 1 0 ) 0 . 3 4 7 4 ( 7 )
0 ( 3 ) 0 . 3 6 0 4 ( 1 1 ) 0 . 6 7 1 3 ( 1 4 ) 0 . 4 1 2 0 ( 8 )
N(1) 0 . 3 2 4 7 ( 9 ) 0 . 5 6 4 9 ( 1 0 ) 0 . 1 2 9 7 ( 6 )

N(2) 0 . 3 9 5 7 ( 9 ) 0 . 6 2 9 8 ( 1 2 ) 0 . 3 6 0 9 ( 7 )
N(3) 0 . 5 0 . 2 8 7 8 ( 1 9 ) 0 . 2 5



TABLE 24

C d ( p y ) 5 (N0 5 ) 2

( a )  A n i s o t r o p i c  t e m p e r a t u r e  f a c t o r s  (X2 ) *

2 n C\JCM - 3 3 2U32
2 2 5 1 2—1 2

Cd 0 . 0 4 5 0 . 0 3 6 0 . 0 4 6 0 . 0 0 0 0 . 0 2 6 0 . 0 0 0
C (1 ) 0 . 0 8 0 0 . 0 6 4 0 . 0 4 8 - 0 . 0 1 0 0 . 0 1 9 0 . 0 2 7
C ( 2 ) 0 . 0 8 8 0 . 0 7 3 0 . 0 5 3 0 . 0 0 9 0 . 0 0 1 0 .0 4 1
C (3 ) 0 . 0 7 5 0 . 0 7 4 0 . 0 5 0 0 . 0 1 3 0 . 0 1 5 - 0 . 0 2 4
0 ( 4 ) 0 . 0 5 4 0 . 0 6 5 0 . 0 5 0 0 . 0 1 6 0 . 0 0 8 0 . 0 1 8
0 ( 5 ) 0 . 0 5 1 0 . 0 5 3 0 . 0 5 7 0 . 0 0 6 0 . 0 3 0 0 . 0 1 0
0 ( 6 ) 0 . 0 5 9 0 .0 4 1 0 . 0 7 8 - 0 . 0 0 3 0 . 0 6 7 - 0 . 0 1 6
0 ( 7 ) 0 . 0 6 8 0 . 0 4 9 0 .0 8 1 0 . 0 0 2 0 . 0 7 0 - 0 . 0 1 6
0 ( 8 ) 0 . 0 7 7 0 . 0 3 8 0 . 0 5 9 0 . 0 0 0 0 . 0 1 7 0 . 0 0 0
0 ( 1 ) 0 . 0 7 4 0 . 0 5 4 0 . 0 6 0 0 . 0 0 7 0 . 0 3 7 - 0 . 0 1 3
0 ( 2 ) 0 . 0 8 4 0 . 0 4 8 0 . 0 9 4 0 . 0 0 3 0 . 0 9 2 - 0 . 0 0 2
0 ( 3 ) 0 . 1 0 2 0 . 0 9 5 0 . 0 9 0 - 0 . 0 7 6 0 . 1 1 9 - 0 . 0 2 3
N(1) 0 . 0 4 9 0 . 0 4 6 0 . 0 4 7 0 . 0 0 9 0 . 0 3 2 0 . 0 1 7
N ( 2 ) 0 . 0 4 9 0 . 0 5 9 0 . 0 5 7 - 0 . 0 2 1 0 . 0 2 9 - 0 . 0 1 0

N (3) 0 . 0 7 4 0 . 0 3 8 0 . 0 5 9 0 . 0 0 0 0 . 0 4 4 0 . 0 0 0

( b )  Mean e s t i m a t e d  s t a n d a r d  d e v i a t i o n s  ( S 2 )

Cd 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 - 0 . 0 0 1 -

C 0 . 0 0 8 0 . 0 0 8 0 . 0 0 6 0 . 0 1 0 0 . 0 1 2 0 . 0 1 2
0 0 . 0 0 6 0 . 0 0 5 0 . 0 0 6 0 . 0 0 9 0 . 0 1 0 0 . 0 0 8

N 0 . 0 0 5 0 . 0 0 5 0 . 0 0 5 0 . 0 0 8 0 . 0 0 8 0 . 0 0 8

* T h e s e  a r e  t h e  v a l u e s  o f  i n  e q u a t i o n  ( 5 )  ( S e c t i o n  

1 . 1 . 4 ( b ) ) .
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APPENDIX VI 

EXPERIMENTAL

DINITRATOBIS(g-PICOLINE)-COPPERCII) t FORMS I  & I I

P r e p a r a t i o n  o f  C r y s t a l s

The co m p le x  C u (o c -p ic )^ (N O ^ ) ^ was p r e p a r e d .
( 2 0 1 )a c c o r d i n g  t o  t h e  m e th o d  o f  L e v e r  v \  , an d  r e c r y s t a l l i s e d

f ro m  m e t h a n o l - 2 , 2- d i m e t h o x y p r o p a n e  ( 1 : 1 ) c o n t a i n i n g  a  

l i t t l e  a - p i c o l i n e .  The i s o l a t i o n  o f  two s e p a r a t e  

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

w h i c h  t h e  c r y s t a l l i s i n g  l i q u i d  i s  h e a t e d  b e f o r e  c o o l i n g  ( ^ 0 6 ) .  

i f  i t  i s  o n l y  warmed,  c r y s t a l s  o f  Form ( I )  r e s u l t ,  b u t ,  i f  

i t  i s  b o i l e d  f o r  s e v e r a l  m i n u t e s ,  Form ( I I )  c r y s t a l s  a r e  

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

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

Cr y s t a l  D a t a

c 6 H7 N3 ° 6 Cu  

M =  3 7 3 . 6

F orm ( I )

M o n o c l i n i c

a  =  8 . 3 1  +  0 . 0 3 ,  b  =  1 4 . 8 1  +  0 . 0 3 ,  c  =  1 4 . 1 4  +  0 . 0 3  X ,  
p  =  1 2 3 . 9  +  0 . 2 ° ,  U  =  1 4 4 4  X 5  

D  =  1 . 7 0 ,  Z  =  4 ,  D  =  1 . 7 2
lu V/

F ( 0 0 0 )  =  7 6 4
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S p a c e  g r o u p  P 2 ^ / c  No 14-) f rom  s y s t e m a t i c  a b s e n c e s :

OkO when k o d d ,  h0£  when t  o d d .

Cu-Ka X - r a y s ,  "X = 1 .5 4 1 8  2  

^ ( C u - K a ) = 2 5 . 5  cm" 1

Form ( I I )

M o n o c l i n i c

a  = 8 . 5 7  + 0 . 0 3 ,  b = 1 4 .3 9  + 0 . 0 3 ,  c = 1 4 . 2 0  ± 0 . 0 3  X ,  
p = 1 1 9 . 5  + 0 . 2° ,  U = 1524 X3 

Dn = 1 . 6 3 ,  Z = 4 ,  Dc = 1 . 6 3  - 

F ( 0 0 0 )  = 764

S p a c e  g r o u p  P 2 ^ / c  (Cov* No 14) f ro m  s y s t e m a t i c  a b s e n c e s  

w (C u -K a ) = 2 4 . 2  cm~^

Cr y s t a l l o g r a p h i c  M e a s u r e m e n t s

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

w e r e  d e t e r m i n e d  f ro m  o s c i l l a t i o n  an d  W e i s s e n b e r g  p h o t o g r a p h s  

t a k e n  w i t h  Ou-K^ r a d i a t i o n ,  a n d  f ro m  p r e c e s s i o n  p h o t o g r a p h s  

t a k e n  w i t h  Mo-K^ ( > = 0 . 7 1 0 7  X) r a d i a t i o n .

1134  i n d e p e n d e n t  r e f l e c t i o n s  f ro m  t h e  r e c i p r o c a l -  

l a t t i c e  n e t s  0-6kC f o r  Form ( I )  a n d  1341 f ro m  t h e  n e t s  

0 - 7 k £  f o r  Form ( I I ) ,  w e re  r e c o r d e d  on e q u a t o r i a l  an d  e q u i -  

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

t e c h n i q u e  a n d  w e re  e s t i m a t e d  v i s u a l l y  by  c o m p a r i s o n  w i t h  

a  c a l i b r a t e d  s t r i p .  A f t e r  c o r r e c t i o n  f o r  L o r e n t z ,  

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

w e r e  p l a c e d  on an  o v e r a l l  s c a l e  by  c o m p a r i s o n  w i t h  v a l u e s
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o b t a i n e d  f ro m  t h e  h 0 £ r e c i p r o c a l - l a t t i c e  n e t  r e c o r d e d  by 

p r e c e s s i o n  m e t h o d s .  U n o b s e rv e d  r e f l e c t i o n s  w e re  n o t  

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

w e r e  n o t  a p p l i e d .

S t r u c t u r e  D e t e r m i n a t i o n s

B o th  s t r u c t u r e s  w e re  r e v e a l e d  by c o n v e n t i o n a l  

P a t t e r s o n  a n d  e l e c t r o n - d e n s i t y  c a l c u l a t i o n s  w i t h  i n i t i a l  

p h a s i n g  a p p r o p r i a t e  t o  t h e  r e s p e c t i v e  c o p p e r  a t o m s .  S e v e r a l  

c y c l e s  o f  s t r u c t u r e - f a c t o r  an d  e l e c t r o n - d e n s i t y  c a l c u l a t i o n s  

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

R v a l u e s  t o  0 . 2 1  (Form I )  a n d  0 . 2 0  (Form I I ) .  D u r i n g  t h e s e  

p r e l i m i n a r y  c a l c u l a t i o n s  an  o v e r a l l  v i b r a t i o n  p a r a m e t e r ,  

u i a 0  ( 0 . 0 6  X 2 ) ,  was a s s i g n e d  t o  t h e  a to m s  i n  e a c h  c a s e .

St r u c t u r e  R e f i n e m e n t

The l e a s t - s q u a r e s  r e f i n e m e n t  o f  p o s i t i o n a l ,  

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

c o n v e r g e d  a f t e r  10 c y c l e s .  F o r  Form I ,  t h e  f i n a l  R was 

0 . 1 1 6  a n d  R* was 0 . 0 2 3 .  F o r  Form I I ,  t h e  f i n a l  R was 0 . 0 9 3  

a n d  R* was 0 . 0 1 6 .  D e t a i l s  o f  b o t h  r e f i n e m e n t s  a r e  g i v e n  

i n  T a b l e  2 5 .  A f t e r  t h e  i n i t i a l  r e f i n e m e n t ,  b o t h  s e t s  o f  

d a t a  w e re  p u t  on o v e r a l l  a b s o l u t e  s c a l e s  and  i n  t h e  

s u b s e q u e n t  c y c l e s  t h e s e  o v e r a l l  s c a l e  p a r a m e t e r s  w e re  

r e f i n e d .



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

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

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

c o m p u t e r - s t o r e  l i m i t a t i o n s  i n  b o t h  c a s e s .

I n  a l l  r e f i n e m e n t  c y c l e s ,  a  w e i g h t i n g  schem e 

g i v e n  a s  e q u a t i o n  ( 3 2 )  ( S e c t i o n  1 . 1 . 8 ( b ) )  was a p p l i e d  t o  

t h e  d a t a .  I n i t i a l l y  t h e  p p a r a m e t e r s  w e re  c h o s e n  t o  g i v e  

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

l a t e r  c y c l e s  a s  i n d i c a t e d  by a  |Fq | a n d  ( s i n  O/'X ) a n a l y s i s
p

o f  I w A  . F o r  Form I  t h e  f i n a l  v a l u e s  a r e  : p.j 50 ,  p^

0 . 1 ,  p^ 0 . 0 0 0 1 ,  p^ 0 ;  f o r  Form I I  : p^ 50 ,  p ^  0 . 0 1 ,  p^

0 . 0 0 0 1 , p^  0 .

A t  t h e  c o n c l u s i o n  o f  b o t h  r e f i n e m e n t s ,  

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

w e r e  e v a l u a t e d  a n d  r e v e a l e d  no e r r o r s  i n  t h e  s t r u c t u r e s ,  

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

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

a t o m s .  They  w e re  n o t  i n c l u d e d  i n  t h e  a n a l y s i s .

I n  a l l  t h e  s t r u c t u r e - f a c t o r  c a l c u l a t i o n s ,  

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

r e f .  2 1 2 .  O b s e r v e d  an d  c a l c u l a t e d  s t r u c t u r e  f a c t o r s  a r e  

l i s t e d  i n  T a b l e s  26 (Form I )  an d  27 (Form I I ) .  The 

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

i n  T a b l e  28 (Form I )  a n d  T a b l e  30 (Form I I )  an d  t h e  

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



i n  T a b l e s  29 (Form I )  a n d  31 (Form I I ) .

