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A B S T R A C T

T h e  p r o to n  m a g n e t ic  r e s o n a n c e  s p e c t r a  of v a r io u s

o r g a n o  t i n  h y d r id e s  h av e  b e e n  s tu d ie d .  S p e c t r a  w e r e  n o r m a l ly
I

r u n  u n d e r  c o n d i t io n s  of h ig h  s c a le  e x p a n s io n  (0 .2  H z o r  0 .4  Hz 

-1  '

c m  ) an d  n u m e r o u s  h e t e r o n u c l e a r  doub le  r e s o n a n c e  e x p e r i m e n t s
I

p e r f o r m e d .  T h e  v a lu e s  of c h e m ic a l  s h i f t s  and  coup lin g  c o n s ta n t s  w e r e
, i , I

c o m p a r e d  w ith  p r e v io u s l y  r e p o r t e d  d a ta .  P r o t o n  s p e c t r a  of 

d i - c y c lo h e x y l  t in  h y d r id e  an d  d i - b e n z y l  t in  h y d r id e  h a v e  b e e n
I L

r e p o r t e d  f o r  the  f i r s t  t im e .

S o m e of the  h y d r id e s  w e r e  d e u t e r a t e d

C  (C ^H gj^SnH ^. C^H ^SnH ^ an d  (C^H gCH ^)^SnH ^ □

an d  th e  e f f e c t s  of d e u t e r i u m  s u b s t i tu t io n  bo th  on s h ie ld in g  and  on

119s p in  s p in  c o u p l in g  c o n s ta n t s  h av e  b e e n  m e a s u r e d .  Sn s p e c t r a
■ I , ^

a t  22. 37 M H z w e r e  o b ta in e d  by the  p u ls e  F T  m e th o d  and  v a lu e s  f o r

119 Sn c h e m ic a l  s h i f t  and  t i n - p r o t o n  and  t i n - d e u t e r i u m  cou p lin g  

c o n s ta n t s  o b ta in e d .  I s o to p ic  e f f e c t s  w e r e  o b s e r v e d  bo th  on  s h i f t s  

a n d  co u p l in g  c o n s ta n t s  a s  a  r e s u l t  of d e u t e r i u m  s u b s t i tu t io n .  A

119l i n e a r  d e p e n d e n c e  f o r  Sn s h if ts  on the  n u m b e r  of s u b s t i tu e n t s  in  

m e th y l  an d  p h e n y l  s ta n n a n e s  h a s  b e e n  found .

T h e  s p i n - l a t t i c e  r e l a x a t i o n  t i m e s  (T^) of the  n a t u r a l ly  

a b u n d a n t  m a g n e t i c  t in  s a t e l l i t e s  in  the  p r o to n  s p e c t r a  of th e s e  

h y d r id e s  h a v e  b e e n  m e a s u r e d  an d  w e r e  found  to  be s h o r t e r  th a n  the



r e l a x a t i o n  t i m e s  of th e  c e n t r a l  f e a t u r e  r e s u l t i n g  f r o m  m o le c u le s  

c o n ta in in g  n o n - m a g n e t i c  t in .  C o r r e l a t i o n  t i m e s  ( 2 ^ )  w e r e  

c a l c u l a t e d  f r o m  the  d ip o l a r  c o n t r ib u t io n  to  th e  to ta l  r e l a x a t i o n  t im e .

T he  t e m p e r a t u r e  d e p e n d e n c e  of s p i n - l a t t i c e  r e l a x a t i o n  t im e  in
'

d i - m e t h y l  t in  h y d r id e  h a s  a l s o  b e e n  s tu d ie d .  T he  