The r e l e v a n t  i n t e r a t o m i c  d i m e n s i o n s  an d  some 

c a l c u l a t e d  l e a s t - 3 q u a r e s  b e s t  p l a n e s  t h r o u g h  t h e  m o l e c u l e s  

a r e  g i v e n  i n  S e c t i o n  I I I . 1 . 2 .  The e s t i m a t e d  s t a n d a r d  

d e v i a t i o n s  r e c o r d e d  w e re  d e r i v e d  f rom  t h e  i n v e r s e  o f  t h e  

l e a s t - s q u a r e s  n o r m a l - e q u a t i o n  m a t r i x ,  a n d  a r e  p r o b a b l y  b e s t  

r e g a r d e d  a s  minimum v a l u e s .



T A B L E  25

C o u r s e  o f  r e f i n e m e n t s

P a r a m e t e r s  R e f i n e d

x ,  v ,  z ,  U.  f o r  Cu,  N ,  0, “  —i s o

C; l a y e r  s c a l e  f a c t o r s ,  

un i t  w e i g h t s ,  fu l l  m a t r i x

x ,  y ,  z ,  U .  f o r  Cu,  N ,  0,
— — —i s o

C; l a y e r  s c a l e  f a c t o r s ,  

w e i g h t i n g  s c h e m e  a d j u s t e d ,  

f u l l  m a t r i x

x ,  y ,  z ,  U . . ( i ,  j_ = 1, 2 , 3)
“  “  "LL
f o r  Cu,  N ,  0, C; o v e r a l l  

s c a l e ,  s m a l l  a d j u s t m e n t s  to 

w e i g h t i n g  s c h e m e ,  B l o c k  

d i a g o n a l  a p p r o x i m a t i o n  to  

n o r m a l  e q u a t i o n  m a t r i x

F i n a l
F o r m  C y c l e s  R

I 1 - 3  0 . 1 4 9

II 1 - 3  0 . 1 3 5

I 4 - 5  0 . 1 4 6

II 4 - 6  0 . 1 3 0

I 6 - 1 0  0 . 1 1 6

II 7 - 1 0  0.  0 9 3

F  in a l  
R'

0. 040  

0.  031

0. 033  

0 . 026

0 . 021 

0. 016
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f 0*1 f CALC l r  o u t  r

n.2
31.1
n.t

12.1 
1 2 . 4  
i r«s

M . )  
29*2 
2*.’ 
If.*. 
U O  tO.) 
11.I

41.8
24.8 
93.2 
49* I

68.2
IT,*
22,9

n,»
19.♦
55.1
21.9

45, 7 

I I .9

21.1
18.9
it,e

5 ; i o
s :n
9.12
s:i3

« : i o
4.1 I
a; i2

r .»
7 .1
r • 7

7.10 
7. I I 
7.12



2 .) 
2 -4
.2 *9 
2 -• 
< -7 
2 -e 
2 -4 
2-IC 
2 . M 
2*12 
2*19

4 . 1 0  
4.1 I 
4.12

r o n  r

-11.2 
•  1 7 , 2  
19.0

•  14 . 2
».»

•  4 0 . 0
• 24*1
19.9
14. 2

.21.'
•  2 2 . )

r;i2
’•ii
7-14

0 - 4
0. 10 
0.1 I 
C. 1 2

1 .1 2  
1.14 
2 -4 
2 . 1 0

r  c u e

25.J 
I 1.7 

• 28.0 
2 2 . 2

• 29.1
•  4 | «Q 

1 4 , 9
3 2 . 7

• 39,7

•  2 4 , 4  
2 1 , 0  
14. 9

• 23,8
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Observed and final-calculated structure amplitudes



« u r  o h s  f * 4 I F 0 6 i r  c »LC M L F 0 9 5 r  c a l c *  * L * 0 0 0  F CALC M L F O t s  r  CALC H < L F OSS f  CALC

O 6 M . s  
0 6 i ? . -

0 10 | 
1 0 12

3 0 ,  1 
? 1 . 2

1 i  *9
1 6 - 1 0

5 5 , 1
3 7 , 9

- 4 6 , 6
3 J . 5

1 15 1 
1 19 3

2 1 . 3  2 2 . 7
2 4 . 4  2 3 . 7

2 6 - 6
2 6 . 0

3 0 . 9  J 0 , 1
1 9 . 9  . 1 4 , 4

3 1 6
3 0 4

1 7 . 9
1 7 , 1

• 1 9 . *
1 7 . 4

0 4 * 9 . 1 1 o | o - 3 2 , 7 1 12 9 *4 - 9 , 9 1 15 - 1 2 5 , 4  - 2 4 . 7 2 7 10 2 2 , 4  2 0 , 2 3 0 2 1 6 . 9 • 1 7 , 1
0 2 6 5 • - 1 0 A 4 0 . C 4 6 , 2 1 e 3 5 . 0 • 3 3 . 6 1 1 9 - 2 10 , 9  - 1 5 , 0 2 7 0 3 4 , 7  1 ) 6 , 2 3 0 . 4 1 5 , 3 - 4 .  11 l« 3 0 . 5 1 0 0 •  1 4 . 5 1 6 25  , 2 2 3 . 2 1 19 . 3 1 4 , 5  1 6 , 3 2 7 6 1 9 , 9  1 6 , 6 3 0 . 0 3 9 . 0 3 7 ,  1
1 13 ( 0 . 3 1 0 . 0 - 4 9 . 6 1 5 2 2 , 5 •  2 0 , 0 1 1 5 . 4 2 2 . 4  2 4 . 0 2 7 2 1 1 , 6  1 1 , 3 3 l . | 0 4 4 , 5 •  4 2 , 6
1 12 3* • 1 1 10 1 7 , 0 1 6 ,  1 1 3 3 4 , 2 3 7 , 9 1 1 9 . 0 1 8 , 5  - 1 9 , 2 2 7 0 2 6 , 4  2 3 , 1 3 0 - 1  2 6 8 , 3 6 4 , 3
1 1 1  3 C ,
1 A 3 2 , 2

1 1 0 - 3 7 , C ) 2 6 1 , 2 0 5 , 6 2 0 0 2 4 , 6  - 2 2 , 1 2 7 . 1 2 9 , 0  . 2 2 , 6 3 1 1 2 1 , 4 1 6 , 4
1 I 7 3 2 , 6 1 1 U . 2 1 3 . 1 2 0 4 5 6 , 1  - 6 2 , 6 2 7 . 2 4 3 . 3  2 3 3 , 4 3 1 7 2 0 . 2 • 1 6 . 4
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51(4 
5 l l 5

6 . 1 3
6 l  1 1
6-1 3
6 . 1 4

0 1 
o ;
0 mi  
6 -4
e . 6
6 . 7
e 1*
9 - 9
e - i  i 
o i l  3
•  11 4

9 . 1
9 mi  
9 - 3  
9 . 4  
9 . 6  
9 m3 
9 . 9  
9 l i  1 

|0 1 
10 . 1  
10 , 3  
10 ml  
10 .7
(C - 7
I o . u  
iclu 
I I 3 
I 1 I

f  Q t i  F C*L

14.4 
I 6 , 9
12 .6
35.4
2 7 . 3
5 7 . 7  
* 4. 7
47.0
6 3 . 7
3 2 . 3
5 7 . 7
3 3 . 6
3 5 . 0
2 4 . 2
1 7 . 0  
* 5 , 0
34.4
19.4
2 5 . 3  
1 0 . 9
34.7
2 3 . 3  
7 0 , e
1 3 . 6
2 9 . 1
2 1 . 1
13. 0
1 0 . 6
1 3 . 0
2 4 . 1

3 9 . 5
1 9 .4
4 9 . 2
3 7 . 0
1 6 . 0
13.5
1 9 .0
24.1
2 3 . 9  
13 ,  I 
U . 2
2 5 . 6
2 1 . 9  
3 9 .  I
1 0 . 6
24.4
17.1  
1 9 , 6
14 .3
14.5
2 1 . 6
3 2 . 3  
4 6 , 0
5 4 . 2  
3 0 , 5

2 1 , 6  
2 6 , 3  
2 1 , 6

I 1 - 3  
I I -5  
1 -7 
(2 0 
12 ml
12 . 4
12 ml
12 l e  
12 -6
12 - 9
l 2 l l  J 
1 2 1 1 I 
I 2 l  I 2
13 2 
(3 I 
13 * 
I 3 mi  
I 3 . 4  
I 3 - 5

1 I 
1 3 
I -1
I mi
1 -4
I ml
I Zh
1 - 7  
I -6  
1 - 9  111 0 111 1 
1 . 1 2  
i l l )  111 4

1 2 , 6
2 5 . 7
2 7 . 9  
3 0 , 5
2 3 . 0  
2 2 , 3
16 .9
11 .7
1 3 .9
18 .7
1 2 . 1

14,1

1 3 .3
1 5 ,0

1 3 .0  
1 1 , 6  
15 .2

2 0 , 5
2 5 . 9
1 4 . 9

2 2 . 5  1 ( 9 ,

2 2 , 1  . 2 0 , 
11.6 16, 
3 2 , 6  28 .
2 1 , 3  19 ,

M , l
29*6

-1 22.6 1 19,

2 0 , 1  
1 3 . 3

10,  
1 2 0 , 

2 0 , 
•  1 2 *

3 5 . 0  
2 7 . 4
2 4 . 3  
U . I
2 2 . 0
2 0 . 3
2 9 . 3  
2 3 . 9

k l  r  o * *  r

•  -8  
1 . 10 
6-12
0 - 1 4  
1 4
1 3 
1 2 
1 0 
I .1  
I -2
I - 4
1 - 9
1-12 
1 - 1 3
1 - 1 42 I 
t  - t
2 mi
2 . 3  
2 - 4  
2 -5  2 - 6  2 - 7  2 -6 
2 - «  
t - 1 0
2 - 1 1  
2 . 1 3  
2 - 1 4  
2 - 1 3

2 I 
1 - I  
9 - 3  
9 - 3  
9 - 9  
9 - 1 2  
9 - 1 3  
9 - 1 4  
9 - 1 3  
4 1 
« -1 
4 - 3  
4 - 6  
4 •  7

4 - 1  1 
4 - 1 2  
4 - 1 3  
4 - 1 3

• 1
I  0 9 -15 -2
0 - 3  
9 . 4  
4 - f3-ll
4 - 1 2
4 - 1 4  
4 - 1 3  
• 2 
4 o 
4 - 1  
4 - 2  
4 - 3  
4 m l
6 -8 
4 - 9  
4 - i o  
4 - 1 2  
4 - 1 3
6 - 1 4

f  - 4
t  ml  
t  - 7  
9 - 1 0  
9 - 1 1  I 0 
I -I
I  -2
4 - 3  
I  - 4  
4 m l
I  - 6
f  - 7

\:l
!:!?

3 1 .  9
U . 2
K . I

14 « 5
U . l
2 0 , 9



TABLE 28

C u ( a - p i c ) p ( N O ^ ) 2 -  Form I  

Atom p o s i t i o n s  ( f r a c t i o n a l  c o o r d i n a t e s )

2 Z2  iZ k

Cu 0 . 2 5 2 3 1 ( 3 4 )  0 . 6 5 9 7 6 ( 1 4 )  0 . 2 8 0 4 0 ( 1 8 )
c 1 ) 0 . 2 2 5 8 2 1 ) 0 . 4 7 7 4 1 0 ) 0 . 3 4 4 5 1 2 )
G 2 ) 0 . 2 2 4 9 24) 0 . 3 8 3 4 1 0 ) 0 .3 4 3 1 13)
C 3) 0 . 2 5 6 3 30) 0 . 3 4 1 3 1 1 ) 0 . 2 6 2 6 14)
C A) 0 . 2 4 0 9 27) 0 . 3 8 9 8 1 0 ) 0 . 1 8 7 8 1 6 )
c 5) 0 . 2 4 7 3 2 6 ) 0 . 4 8 1 7 1 2 ) 0 . 1 9 6 4 13)
c 6 ) 0 . 2 1 7 9 2 6 ) 0 .5 2 8 1 1 2 ) 0 . 4 2 9 2 1 1 )
c 7) 0 . 2 7 9 4 27) 0 . 8 3 6 9 1 2 ) 0 . 3 7 6 2 15)
c 8 ) 0 . 2 8 7 3 28) 0 .9 3 0 1 1 1 ) 0 . 3 7 8 6 17)
c 9) 0 . 2 8 5 8 25) 0 . 9 7 6 4 1 1 ) 0 . 3 0 0 6 17)
c 1 0 ) 0 . 2 6 4 4 31) 0 .9 3 1 1 1 1 ) 0 . 2 1 5 7 18)
G 1 1 ) 0 . 2 5 1 5 30) 0 . 8 3 8 5 1 2 ) 0 . 2 1 0 2 15)
C 1 2 ) 0 . 2 7 8 9 34) 0 . 7 8 1 3 13) 0 . 4 6 0 0 16)
0 1 ) 0 . 0 3 0 1 2 0 ) 0 • 6 6 0 6 1 0 ) 0 . 0 8 5 6 1 0 )
0 2 ) - 0 . 2 6 9 3 2 1 ) 0 . 6 5 2 2 1 2 ) 0 . 0 3 6 2 13)
0 3) - 0 . 0 3 8 6 23) 0 . 6 6 1 8 9) 0 .2 0 4 1 1 1 )
0 4 ) 0 . 5 3 4 3 18) 0 . 6 5 2 8 8 ) 0 . 3 9 4 7 9)
0 5) 0 . 7 9 8 6 19) 0 . 6 5 0 3 1 0 ) 0 . 3 9 8 3 1 2 )
0 6 ) 0 . 5 1 8 3 2 1 ) 0 . 6 6 3 6 8 ) 0 . 2 4 8 7 1 1 )

N 1 ) 0 . 2 4 1 5 2 1 ) 0 . 5 2 4 8 8 ) 0 . 2 7 4 5 1 1 )

N 2 ) 0 . 2 6 2 5 2 0 ) 0 . 7 9 2 4 8 ) 0 . 2 9 3 6 1 1 )

N 3) - 0 . 0 9 3 0 2 1 ) 0 . 6 5 8 2 1 0 ) 0 . 1 0 3 5 1 1 )

N 4 ) 0 . 6 2 8 4 2 2 ) 0 .6 5 5 1 1 0 ) 0 . 3 4 8 3 1 2 )



TABLE 29

G u ( a - p i c ) 2 ( N O ^ ) 2 -  Form  I

( a )  A n i s o t r o p i c  t e m p e r a t u r e  f a c t o r s  (X2 ) *

211 - 2 2 - 3 3 2% 2 22 3 1 2—1 2
Cu 0 .0 4 1 0 . 0 3 2 0 . 0 4 3 0 . 0 0 0 0 . 0 5 2 0 . 0 0 1
C 1 ) 0 . 0 1 3 0 . 0 2 9 0 . 0 3 5 - 0 . 0 1 6 0 . 0 3 3 0 . 0 0 5
C 2 ) 0 . 0 2 3 0 . 0 2 4 0 . 0 3 7 0 . 0 0 5 0 . 0 2 2 - 0 . 0 0 9
G 3) 0 . 0 6 2 0 . 0 3 3 0 . 0 4 7 - 0 . 0 0 7 0 . 0 7 2 - 0 . 0 1 7
C 4) 0 . 0 4 2 0 . 0 1 9 0 . 0 6 8 - 0 . 0 2 0 0 . 0 7 9 - 0 . 0 1 2
C 5) 0 . 0 3 4 0 . 0 4 4 0 . 0 3 9 - 0 . 0 1 5 0 . 0 4 8 0 . 0 1 9
c 6 ) 0 . 0 4 9 0 . 0 5 7 0 . 0 1 6 - 0 . 0 1 5 0 . 0 2 9 - 0 . 0 2 1
c 7) 0 . 0 4 0 0 . 0 3 7 0 . 0 4 5 0 . 0 0 6 0 . 0 5 0 0 . 0 0 1
c 8 ) 0 . 0 4 0 0 . 0 2 8 0 . 0 6 8 - 0 . 0 1 9 0 . 0 5 2 - 0 . 0 0 5
c 9) 0 . 0 1 8 0 .0 3 1 0 . 0 8 5 - 0 . 0 0 2 0 . 0 7 7 - 0 . 0 0 9
c 1 0 ) 0 . 0 6 5 0 . 0 3 3 0 . 0 6 8 0 . 0 0 6 0 . 0 8 5 - 0 . 0 0 7
c 1 1 ) 0 . 0 6 0 0 . 0 4 6 0 . 0 3 4 0 . 0 0 7 0 . 0 6 5 - 0 . 0 0 4
c 1 2 ) 0 . 0 7 5 0 . 0 4 7 0 . 0 5 0 0 . 0 1 3 0 . 0 8 4 0 . 0 2 6
0 1 ) 0 . 0 4 6 0 .0 7 1 0 . 0 4 4 0 . 0 1 6 0 . 0 5 0 0 . 0 0 1
0 2 ) 0 . 0 3 0 0 . 0 9 4 0 .0 7 1 0 . 0 1 9 0 . 0 3 3 0 . 0 0 2
0 3) 0 . 0 8 9 0 . 0 3 6 0 . 0 6 6 - 0 . 0 0 8 0 . 0 9 7 0 . 0 0 5
0 4) 0 . 0 5 2 0 .0 4 1 0 . 0 2 7 0 . 0 0 4 0 . 0 4 9 0 . 0 0 6
0 5) 0 . 0 3 2 0 . 0 6 1 0 . 0 7 3 0 . 0 2 0 0 . 0 5 6 0 . 0 2 1
0 6 ) 0 . 0 6 6 0 . 0 3 8 0 . 0 6 1 - 0 . 0 0 7 0 .0 9 1 - 0 . 0 1 6
N 1 ) 0 . 0 4 0 0 . 0 1 9 0 . 0 3 8 - 0 . 0 0 8 0 . 0 5 4 - 0 . 0 1 0
N 2 ) 0 . 0 3 4 0 . 0 2 5 0 . 0 4 0 - 0 . 0 0 6 0 . 0 5 8 0 . 0 0 4
N 3) 0 . 0 3 9 0 . 0 3 4 0 . 0 3 6 0 . 0 1 4 0 .0 3 1 0 . 0 0 7
N 4) 0 . 0 3 0 0 . 0 5 4 0 . 0 4 9 0 . 0 0 4 0 . 0 5 6 - 0 . 0 0 5

( b )  Mean e s t i m a t e d  s t a n d a r d  d e v i a t i o n s  (&2 )

Cu 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 2 0 . 0 0 2 0 . 0 0 3
C 0 . 0 1 1 0 . 0 0 9 0 . 0 1 0 0 . 0 1 6 0 . 0 1 9 0 . 0 1 8
0 0 . 0 0 8 0 . 0 0 7 0 . 0 0 7 0 . 0 1 1 0 . 0 1 2 0 . 0 1 3
N 0 . 0 0 9 0 . 0 0 7 0 . 0 0 7 0 . 0 1 2 0 . 0 1 4 0 . 0 1 4

* T h e s e a r e  t h e v a l u e s o f  U± j i n  e q u a t i o n  ( 5 ) ( S e c t i o n

1 . 1 . 4 ( b ) ) .



TABLE 30

C u ( a - p i c ) N O , ) g -  Form I I  

Cu 0 . 2 6 5 9 3 ( 2 2 )  0 . 1 7 5 9 5 ( 1 0 )  0 . 2 3 1 9 6 ( 1 4 )
c 1) 0 .6 22 5 18) 0 . 26 36 9) 0 .3 0 95 10)
c 2) 0 .8 0 1 7 19) 0 . 2 66 0 10) 0 .3 5 57 12)
c 3) 0 .9 0 04 19) 0 .185 7 11) 0 .3 9 35 12)
c 4) 0 . 8 1 1 8 20) 0 . 10 35 10) 0 .3 8 27 14)
c 5) 0 .6241 20) 0 .1 04 6 9) 0 . 33 7 3 1 2)
c 6) 0 . 51 1 0 21) 0 . 34 95 8) 0 .2 6 7 2 14)
G 7) - 0 . 0 7 6 6 17) 0 . 2 7 3 2 8) 0 . 14 9 9 10)
C 8) -0*2613 19) 0 .2813 10) 0 . 0 96 9 11)
C 9) - 0 . 3 7 1 1 19) 0 .2031 11) 0 .0 6 36 12)
C 10) - 0 . 2 8 6 2 20) 0 .1201 11) 0 .0801 13)
c 11) - 0 . 1 0 7 2 20) 0 .1 1 29 9) 0 .1 3 10 13)
c 12) 0 .0421 21) 0 .3547 9) 0 .1861 14)
0 1) 0 . 2 4 6 3 17) 0 .0 4 78 7) 0 .1 0 59 10)
0 2) 0 .2 0 9 0 16) 0 . 10 73 8) - 0 . 0 4 5 6 9)
0 3) 0 . 24 1 5 12) 0 .1 95 5 6) 0 . 0 8 7 0 7)
0 4) 0 . 2 9 5 9 13) 0 .1 6 78 6) 0 .3 80 9 9)
0 5) 0 .2 9 35 16) 0 .060 3 9) 0 .4 84 5 10)
0 6) 0 . 2 69 5 15) 0 . 02 5 6 7) 0 .3271 9)
N 1) 0 .5 3 27 13) 0 .183 5 7) 0 .2991 8)
N 2) 0 .0 0 03 14) 0 .188 9 6) 0 . 1 6 6 4 8)
N 3) 0 . 23 4 4 15) 0 . 11 4 2 7) 0 . 0 4 6 0 9)
N 4) 0 .2 8 6 3 16) 0 .0807 8) 0 . 3 9 9 5 9)



TABLE 31

G u ( a ~ p i c ) ^ ( N O ^ ) ^  -  Form I I  

( a )  A n i s o t r o p i c  t e m p e r a t u r e  f a c t o r s  (X^)  *

2 n —22 “ 33 2U32 2U~ 1 -o1 2—1 2
Cu 0.037 0.025 0.0^7 0.002 0.049 -0.001
C 1) 0.041 0.032 0.035 0.005 0.042 -0 .010
C 2) 0.039 0.062 0.059 -0.031 0.073 -0 .044
C 3) 0.038 0.066 0.045 -0 .015 0.052 -0 .013
c 4) 0.033 0.047 0.076 0.001 0.061 0.024
c 5) 0.052 0.028 0.059 0 . 0 1 3 0.074 0.029
c 6 ) 0.053 0.017 0.086 0.018 0.047 -0 .011
c 7) 0 .040 0.023 0.044 -0 .007 0.059 0.013
c B) 0.048 0.042 0.042 -0 .0 0 2 0.054 0.011
c 9) 0.032 0.071 0.046 0.001 0.040 0.002
c 10) 0.037 0.052 0.069 0.009 0.059 -0 .013
c 11) 0.046 0.021 0.076 0.005 0.076 -0 .0 0 4
c 12) 0.050 0.026 0.087 -0 .009 0.079 0.014
0 1) 0.086 0.039 0.074 0.025 0.091 0.007
0 2) 0.079 0.065 0.048 -0 .0 2 2 0.086 -0 .034
0 3) 0.044 0.038 0.044 0.008 0.056 0.006
0 4) 0.044 0.040 0.041 0.010 0.040 -0 .0 0 7
0 5) 0.081 0.076 0.073 0.072 0.090 0.039
0 6) 0.066 0.040 0.069 0.024 0.081 -0 .019
N 1) 0.032 0.026 0.038 0.006 0.047 -0 .002
N 2) 0 .030 0.028 0.037 0.008 0.043 0.008
N 3) 0 .043 0.038 0.042 0 . 0 0 0 0.056 0.003
N 4) 0.039 0.052 0.047 0.050 0.055 0.007

( b )  Mean e s t i m a t e d  s t a n d a r d  d e v i a t i o n s a 2)

Cu 0.001 0.001 0.001 0.002 0.001 0.002
C 0.008 0.008 0.009 0.012 0.014 0.012
0 0.008 0.006 0.007 0 . 0 1 0 0 . 0 1 2 0 . 0 1 0
N 0.007 0.006 0 . 0 0 6 0 . 0 1 0 0 . 0 1 0 0.009

* T h e s e  a r e  t h e  v a l u e s  o f  i n  e q u a t i o n  ( 5 )  ( S e c t i o n  

I . 1* 4 ( b ) ) .
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APPENDIX V I I  

EXPERIMENTAL

AQUO(LINITRATO BIS QUINOLINE) - CALMIUM( 1 1 )

P r e p a r a t i o n  o f  C r y s t a l s

C r y s t a l s  o f  C d ( q u i n ) 2 ( ^ 0 ^ ) ^(H^O) w e re  p r e p a r e d  

f r o m  a  1:1  s o l u t i o n  o f  e t h a n o l - 2 , 2- d i m e t h o x y p r o p a n e  

c o n t a i n i n g  s t o i c h e i o m e t r i c  a m o u n t s  o f  CdCNO^J^.^H^O and  

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

n e e d l e - a x i s  c o r r e s p o n d i n g  t o  b .  To a v o i d  a t m o s p h e r i c  

d e c o m p o s i t i o n  i n  t h e  X - r a y  beam, t h e  c r y s t a l s  w e re  e n c l o s e d  

i n  t h i n - w a l l e d  g l a s s  t u b e s .

Cr y s t a l  D a t a

C18H16N4 ° 7 Cd 
M = 5 1 2 . 8

M o n o c l i n i c

a  = 1 1 . 0 1 8  + 0 . 0 0 5 ,  b = 8 . 5 8 5  + 0 . 0 0 5 ,  c = 2 3 . 7 5 6  +

0 . 0 0 9  £ ,  p = 9 1 . 0 7  + 0 . 0 2 ° ,  U = 2247 SP

= 1 . 5 1 ,  Z = 4,  Dc = 1 . 5 2

P ( 0 0 0 )  = 1024

S p a c e  g r o u p  P 2 ^ / c  ( c i ,  No 14)  f ro m  s y s t e m a t i c  a b s e n c e s :  

OkO f o r  k  o d d ,  h O l  f o r  Z odd 

Mo-K X - r a y s ,  "X = 0 . 7 1 0 7  £
0

uCMo-K ) = 10 . 1  cm-1
CL
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C r y s t a l l o g r a p h i c  M e a s u r e m e n t s

The u n i t - c e l l  p a r a m e t e r s  w ere  i n i t i a l l y  

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

t a k e n  w i t h  Cu-K^ r a d i a t i o n  ( = 1 .5 4 1 8  X) ,  an d  f ro m

p r e c e s s i o n  p h o t o g r a p h s  t a k e n  w i t h  Mo-K r a d i a t i o n .  T h e se  

w e r e  s u b s e q u e n t l y  a d j u s t e d  by l e a s t - s q u a r e s  r e f i n e m e n t  o f  

O , ^ ,  a n d  <p s e t t i n g  a n g l e s  o f  t w e l v e  r e f l e c t i o n s  d e t e r m i n e d  

on a  H i l g e r  a n d  W a t t s  Y 290 d i f f r a c t o m e t e r .

F o r  t h e  i n t e n s i t y  m e a s u r e m e n t s ,  z i r c o n i u m -  

f i l t e r e d  molybdenum r a d i a t i o n  was u s e d  a n d  3922  r e f l e c t i o n s  

w e r e  c o l l e c t e d  by u s e  o f  t h e  0 t o  20 s c a n  t e c h n i q u e .  Of 

t h e s e  some 3697  r e f l e c t i o n s  w e re  c o n s i d e r e d  o b s e r v e d  u s i n g  

t h e  c r i t e r i a  I  >  1 a ( l ) ,  w h e re  a  was d e t e r m i n e d  f ro m  c o u n t e r  

s t a t i s t i c s .  V a l u e s  o f  I  w e re  c o r r e c t e d  f o r  L o r e n t z -  

p o l a r i s a t i o n  e f f e c t s  b u t  no c o r r e c t i o n s  f o r  a b s o r p t i o n  

w e r e  m ade .

S t r u c t u r e  D e t e r m i n a t i o n  an d  R e f i n e m e n t

The e n t i r e  s t r u c t u r e  was d e t e r m i n e d  by 

c o n v e n t i o n a l  P a t t e r s o n  a n d  e l e c t r o n - d e n s i t y  c a l c u l a t i o n s  

w i t h  i n i t i a l  p h a s i n g  a p p r o p r i a t e  t o  t h e  cadmium a t o m .

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

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

R t o  0 . 2 3 .  D u r i n g  t h e s e  p r e l i m i n a r y  c a l c u l a t i o n s  an
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o v e r a l l  i s o t r o p i c  v i b r a t i o n  param eter ,  Ui s o  ( 0 . 0 6  X2 ) ,  was 

a s s i g n e d  t o  th e  atoms.

The l e a s t - s q u a r e s  r e f i n e m e n t  o f  p o s i t i o n a l ,  

t h e r m a l ,  and  s c a l e  p a r a m e t e r s  c o n v e r g e d  a f t e r  11 c y c l e s ,  

when R was 0 . 0 8  a n d  R* was 0 . 0 1 1 .  Rem oval  o f  t h o s e  p l a n e s  

f o r  w h ic h  I  :> 2 a ( l )  l e f t  3029 i n d e p e n d e n t  d a t a ,  an d  

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

r e s u l t e d  i n  R 0 . 0 6  and  R1 0 . 0 0 8 .  A f t e r  c y c l e  5, a  

d i f f e r e n c e  F o u r i e r  s y n t h e s i s  was c a l c u l a t e d  w h ic h  r e v e a l e d  

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

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

f a c t o r s  ( f o r  d e t a i l s  o f  t h e  r e f i n e m e n t  s e e  T a b l e  3 2 ) .

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

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

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

c o m p u t e r - s t o r e  l i m i t a t i o n s .

I n  a l l  r e f i n e m e n t  c y c l e s ,  t h e  w e i g h t i n g  schem e 

g i v e n  a s  e q u a t i o n  ( 3 2 )  ( S e c t i o n  1 . 1 . 8 ( b ) )  was a p p l i e d  t o  

t h e  d a t a .  I n i t i a l l y  t h e  p a r a m e t e r s  p w e re  c h o s e n  t o  g i v e  

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

l a t e r  c y c l e s  a s  i n d i c a t e d  by a  | F Q| a n d  ( s i n  0 / v  ) a n a l y s i s  

o f  The f i n a l  v a l u e s  a r e  p 1 50 ,  p 2 0 . 0 0 1 ,  p^

0 . 0 1 ,  p4 0.

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

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



w e r e  c a l c u l a t e d .  T h e s e  r e v e a l e d  no e r r o r s  i n  t h e  

s t r u c t u r e .

I n  a l l  t h e  s t r u c t u r e - f a c t o r  c a l c u l a t i o n s ,  

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

2 1 2 .  The o b s e r v e d  a n d  c a l c u l a t e d  s t r u c t u r e  f a c t o r s  a r e  

l i s t e d  i n  T a b l e  3 3 .  F r a c t i o n a l  c o o r d i n a t e s  o f  a l l  n o n -  

h y d r o g e n  a to m s  a r e  g i v e n  i n  T a b l e  3 4 ,  a n d  a n i s o t r o p i c  

t h e r m a l  p a r a m e t e r s  i n  T a b l e  3 5 .  The p o s i t i o n s  o f  t h e  

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

g i v e n  i n  T a b l e  3 ^ .

The r e l e v a n t  i n t e r a t o m i c  d i m e n s i o n s  an d  

some c a l c u l a t e d  l e a s t - s q u a r e s  b e s t  p l a n e s  t h r o u g h  t h e  

m o l e c u l e  a r e  g i v e n  i n  S e c t i o n  I I I . 2 . 2 .  The e s t i m a t e d  

s t a n d a r d  d e v i a t i o n s  r e c o r d e d  w e re  d e r i v e d  f ro m  t h e  i n v e r s e  

o f  t h e  l e a s t - s q u a r e s  n o r m a l - e q u a t i o n  m a t r i x ,  a n d  a r e  

p r o b a b l y  b e s t  r e g a r d e d  a s  minimum v a l u e s .



TABLE 52

C d ( q u i n ) 2 ( N 0 ^ ) 2 ( H 2 0 )

C y c l e s

1 -4

5 - 6

7 - 8

9 -11

C o u r s e  o f  r e f i n e m e n t

F i n a l  F i n  a l  
P a r a m e t e r s  r e f i n e d  R R ’

x ,  y ,  z ,  U . so  f o r  Cd, N, 0 ,  C; l a y e r
s c a l e - f a c t o r s , u n i t  w e i g h t s ,  f u l l

m a t r i x  0 . 1 1 4  0 . 0 4 3 3

x ,  y ,  z ,  Ui s o  f o r  Cd, N, 0 ,  C; l a y e r  
s c a l e - f a c t o r s , w e i g h t i n g  schem e a d 
j u s t e d ,  f u l l  m a t r i x  0 . 1 0 3  0 . 0 3 7 2

x ,  y ,  z ,  UigQ f o r  Cd, N, 0 ,  C, H; one  
o v e r a l l  s c a l e - f a c t o r , w e i g h t i n g
schem e a d j u s t e d ,  f u l l  m a t r i x  0 . 1 0 0  0 . 0 2 9 8

x ,  y ,  z ,  ^ j ^ 1 ^  = 1 >2 »3) f o r  Cd» N»
0 ,  C; x ,  y ,  z ,  UigQ f o r  H; s m a l l  
a d j u s t m e n t s  t o  w e i g h t i n g  s c h e m e ,  
b l o c k - d i a g o n a l  a p p r o x i m a t i o n  t o
n o r m a l - e q u a t i o n  m a t r i x  0 . 0 7 8  0 . 0 1 1 2

P l a n e s  f o r  w h ic h  I  2cr(I )  r em o v ed  0 . 0 6 0  0 .0 0 8 1



Observed and final-calculated structure amplitudes
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4 9 20 36,4

*4,o ; r , 7 6 1 4 9,8 • 2 8 J6.4 31.) -3 4 5 54,0 4 5 19 11.3
'7,7 ,2-., . 6 1 2 27,5 • 2 9 ‘3.9 -16,3 -3 4 42,| 4 5 M  54.2
'0.7 22,5 . j 6 1 1 29.7 ml 8 •  I 1 2 6 9,5 4,5 -3 4 2 19.9 4 5 17 1 7.5
'6.4 2«,3 43,7 -2 9 *4,7 ;i |,6 •3 4 22.9 4 5 16 26.7
‘4.5 Z U . l , 6 9 66 9 .2 8 ml 1 2  4 ‘2,9 ; n , 9 -3 3 26 15,5 4 5 | 5  11.9
'0,1 » 4|,0 j 6 9 42.7 ml 8 *8,3 36,7 •3 3 24 78,0 4 5 14 23.7 4,0
'7,! 3fc,3 j 6 7 46*0 -2 8 '0.? 21.) •3 3 23 10,9 4 5 13 20.9
»!,4 55.2 j 6 6 20.8 -2 8 '*,4 .2e,3 •3 3 2' 24,5 4 5 12 «0.5
U , 7  .2--,* j 6 5 22.7 ml 8 •1,0 9,7 '4,6 .24,9 .3 3 21 9,6 4 5 1| 9,8
‘2,7 .14,2 . 70,2 •3 3 2 0  10.7 4 5 |0 54.5
'),♦ I '.0 35, 1 "? 8 'i.4 :?2.i •3 ) |9 10,8 4 5 b  50,1
'8,1 2>,5 1 6 1 94,0 • 2 8 43,1 *43,0 '8,6 46,4 •3 3 |5 39,7 4 5 « 03,7

‘i.'l
5 2 
9 20

29,2 
44, 1

• 2 8 
• 2 9

14,2 14,2 ml | } 5 v4.2
-3 3 I 7 39,6 
-3 3 |6 47,9

4 5 2 2 8.4 
4 4 23 25.5

v5,4 .47,* 5 1 * 17,0 '2.7 ;25,2 4 4 22 I 4 ,6
*1.5 44,7 I 34.7 9 f 7 ml 1 1 3 '6.4 69,5 •3 3 14 27,0 4 4 21 35,C
' t , \  61.2 j 5 16 17.3 5.0 ml 7 ml 111 '6.7 21.4 -3 3 12 11,8 4 4 2C 16.0
‘5.’ It.7 1 5 1 4 77.2 -2 7 *0.3 45,7 • 3 3 11 4 b , 8 4 4 |9 9.8
*3,5 74,?
*1,? .’-*,7

5 1.1 
5 1 2

15.3
96.4

-2 7 
ml 7

29,6 -30,9 
| 8 , 5 -18,2

• 2 1 8
1*4. 1 • I 30.1 
'0,1 .60,4

-3 3 JO 77,4 
-3 3 62,8

4 4 17 40,3 
4 4 (ft j8.0

140,7 • |* 8 , ft 
® I • 7 9 7 , 7 J 1 5 10 

5 8
70. 1
5 | « 0

• 2 7 
ml 7

20.6 -19,9 ml I 6
I '9 , i 124.9 
l«3.4 76,4

-3 3 8| , 3  
-3 3 7 ?2•6

4 4 15 52.1 
4 4 1 j 47,4

t14.2 i1"* 2 5 7 |6,5 '2.5 0 0 , 4 •3 3 6 33,4 4 4 |1 9,2
'2,1 . 6 i . ft 5 6 89,6 l l  7 48*0 -47*0 •2 1 4 *2,6 :S2,0 -3 3 4 7 5 , 9
*2,5 15,3 j 14,0 l l  7 * * •2 | 3 *1.1 35.9 - 3 3 111,4 4 4 9 |1,3
!«,4 - M . 0  
1 2,4 |4,G "j 5 4 60. I ml 7 19.0 19,7 •2 1 1

l'4,3 -127,2 
1*3.0 I 7 j.1 •3 3 2 48,|

•3 3 75,|
4 4 7 4 ?.8

<2,4 .21.5 
*«,' . 4'« 1
*2.C 53.4 
60,7 63,0

9 1 
4 25 
4 2 4
4 2 3

1 1,0
17.9 
9.6
33.9

.2 7 
-2 7 
-2 7
ml 6

14,1 12,9 
23,0 *25,7 
29,8 -30,0 
1 9,4 *20,2

ml 0 26
• 2 o 24
ml 0 22
ml 0 20 
ml 0 19

•0.4 40,4 
'6,6 .26,1 
'6.5 .24,4 
*5. 4 3 3,3 
*7,4 .9ft,4

•3 2 29 13,4 
•3 2 26 19,0 
•1 2 25 10.9 
• J 2 23 I7.| 
-3 2 22 7 7.0

1*0
4 4 5 6 1 .5

4 4 3 98.8 
4 4 2 45,2

‘*.4 15,4
J6,0 130.9 
*8,1 4s,« ,

4 2 2 
4 16 
4 I 6 
4 1 7

18,1
23.4
1 1.2
67.5

ml 6 
ml 6 
• 2 6
ml 6

|9.2 -19.0
39.0 35,8 
21,9 21.)
31.0 *28,3

ml C 16 
•2 O H  
m l 0 1 2
m l 0 1 0

•4,8 5>,0 
*1,1 47,6 
1 4 4,S -J37.J 
1'2,5 12 J , 3

-1 2 21 40.4 
•1 2 20 4*,2 
•J 2 19 50,9 
•3 2 18 29.5

4 3 25 15,7 
4 3 24 15.6
4 3 21 1 0 . 4  
4 3 20 40.1

*6,7 .67,4 -! 4 I 5 47,2 • 2 6 36,1 33,1 ml 0 6
'9.» -42,9 
*4.4 1,1

-3 2 17 10.3 
-3 2 I S 29,5

4 3 19 32,7 
4 3 18 4 1,7

*7.7 ;27,9 *2 6
m l 0 4 1'3,9 |01,7 • 3 2 1 4 35,5 4 3 17 29,2

46,l 17,F i 25. 1 ml 6 33,0 -32,3
ml 0 2
• 3 9 | 1

t J3,5 -163.4 2 11 32,3 4 3 16 17.6
t'9,0 67,6 4 3 l «  12,3
1 ' 7 » 6 » | 4 J , ft i 4 9 18,5 ml 6 I 0,4 8,7 *3 6 7 40 4 • 1 V 1 • ’ 2 11 27.7 8.0 4 3 13 1 2 , 6

75.9 65,3 -68,3 4 3 | 2 88,2
l'5«J 113,5 
'6,2 3.7 
•4.? 2 M

4 6 
4 9 
4 4

14,0
9.9

32,7

ml 6
ml 6
ml 6

14,9 -15,5
65.* 70,9
11.6 | 4,9

• 3 9 1 
-3 9 |

'9.7 41,0 
'0.9 .31.0

- 1 2 4 4 5 , 9
-3 2 7 40.n
• 3 2 f t  105.0

4 3 11 2 6,0
4 3 11 ftft, f

’3*7 31,9 i 4 3 186,9 ml 6 |3.8 * 15,3 • 3 5 i 6 -1 2 68.0
v0 • 5 -|35.8 .j 4 2 24,7 ml 5 19.3 -22,2 *3 9 * 1 -3 2 5 7.1
•7,4 .50,9

I'O, 3 111,7 - 1 4 |
3 26

193. 1 
12.8

ml 5 
ml 5

34.9 35,5
21.9 -2.1.0 -3 8 12 '5.6 29,6 •3 2 56,6

4 3 5 14,7
•‘ft

'7,4 i26,4 i J 22 30,3 ml 5 16,2 -16,1 • 3 6 n '7.2 .26.0 •3 | 25 17,2
4 3 3 110,3

•e.6 4 ft , 9 3 21 33,8 ml 5 |0,5 -8,9 • 3 8 7'1.8 ;27,6 
'6,1 12*,.7 - 1 3 20 

3 19
54.5
21.5

ml 5 
ml 5

65,2 64,2 
74,5 -73,8

• 3 9 6
• 3 8 5

•0.3 34,1 
'2.7 ;i9,*>

-3 1 22 12.3 
•3 | 20 11,6

1 2 24 27,7 
4 2 23 10.6

•4,4 7,, 6 1 3 18 
3 1 6

24,6
19,3

-2 5 
ml 5

23.6 20,3 
25.2 27,1

'6.4 -27,1 •3 1 1 9 34 ,7 4 2 22 12.9
>'2.3 •1 16,4 j 3 1 5 44,2 ml 5 22.3 -22,3 • 3 9 2 ‘9,« -10.9 4 2 2 1 45,6
>8,4 :20,5 3 I4 56.8 ml 5 35,1 36,2 - 3 7 I 9 4 2 19 12,5 

4 2 18 J0.7 
4 2 I? 27.2 

2 16 60,8

'2 .9 32,t 
7 6,4 .57,6 
I'l.I 112,4 \ \

3 1 3 
3 12
3 1 1

27,7
73,2
30.5 .0

ml 5
ml 5
ml 5

H . 3  13,9 
7|,4 -70.2 
>2,1 -9,9

• 3 7 |4 
- 3 7 J 7 
-3 7 i *

'5.9 l i  J.2 
'1,9 -2 1.4 
'2,1 3 . 0

-1 1 15 09,7 
-J 1 14 13.7
-3 I 12 20.1?l,4 62,7 3 10 42.4 ml 5 52.2 59,3 • 3 7 ] 6 '4,4 27,4

1*4.3 -154,6 3 7 47,7 .0 ml 5 21 .4 24,1 -3 7 i 4•8,4 .6^.9 
I'ft.ft 121,4 
'8,1 .50,6

3 8 
3 7 
3 6

•1.4
127.6
154.6

ml 5 
ml 5 
ml 4

60,2 -59,2
40.7 -33,7
19.8 17,6

• 3 7 1? 
-3 7 i 1
• 3 7 j C

'6,3 -2ft,I 
'5,4 .21,7

-3 1 9 129,4 
-3 1 8 44,5

2 13 32*8 
4 2 | ?  >7,6

•5,2 52,6 3 9 73.2 ml 4 10,4 .27,4 2 11 19,6
4*6,9 J 2 7 , 3 3 4 1 19,5 ml 4 91.8 50,3 — 3 7 9 '9,2 -3-.? -3 I 0 19,9

2 10 49,5
1 • 8 , 7 . | 8 | , 1 i 3 3 5 8,3 ml 4 39,8 -44,3 • 3 7 7 '8,6 .3ft. •1 1 4 9,3 _ J * *
1*5.6 -130,4 
1*1,4 108,1

3 1
2 26

38,2
23,4

ml 4 
• 2 4

85,3 85.0 
120,7 .117,9 • 3 7 6 >4.3 -.4,4 m3 1 3 41,3 2 7 81.5

'4,4 19.3 
105,6 -156,8

2 25 
2 24

12.6
19.1

ml 4 
.2 4

SO.8 45,7 
29.1 -23,7 • 3 7 4

• 3 7 J
*4.6 16,5 
'5,4 21.9

•3 1 I 62.2 4 2 5 ?7,5
'4.0 2«,8 - 1 2 23 29.7 • 2 4 43.7 43,4 -3 7 , '6.1 -3ft.e. -3 0 22 52,6 2 3 a 4 ; 111,7 .12,5 . i 2 22 32,6 ml 4 7.9 -3,8 • 3 7 1 -3 0 2*1 11.3 4 2 2 76.|7.1 .17,9- 2 2 I 37,4 ml 4 115,9 .112,1 •3 6 21 '6.1 .26.9 •3 0 18 53,8'0,5 34,3 2 2’> 45. 1 • 2 4 20,2 23,8 •3 6 20 >8,0 .17.9 •3 0 10 21,0
'5.4 .23,1 . i 2 1 24,9 • 2 4 121.6 120,9 • 3 6 »•> '3.0 2.1. 4 -3 0 ) 4  79.| 1 25 43*0*8,7 59,6 . j 2 1" 49,2 ml 4 45,9 -40,3 • 3 6 10 * 7,6 1 4,6 . 1  0 12 00,7 1 1 2  3 2 3 0106,0 • | 0 ) , 2 
'3,t 16.6 .i

2 I 7 
2 16

30.8
69,4

ml 4 
ml 3

20.9 -29,9
22.9 -29,2

- 3 6*17
• 3 6 | 6

*1.4 .12.9 -J 0 10 55.9 
-3 0 8 70,5

1 2 | 30,1 
1 20 23.948,4 3 • » 1

1*0.0 .189,* ** 2 1 
2 >3

30.0
30,8

ml 3
ml 3

21.1 1 *,4 
43.8 42,4

• 3 6 16
• 3 6 | 3

'3.5 -21.4 
*4.3 5i,i

- 1 0 ft 09.9 
- 1 0  4 1 12.2

1 19 01,0 
1 10 39.9'4,4 .27,1 . i 2 1 2 48,9 ml 3 24,1 -29,1 • 3 6 |2 1 1 .’ 11.4 -) 0 2 09.8

'9.4 J7,6 . i 2 1 1 92,8 • 2 3 34,2 -36,0 -3 6 11 *1,0 -62.ft -> 9 6 lb,5 1 16 ? 8'*2.4 6,4 •t 2 10 112.3 • 2 3 21.2 -21,5 • 3 6 9 1 1.7 11,4 -4 9 0 32.1 1 15 22.9'0.6 ;29,9 . i 2 7 106.8 ml 3 27,7 28,2 - 3 6 9 '2.7 -20.9 -4 9 1 1«. |
'2.1 2-7.6 -i 2 6 36,1 • 2 3 66,1 65,0 -3 6 7 *6.) 55,A -4 8 14 1 :.4 I 13 7 ?''6,7 :28.4 . i 2 4 29,3 • 2 i 4 1,6 -41,4 • 3 6 6 '6,9 2*,2 •4 8 10 36.3 1 12 43,4•5,7 44,6 .  i 2 1 n3, 3 • 2 3 49,4 «92,0 -3 6 9 •8,2 ;7l,7 •4 8 6 17.3
*5,5 ;i?,8 . j 2 2 215.5 • 2 3 13.6 -12,6 • 3 6 3 '2,4 2 ", 2 -4 8 9 40,7 j J * * ? j * »
*4.6 12 3,3 .  j 2 1 '0.-1 .2 3 40.0 30,8 - 3 6 2 8,0 7,6 •4 8 7 2 1.2 1 9 7 7*3‘4,4 ;j4,4 . i 1 27 39,5 ml 3 51.0 46,4 -3 6 1 *3.4 57,1 •4 8 0 4 ] .0 1 8 1 4,6'8.5 .24,1 . i 1 28 25,5 • 2 3 67,9 78,0 • 3 9 27 '0.4 21,1 •4 8 4 11.0
'|.2 14,s •i 1 22 12,9 • 2 3 69,2 -59,3 •3 6 I  j 1J.O ||.4 -4 9 3 11.2 1 ft 40.7*6.6 U , 4 . t 1 2 1 60. 1 • 2 3 111,2 .107,8 m 3 6 J 4 *6,5 -4r-.l •4 6 2 44.9 1 5 75,7*4,0 34,4 . t 1 20 28,6 ml 3 60.3 90,5 • 3 5 1® *2.9 5-1.5 -4 0 1 1 9,C
*7,6 :i4,7 .  i 1 1 49,4 • 2 3 1*7,9 94,4 • 3 5 15 1 9 . » J •« . 1 -4 ? |ft 2 3,ft 1 3 82,4*!.« ' t l . l . i I 18 10,5 , 2 3 30,6 -27,8 -3 5 14 '0.« .21.0 -4 7 1 7 22.0
‘I.t JT.T . i 1 1 7 30,3 • 2 J 49,8 34,7 • 3 5 13 1 1 .  ' 1 1 • 1 -4 7 16 12,8 1 1 4 4 , 7
*».» «?.» .i 1 15 78,2 • 2 3 113,4 .107,1 -3 5 |? '6. ** «3v . i -4 7 ) 4  23,9 0 24 29,0

. i 1 1 4 14,0 -2 3 60,9 6*,9 • 3 5 j; *«.: 54.5 - 4  7 12 15.7 0 2 2 8 0.7
»T.O . 5 5 0 . i 1 1 3 1 18,4 -2 2 |9•0 -17,0 .3 5 8 • I,3 -*),0 -4 7 |1 30.9 0 21 |3.0
l».0 21.• . t I 12 39.9 ml I 29,2 2 8,7 -3 6 7 ‘7,1 - I?,6 •4 7 10 17,9 0 10 13. I
'«.* (0,1 1 1 1 43, 1 ml 2 22,9 23,0 • 3 9 9 >5,9 11.8 -4 7 9 2*.2 0 16 69,4; j ,.j 1 to 14,0 • 2 2 I 9,5 -19,5 • 3 5 4 •3.1 42.? -4 7 8 15,5 0 14 79,5
'2.3 :i9.« . j t 4 97,8 .2 2 17,8 -10,6 • 3 5 3 .4 7 0 49,0 0 12 42.7
'2.2 l l t . l . i t 7 1 13.6 •2 2 54,6 54,6 • 3 9 2 *3,4 .57,7 -4 7 9 53.5 3 10 47,4
•i .I 13.» .  i 0 26 27,8 ml I 72,7 60.5 • 3 5 1 ‘e.f ;i-,* -4 7 4 22.6 0 8 154,2
*2.4 11.3 0 24 27,5 m2 I 13,9 -34,5 • 3 4 23 >2.c I 1,2 -4 7 1 25.fi 0 6 150,0 .
'o.« ■;«3.i .  i 0 22 ml  I 29,0 -29,3 • 3 4 22 >5.9 ; n , 0 -4 7 2 10*4 0 4 65,9
'2.2 0 20 I#;! ml 2 13.4 31,8 -3 4 2 1 •4,4 ,41.6 • 4 6 21 2 1 • 4,0 0 2 190,1
'I.* D . t 0 18 56,0 ml 2 | I ,6 -15,1 • 3 4 20 *6.9 1?.? • 4 0 2j u , r
!«.* 12.« 0 1 6 99.4 ml I 12,1 11.9 -3 4 19 •3,T 41,1 -4 6 I 7 18•ft 9 8 31 8
'0.2 12.» 0 1 4 19,1 ml 2 37,4 29,1 .3 4 i * »o,7 ; n , A •4 ft |6 16•0 9 1 33,2

.32.1 0 12 116,2 9,3 • 2 2 41.3 -38.7 •  3 4 |6 '3.0 .21,1 •4 ft 15 4 | , 9 • 12 25,9
*1.* .33.3 0 10 138,0 •  2 2 70,0 -7|,8 •  3 4 15 •5.3 :47,i -4 6 14 29,9 $ 10 3*.1**.2 IT.l 0 8 1 0 7 , 9 •  2 2 97,7 94,| • 3 4 14 *2.* 16»| •4 6 13 26,9
**.' *3.0 •  2 10 2 15,0 ml 2 68.7 93,0 • 3 4 13 7 0 . 3  94.J • 4  6 | 0  26.8 5 8 24,3

•  2 * 1 * 9 , 9 -2 2 7|,| -70,2 • 3 4 12 >i,9 :i",2 • 7 |4,0



* * 4. 7 CIS C*LC M 4 I r ois r * 1 L
• 9 I 12*1 13, -9 1 10 2.ft • .* 1 2 1*4.2 J*.« .5 0 27.0 • ft 1 21-5 0 37.7 1 20.J'.O • 5 0 22 • ft .  * 1 1 ft•9 e '9*1 14*4 31 . 1 — ft 1 1 9• 9 T
• 9 7 *7.7 -5 0 *4,0 •ft > I 7
*9 7 .ft 0 73.9 I* 1 19• 9 7 '*.7 .ii.7 -5 0 127.* - • ft• 9 7
• 9 7

J3.l .25.4 .5 0 90.0 ■ U
• 9 7 9|*» 5«,2 -5 0 |3S«7 . l l

1 1 1 
1 104 J • 9 -4*:,5 -5 0 154.9 • 4

• 9 7 * 1 . 7 12. 1 39. I
-ft
• ft

1 9 
1 7*5.ft 3*. 2ft.7 1 ft•9 » 

• 9 ft ‘ 1 : : .ft ft
1 1 . 0  
27.2 Ift

1 9
1 3• 9 •

• 9 ft
*1.* 21.7 
*5 • * 2*.4

• 6 1 
.ft ft

19.2 
27. |

1 2 
1 1• 9 ft '2.C .23.2 .ft ft 2 1 . 2 • ft 0 241,3 .9 . 3 .ft ft 14,0 • ft 0 23•9 ft i 

• 9 ft •2.7 .12.3
-ft 7 23.ft -ft 0 19

• 9 ft *9.ft 4'i.i - 6 7 17.2 Ift D (4•* ft '5.4 24.3 -ft 7 1 1.* ,4 3 12• 9 ft »1 . 2 : « ! . 0 -ft 7 31.3 • ft 0 10• 9 ft '9.5 -25.4 .ft 7 35.7 .ft o ft• 9 ft -ft 7 37, | . 4 0 4• 9 ft 'o.: .i2«* • ft 7 4 1.5 -ft 0

•9 ft 's ! 7 ;i3*„ .ft 7 >3.3 l l
9 9 
0 7-9 ft -ft 7 15.1 8 ft• 9 9 L i f t  3 r 15.9 a 7 8 9•9 9 'O. 7 31.4 • « 7 20.4 . 7• 9 9 13,* in.* -ft 7 37,7• 9 5 '4,5 ;25,l -« * 20.3 8 1• 9 9 *9.7 54,4 -ft 4 12.9 .7 ' 121.9 .44,4 • ft ft 12.4 • 7 ' 1 1

• 9 9
*5,7 . 1 .  5*4,4 »,.7

*
• * *

35.7
11.9 "J 7 10

• 9 9 '1.7 21 -ft ft 47.7 *T 7 4• 9 9 »9.1 .54.7 • ft ft 27.*
• 9 9 J2.l 12,3 • ft ft 3ft , 3 -7• 9 9 '3.0 30.4 33.7 7 3• 9 9 '4,4 2 J • 2 • ft ft 59.7 ,7 7 2• 9 4 'ft.3 23.4 -ft * 1 1. 1 7 J
• 9 4 't.2 127,7 • ft • 27.4 -7
• 9 4 *9,9 )3.ft •ft ft 7.7 * 19• 9 4
• 9 4

»l,4 J?.* 
*1.4 -7,1

-ft ft 
-ft 9

9.7
10.7 ft 13• 9 4

• 9 4
**•3 :2l.ft 
*1.7 .21,1

• ft 5
• ft 5

11*2
22*0 ' I ft 12

ft 1 I
• 9 4 'l.i 7 j * r -4 5 50.0 ft 10

ft ft
• 9 4 >3.7 :i2.7 •ft 5 39.0 ft 9• 9 4 •ft.4 ;7}.1 • ft 3 I*.7 . 7 ft 7
• 9 4 *2,7 12.7 -ft 3 92.ft .7
• 9 4 '8,2 3J.3 -ft 5 1 1.3 ft 5
• 9 4 4ft.ft 47,ft • ft 4 3* • 3 I f ft I»9 4 '7.5 .3 ,0 -ft 5 2**2 9 19
• 9 4 *ft,5 52,3 -ft 5 31.4 5 12• 9 4 '5,5 7J.2 -ft 5 33.1 5 10
• 9 ) '3.7 Z27.0 • ft 5 23.7 5 7
*9 ) •ft.» 22.7 • ft « 2 27, 1 . 7 5 ft•9 J *1.0 4ft,7 -ft 4 7,7 . 7 5 9• 9 3 '2.2 ~33.4 • ft 4 39. 1 . 7
• 9 J *1.5 .14.2 • ft 4 1 ft • 4 . 7 9 2• 9 ] * ft,i ;i7.5 -ft 4 30. 1 . 7 • 21• 9 ) '2.0 39,3 • ft 4 1 1*3 * 20
•9 3 •7*2 42,1 • ft 4 29.9 , 7 • II• 9 3 •l.l .36.7 7ft.7 . 7 4 17• 9 3 •ft.7 .52.* '1 .J , 7 < 16• 9 3 *♦,» 52.4 •ft 4 1 2 » ft . 7 4 15
• 9 3 '2.9 /?,5 • ft 4 25.7 *7
• 9 3 '7,2 ;73,7 • ft 4 7.3 4 13
•9 3 ®4,0 .37,7 53.2 4 a

•9 3 *7.4 *3.7 Ift 4 27.3 l l
4 11 
4 10• 9 3 *0.5 .51,5 •ft 4 72.9 *7

• 9 > *2•ft “ 54.4 • ft 4 22.4 .7
• 9 3 •i.c ;»m 27*4 -7
• 9 ? *5.9 45.7 10.ft -7 4 3•9 3 1 1 • C 13.7 15.9 .7
*9 2 >4.5 :i».6 23.7 . 7 4 1
•9 2 >0,1 .11.4 29. 1 • 7 3 20
•9 3 '3.3 .25.0 • ft 3 54,4 .7 3 19

*9 2 '7.J 31.1 -ft 3 39.2 I' 3 1 7
•9 2 '2.2 ;j3.« •ft 3 37.1 I f 3 15*9 2 '0.7 17,4 ft5 * 2
*9 2 '3.1 30.7 47.3 . 7 3 12• 9 2 *4,3 9i.4 •ft.7 -7 3 n
•9 2 | '4.5 :rj.6 4ft.0 .7 3 10• 9 2 *3.4 243,| ftl.ft 7 3 ft
• 9 | •1.7 5..0 • ft 3 12.1 .7 3 6
• 9 2 >7*2 )7,* • ft 3 25.7 3 7
•9 2 '9.5 11.2 • ft 3 19*4 *T 3 9
• 9 2 '7.7 274.0 • ft 3 99*9 *7 1 3
• 9 2 *1.0 l*,2 10.7 .7 3 2
•9 2 *1.1 5ft,7 24,7 • 7 3 |
• 9 | >7.| 214•7 •ft ' i 2 2 1.0 .7 2 23• 9 | '9.5 224.2 • ft 2 23.5 -7 2 22
•9 1 '1.5 40,6 •ft 2 59,ft .7 2 21
•9 | '1.3 21.2 •ft 2 21.4 a 7 2 20
«9 | '2.ft 232.4 • ft 2 2 I . 3 • 7
• 9 | *1.0 IlC.7 •ft 2 ,7
• 9 I >5.3 .15.ft • ft 2 21.3 7 2 I 5
•9 | *3.7 2>7.0 • ft 2 4 ft.2
•9 | »7.7 5*. 1 • ft 2 47.9 2 13
•9 t •7.3 17.1 .4 2 2 12
•9 | 2ft«»* -ft 2 49.2 2 ft
»9 { 'l.ft 2*.9 • ft 2 27.9 2 5
• 9 | ®7.ft 29«.7 • ft 2 33.2
*9 71.3 lft.5 •ft 2 77,9

•9 } }>0,7 .1|3.j 97.9 I7
97,1 .54.7 39,9 2 2

•9 | *1.4 ft 7 , 4 • ft 2 17,3 7 » 1
•9 i *0.2 ft 7 « ft 19.9 .7 1 23
• 9 | 44,7 3ft, 2 1 ft • 7 a 7 1 19
•9 t ••I 10*2 14*5 • 7 1 19

I  f  CIS f  c u e * L  ̂ O M

o 2*
0 22 
0 20

. 2 9
•  2 )  
• 9 2



TABLE 34

Cd

C d ( q i i i n ) 2 (N05 ) 2 (H20)

Atom p o s i t i o n s  ( f r a c t i o n a l  c o o r d i n a t e s )

x / a

0 .13619(5)

l A

0 .05436(6)

z / c

0 .31853(2)
c 1)

00o
•

o1 7) -0 .2073 8) 0.3771 3)
c 2) -0 .0704 8) -0 .3047 9) 0;4157 4)
c 3) -0 .0326 8) -0 .2985 9) 0 . 4 6 9 6 4)
c 4) 0.0666 8) -0 .1955 10) 0.4871 3)
c 5) 0.1098 9) -0 .1855 10) 0.5430 4)
c 6) 0.2030 10) -0 .0876 12) 0.5550 5)
c 7) 0.2574 9) -0 .0007 11) 0.5142 4)
C 8) 0.2173 8) -0 .0069 10) 0.4596 4)
G 9) 0.1197 7) -0 .1042 9) 0.4447 3)
G 10) 0.3969 8) 0.1969 9) 0.3055 4)
C 11) 0.5251 8) 0.2216 11) 0.2993 4)
C 12) 0.6004 8) 0.0939 12) 0.3096 4)
G 13) 0.5522 8) -0 .0476 9) 0.3260 A)
C 14) 0.6250 8) - 0 .1 8 0 8 12) 0.3369 5)
c 15) 0.5746 10) -0 .3159 11) 0.3528 5)
c 16) 0.4489 9) -0 .3312 10) 0.3583 5)
G 17) 0.3725 8) -0 .2053 9) 0.3474 4)
C 18) 0.4238 8) -0 .0594 9) 0.3311 4)
0 1) 0.1683 6) 0.0736 7) 0.2152 3)
0 2) 0.1517 5) -0 .1564 7) 0.2508 2)
0 3) 0.1825 7) -0 .1299 9) 0.1612 3)
0 4) 0.1203 7) 0.3261 7) 0.2972 3)
0 5) 0.1453 7) 0.2869 9) 0.3859 3)
0 6) 0.1521 8) 0.5226 9) 0.3526 4)
0 7) -0 .0663 6) 0.0536 7) 0.2862 3)
N 1) 0.0769 6) -0 .1093 8) 0.3893 3)
N 2) 0.3475 7) 0.0648 8) 0.3198 3)
N 3) 0.1674 6) -0 .0685 7) 0.2075 3)
N 4) 0.1394 7) 0.3837 9) 0.3465 3)



TABLE 3 5

Cd( q u i n ) 2 ( NO^) 2 ( ^ 0 )

( a )  A n i s o t r o p i c  t e m p e r a t u r e  f a c t o r s  (2.^) *

Cd
f i n

0 . 0 3 7
—22

0 . 0 3 7
- 3 3

0 . 0 3 7

2U32
0 . 0 0 2 - 0 . 0 0 2

2—1 2 
- 0 . 0 0 3

C 1) 0 . 0 5 0 0 . 0 2 6 0 . 0 4 3 0 . 0 1  1 - 0 . 0 1 0 0 . 0 0 4
C 2) 0 . 0 4 7 0 .0 4 1 0 . 0 6 4 0 . 0 0 2 0 . 0 0 9 - 0 . 0 1 2
C 3) 0 .0 5 1 0 . 0 5 6 0 . 0 4 8 0 . 0 3 0 0 . 0 3 5 0 .0 0 1
C 4) 0 . 0 5 3 0 . 0 5 7 0 . 0 3 3 0 . 0 2 3 0 . 0 1 6 0 . 0 3 5
C 5) 0 . 0 7 1 0 . 0 6 2 0 . 0 4 4 0 .0 0 1 - 0 . 0 1 3 0 . 0 2 0
C 6) 0 . 0 7 0 0 . 0 9 8 0 . 0 4 4 - 0 . 0 1 3 - 0 . 0 2 4 0 . 0 4 5
C 7 ) 0 . 0 5 7 0 . 0 7 7 0 . 0 4 5 - 0 . 0 0 8 - 0 . 0 3 7 0 . 0 1 2
C 8 ) 0 . 0 4 5 0 .0 5 1 0 . 0 5 3 - 0 . 0 0 6 - 0 . 0 1 6 - 0 . 0 0 2
c 9 ) 0 . 0 4 2 0 . 0 4 3 0 . 0 3 8 - 0 . 0 0 2 - 0 . 0 0 2 0 . 0 2 0
c 10) 0 . 0 4 8 0 . 0 5 9 0 . 0 4 7 0 . 0 0 7 - 0 . 0 1 6 0 . 0 0 4
c 11) 0 . 0 4 8 0 . 0 6 2 0 . 0 6 5 0 .0 0 1 0 . 0 1 3 - 0 . 0 3 5
c 12) 0 . 0 3 3 0 . 0 7 8 0 . 0 5 8 - 0 . 0 0 2 - 0 . 0 0 1 - 0 . 0 1 7
c 13) 0 . 0 4 2 0 . 0 6 9 0 . 0 3 7 - 0 . 0 2 4 0 . 0 1 1 - 0 . 0 0 1

c 14) 0o044 0 . 0 8 2 0 . 0 6 3 - 0 . 0 4 2 - 0 . 0 1 2 0 . 0 2 3
c 15) 0 . 0 6 7 0 . 0 5 6 0 . 0 6 9 - 0 . 0 0 3 - 0 . 0 0 6 0 . 0 4 5
c 16) 0 . 0 5 9 0 . 0 5 8 0 . 0 6 8 0 . 0 1 7 0 . 0 1 1 0 . 0 3 7
c 17) 0 . 0 4 7 0 . 0 4 0 0 . 0 5 3 0 . 0 1 9 0 . 0 0 4 0 . 0 1 3

c 18) 0 .0 4 1 0 . 0 5 6 0 . 0 3 9 0 . 0 0 4 0 . 0 0 8 0 . 0 0 3

0 1) 0 . 0 5 3 0 . 0 5 4 0 . 0 5 2 0 . 0 0 2 - 0 . 0 0 4 - 0 . 0 0 3

0 2) 0 . 0 5 0 0 . 0 3 8 0 . 0 4 8 0 . 0 0 9 - 0 . 0 0 8 - 0 . 0 1 5

0 3) 0 . 0 9 5 0 . 0 6 3 0 . 0 4 5 - 0 . 0 2 2 0 . 0 0 7 0 . 0 0 2

0 4) 0 . 0 6 6 0 . 0 4 3 0 • 066 - 0 . 0 1 6 - 0 . 0 3 0 0 . 0 0 3

0 5) 0 . 0 7 0 0 . 0 6 9 0 . 0 6 3 0 . 0 0 9 0 . 0 1 9 0 . 0 2 3

0 6) 0 . 0 9 4 0 . 0 3 8 0 . 0 9 9 - 0 . 0 4 1 - 0 . 0 2 3 0 . 0 1 9

0 7) 0 . 0 4 3 0 . 0 4 0 0 .0 7 1 0 . 0 0 1 - 0 . 0 0 5 0 . 0 0 8

N 1) 0 . 0 3 8 0 . 0 3 4 0 . 0 3 2 0 0 0 0 0 . 0 0 4 - 0 . 0 0 5

N 2) 0 . 0 4 4 0 . 0 4 8 0 . 0 3 9 0 . 0 1 4 0 . 0 0 4 - 0 . 0 1 4

N 3) 0 . 0 3 8 0 .0 4 1 0 . 0 3 2 - 0 . 0 0 5 - 0 . 0 1 0 - 0 . 0 0 2

N 4) 0 . 0 4 8 0 . 0 3 4 0 . 0 6 7 - 0 . 0 0 7 0 . 0 1 3 0 . 0 0 4



TABXiE 3 5  ( c o n t )

( b )  Mean e s t i m a t e d  s t a n d a r d  d e v i a t i o n s  ( X  )

2 i i —22 - 3 3 2U32 2% 1
Cd 0 . 0 0 0 3 0 . 0 0 0 3 0 . 0 0 0 3 0 . 0 0 0 4 0 . 0 0 0 5 0 . 0 0 0 4
C 0 . 0 0 4 0 . 0 0 4 0 . 0 0 5 0 . 0 0 8 0 . 0 0 8 0 . 0 0 8
0 0 . 0 0 4 0 . 0 0 3 0 . 0 0 3 0 . 0 0 6 0 . 0 0 7 0 . 0 0 6
N 0 . 0 0 3 0 . 0 0 3 0 . 0 0 3 0 . 0 0 6 0 . 0 0 6 0 . 0 0 5

* T h e s e  a r e  t h e  v a l u e s  o f  U^. i n  e q u a t i o n  ( 5 )  ( S e c t i o n  
1 . 1 . 4 ( h ) ) .



TABLE 36

Cd( q u i n ) 2 ( NO^) 2 ( H20 )

H y d ro g e n  p o s i t i o n s  * ( f r a c t i o n a l  c o o r d i n a t e s )  an d  
i s o t r o p i c  t e m p e r a t u r e  f a c t o r s  (X^)

H 1 ) C(1 - 0 . 0 3 0 12) - 0 . 2 0 9 15) 0 . 3 4 6 ( 5 ) 0 . 0 6 ( 5
H 2) C(2 - 0 . 1 3 8 12) - 0 . 3 9 6 17) 0 . 4 0 7 ( 6 ) 0 . 0 7 ( 3
H 3) 0 ( 3 - 0 . 0 6 2 12) i o • v_n 16) 0 . 4 9 1 ( 6 ) 0 . 0 6 ( 3
H 5) 0 (5 0 .0 8 1 12) - 0 . 2 8 6 17) 0 . 5 5 8 ( 6 ) 0 . 0 7 ( 3
H 6) 0 ( 6 0 . 2 2 5 14) - 0 . 0 8 4 15) 0 . 5 9 7 ( 6 ) 0 . 0 7 ( 4
H 7) 0 (7 0 . 3 2 3 14) 0 . 0 6 6 15) 0 . 5 1 9 ( 6 ) 0 . 0 3 ( 4
H 8 ) 0 ( 8 0 .2 4 1 13) 0 . 0 6 4 H ) 0 . 4 4 3 ( 6 ) 0 . 0 5 ( 4
H 10 c( 0 ) 0 . 3 4 5 12) 0 .2 8 1 16) 0 . 2 9 4 ( 5 ) 0 . 0 5 ( 3
H 11 c( 1) 0 . 5 4 9 12) 0 . 3 1 0 15) 0 . 2 8 9 ( 5 ) 0 . 0 3 ( 4
H 12 c( 2) 0 . 6 9 4 14) 0 . 0 7 7 17) 0 . 3 0 4 ( 6 ) 0 . 0 5 ( 4
H 14 C( 4) 0 . 7 2 3 12) - 0 . 1 7 1 17) 0 . 3 3 0 ( 6 ) 0 . 0 6 ( 4
H 15 C( 5) 0 . 6 3 5 13) - 0 . 3 9 2 16) 0 . 3 5 7 ( 6 ) 0 . 0 6 ( 4
H 16 C( 6) 0 . 4 2 9 13)

"si-•O1 14) 0 . 3 7 0 ( 6 ) 0 . 0 7 ( 4
H 17 C( 7 ) 0 . 2 9 0 12) - 0 . 2 3 5 16) 0 . 3 6 1 ( 6 ) 0 . 0 7 ( 4
H 19 0 ( 7 ) - 0 . 0 6 5 8 ) - 0 . 0 1 1 10) 0 . 2 5 6 ( 4 ) 0 . 0 4 ( 2
H 20 0 ( 7 ) - 0 . 0 8 7 9) 0 . 1 3 3 9) 0 . 2 7 4 ( 4 ) 0 . 1 0 ( 2

* H y d r o g e n s  a r e  b o n d e d  t o  a to m s  shown i n  s q u a r e  b r a c k e t s
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APPENDIX V III

COMPARISONS OP THE PLANARITY AND ASYMMETRY OP THE NITRATE 

GROUPS IN THE COMPLEXES STUDIED

a )  N i t r a t e  P l a n e s

I f  we c o n s i d e r  t h e  m e t a l  a tom t o  h a v e  

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

t h e  p l a n e  c o n t a i n i n g  t h e  m e t a l  a tom an d  two c l o s e s t  o x y g en  

a t o m s  (M, 0 ( 1 ) ,  0 ( 2 ) ) .  T h e r e f o r e ,  i t  i s  o f  i n t e r e s t  t o  

m e a s u r e  t h e  d i h e d r a l  a n g l e  b e t w e e n  t h i s  p l a n e  and t h e  p l a n e  

o f  t h e  n i t r a t e  g r o u p .  T h e s e  a n g l e s  a r e  l i s t e d  i n  T a b l e  37 ,  

a n d  t h e  r e s u l t s  a r e  a l s o  p r e s e n t e d  g r a p h i c a l l y  i n  F i g u r e  1 

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

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

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

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

f ro m  n e i g h b o u r i n g  m o i e t i e s .  T h u s ,  i n  t h e  c o m p le x  [ C u ( p y ) 2-  

(N0.^)2 l 9p y ,  t h e  n i t r a t e  g r o u p  i n v o l v e d  i n  d i m e r i s a t i o n  

show s  a  l a r g e  d i h e d r a l  a n g l e  ( 8 . 1 2 ° )  v / h i l e  t h e  r e m a i n i n g  

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

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

N i ( p y ) 2 ( N 0 ^ ) ^ ( H ^ O ) £ an d  t h e  s t e r i c  o v e r c r o w d i n g  i n  t h e  

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

d i s t o r t i o n s .  H ow ever ,  an  e x c e p t i o n  t o  t h i s  t r e n d  i s  t h e  

c o m p l e x  C d ( q u i n ) 2 (N05 ) 2 (H20 )  i n  w h i c h  b o t h  n i . t r a t e  g r o u p s
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m i g h t  he  e x p e c t e d  t o  d i s p l a y  s i m i l a r  d i s t o r t i o n s .  The 

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

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

N-0 d i s t a n c e s  a n d  i t  i s  s u g g e s t e d  t h a t  t h i s  may be  c a u s e d  

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

( S e c t i o n  I I I . 2 . 2 ) .

A n o t h e r  f e a t u r e  o f  i n t e r e s t  i n  t h e  n i t r a t e  

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

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

a to m  i s  a l w a y s  on t h e  o p p o s i t e  s i d e  o f  t h e  n i t r a t e  p l a n e  t o  

t h e  o x y g e n  a to m s  a n d ,  i n  m o s t  c a s e s ,  i t  o c c u p i e s  t h e  same 

s i d e  a s  t h e  m e t a l  a t o m .  When t h e  m e t a l  a n d  n i t r o g e n  a to m s  

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

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

p l a n e s .  The one  e x c e p t i o n  t o  t h i s  i s  a g a i n  t h e  c o m p le x  

C d ( q u i n ) 2 (N 0^ )^ (H ^ O )  i n  w h ic h  one  o f  t h e  n i t r a t e  g r o u p s  

show s  a  l a r g e  d i s t o r t i o n  w h i l e  t h e  m e t a l  a n d  n i t r o g e n  a to m s  

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

b )  N i t r a t e  Asymmetry

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

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

a r e  t a b u l a t e d  i n  T a b l e  38 a n d  t h e  r e s u l t s  a r e  p r e s e n t e d  

g r a p h i c a l l y  i n  F i g u r e  2 .

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

i n c r e a s e s  f ro m  Cd t o  Cu. H ow ever ,  t h e  a s y m m e t r y  o f  C u ( p y ) ^ -  

( N 0 ^ ) 2 i s  g r e a t e r  t h a n  t h e  s e r i e s  w o u ld  p r e d i c t  ,and t h i s  h a s
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b e e n  e x p l a i n e d  u s i n g  t h e  J a h n - T e l l e r  t h e o r e m  ( S e c t i o n  I I .

2 . 2 ) .  The d i f f e r e n c e  i n  M-0 d i s t a n c e s  f o u n d  i n  t h e  

l a t t e r  c o m p le x  ( 0 . 5 8  X) i s  o f  t h e  same o r d e r  a s  t h a t  f o u n d  

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

t o  t h i s  a r e  one  o f  t h e  n i t r a t e  g r o u p s  i n  Form I  o f  C u ( a - p i c ) 2-  

( N 0 ^ ) 2 w h e re  t h e  a s y m m e t r y  i s  s m a l l e r  an d  t h e  g r e a t e r  

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

i n  [ C u ( p y ) 2 ( N 0 ^ ) 2 l ^ p y .  H ow ever ,  i n  t h e  a b s e n c e  o f  e x t e r n a l  

f a c t o r s ,  a s y m m e t r y  i n  t h e  n i t r a t e  g r o u p s  o f  0 . 5  -  0 . 6  X 

w o u ld  a p p e a r  t o  be  a  f a v o u r a b l e  s i t u a t i o n  i n  c o p p e r ( I I )  

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



TABLE 37

PLANARITY OF THE NITRATE GROUPS

M

D i s t a n c e  o f  a to m s  f rom  p l a n e s  (&)
a  = M, b = 0 ( 1 ) ,  c = 0 ( 2 ) ,  d = 0 ( 3 ) ,  e = N ( 1)

D i h e d r a l  a n g l e  B e tw een  p l a n e s  [M, 0 ( 1 ) ,  0 ( 2 ) ]  a n d  [ 0 ( 1 ) ,
0 ( 2 ) ,  0 ( 3 ) ,  N( 1)] = f °

COMPLEX a h c d e f

1 ( a ) 0 . 1 3 6 0 . 0 0 8 0 . 0 0 9 0 . 0 0 9 - 0 . 0 2 6 0 . 1 6 5 *

1 ( h ) - 0 . 2 8 7 0 .0 0 1 0 .0 0 1 0 . 0 0 1 - 0 . 0 0 1 00 •

2 ( a ) - 0 . 1 6 4 0 .0 0 1 0 .0 0 1 0 .0 0 1 - 0 . 0 0 3 4 .9 8 1
2 ( h ) 0 . 0 5 9 - 0 . 0 0 1 - 0 . 0 0 1 - 0 . 0 0 1 0 . 0 0 4 1 .7 4 3 *

3 ( a ) - 0 . 0 8 1 - 0 . 0 0 2 - 0 . 0 0 3 - 0 . 0 0 3 0 . 0 0 7 2 . 2 9 3 *

3 ( h ) - 0 . 0 9 7 - 0 . 0 0 5 - 0 . 0 0 5 - 0 . 0 0 6 0 . 1 6 2 2 . 7 2 2 *

4 ( a ) - 0 . 2 9 1 0 . 0 0 5 0 . 0 0 5 0 . 0 0 5 - 0 . 0 1 5 8 . 4 4 0
4 ( h ) - 0 . 1 2 9  • - 0 . 0 0 1 - 0 . 0 0 1 - 0 . 0 0 1 0 . 0 0 3 3 . 6 1 6 *

5 - 0 . 2 1 6 0 .0 0 1 0 .0 0 1 0 . 0 0 1 - 0 . 0 0 4 5 . 9 9 7
6 0 . 2 6 3 - 0 . 0 0 5 - 0 . 0 0 5 - 0 . 0 0 5 0 . 0 1 4 7 . 2 5 7

7 0 . 3 1 8 - 0 . 0 0 2 - 0 . 0 0 2 - 0 . 0 0 2 0 . 0 0 7 8 . 9 0 0

8 0 . 2 6 7 - 0 . 0 0 2 - 0 . 0 0 2 - 0 . 0 0 2 0 . 0 0 6 7 . 7 4 8

9 - 0 . 2 9 2 0 . 0 0 4 0 . 0 0 4 0 . 0 0 5 - 0 . 0 1 3 7 . 6 5 3
10 ( a ) - 0 . 0 2 0 - 0 . 0 0 5 - 0 . 0 0 5 - 0 . 0 0 5 0 . 0 1 4 0 . 9 0 6 *

1 0 ( h ) 0 . 3 3 8 0 . 0 0 3 0 . 0 0 3 0 . 0 0 4 - 0 . 0 1 0 8 . 2 6 6 *

* M e t a l  an d  n i t r o g e n  a to m s  on t h e  same s i d e  o f  t h e  n i t r a t e
p l a n e .

1 [ C u ( p y ) 2 (N05 ) 2 l 2py 2 C u ( a - p i c ) 2 (N03 ) 2 Form

3 C u ( a - p i c ) 2 ( N 0 ^ ) 2 Form I I 4 Z n ( p y ) 2 (N ° 3 ) 2

5 t f i ( p y ) 2 (N03 ) 2 (H2o ) 2 6 C u ( p y ) ^ ( N 0 ^ ) 2

7 Z n ( p y ) 3 (N03 ) 2 8 C o ( p y ) 3 (N03 ) 2

9 C d ( p y ) 3 (N03 ) 2 10 C d ( q u i n ) 2 (N03 ) 2 (H 20 )



TABLE 38

ASYMMETRY OP THE NITRATE GROUPS

A\ n  t  

V ' ( 'B

M~0* = a ,  ( N -0 * )  - ( N - 0 T ) = b ,  0*-■N-0* ioioII (M-Og)

II Pi s 1 0 * -N  = 6 » (M-0*-N)  - (M-0*-•N) = f

COMPLEX a b c d e f

1 ( a ) 2 . 0 3 5 6) 0 .1 1 1 1 2 4 .5 9) 0 . 5 7 3 1 0 5 . 8 5) 2 5 .1
2 . 6 1 8 8 ) 0 . 0 4 5 11 7 .1 8 ) 8 0 . 7 5)

1 ( b ) 2 . 0 4 2 6) 0 . 1 3 7 1 2 4 .7 8) 0 . 8 6 4 1 1 4 . 0 5) 3 7 . 5
2 . 9 0 6 7) 0 .0 0 1 1 1 6 .3 8 ) 7 6 . 5 5)

2 ( a ) 2 . 0 2 6 16) 0 . 0 3 1 2 9 .6 16) 0 .2 8 1 100 .1 11) 1 2 . 6
2 . 5 0 7 13) 0 . 0 3 1 1 6 .3 16) 8 7 . 5 10)

2 ( b ) 1 .9 7 1 13) 0 . 0 7 1 2 9 .3 15) 0 . 5 1 8 1 1 1 . 7 10) 2 4 .1
2 . 4 8 9 14) 0 . 0 0 1 2 4 .7 15) 8 7 . 6 10)

3 ( a ) 1 . 9 8 3 10) 0 . 0 8 1 2 5 .3 12) 0 . 5 3 4 1 0 7 . 2 8 ) 2 4 . 2
2 . 5 1 7 8 ) 0 . 0 4 1 20 .1 12) 8 3 . 0 8 )

3 ( b ) 2 . 0 0 5 10) 0 . 0 8 1 2 5 .9 13) 0 . 5 4 6 1 0 6 . 5 9) 2 4 . 6
2 .5 5 1 7) 0 . 0 3 1 1 7 .4 13) 8 1 . 9 8 )

4 ( a ) 2 . 0 4 4 12) 0 . 0 0 2 1 2 0 .5 13) 0 . 7 1 4 1 1 0 . 6 9) 3 3 . 6
2 . 7 5 8 19) 0 . 0 0 5 1 20 .1 17) 7 7 . 0 11)

4 ( b ) 2 . 0 4 8 13) 0 . 0 6 6 1 2 3 .5 14) 0 . 7 0 6 1 1 2 .4 10.) 3 2 . 3
2 . 7 5 4 14) 0 . 0 0 5 1 2 0 .4 14) 8 0 . 1 9)

5 2 .1 0 1 2) 0 . 0 0 9 1 1 7 . 4 3) 1 . 1 4 3 1 2 7 . 0 2) 5 7 . 6
3 . 2 4 4 3) - 0 . 0 3 6 1 2 1 . 0 3) 6 9 . 4 2)

6 2 . 1 5 4 7) 0 . 0 2 9  • 1 2 3 . 0 9) 0 . 5 7 8 1 0 9 . 9 6) 2 7 . 6
2 . 7 3 2 5) 0 . 0 1 6 1 1 9 .7 9) 8 2 . 3 6)

7 2 . 2 3 2 13) 0 . 0 5 1 2 6 . 0 12) 0 . 1 8 6 1 0 1 . 0 9) 8 . 4
2 . 4 1 8 12) 0 . 0 3 1 2 1 .4 14) - 9 2 . 6 8 )

8 2 . 2 ^ 7 9) 0 . 0 6 4 1 2 5 . 0 11) 0 . 1 0 4 9 8 . 0 7 ) 6 . 4
2 .3 1 1 9) 0 . 0 1 2 1 2 1 . 0 10) 9 1 . 6 6)

9 2 . 4 4 4 9) 0 . 0 5 0 1 2 1 .9 12) 0 . 0 4 7 9 7 . 4 6) 2 <» 3
2 .4 9 1 10) 0 . 0 4 8 ■122.6 11) 9 5 . 1 7 )

1 0 ( a ) 2 .4 3 1 8 ) 0 . 0 4 9 1 1 9 .0 8 ) 0 . 0 6 4 '9 5 . 9 6) 1 . 7
2 . 4 9 5 r. ) 0 .0 0 1 1 2 3 . 2 8 ) 9 4 . 2 5)

1 0 ( b ) 2 .3 9 1 7 ) 0 . 0 7 5 1 2 0 . 6 7) 0 . 1 7 0  ‘ 1 0 0 . 0 5) 7 . 2
2 .5 6 1 8 ) 0 . 0 4 2 1 2 4 . 0 8 ) 9 ; 2 .8 , 6 *
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A koy to the numbering of the corn pi exes is given in Table 37
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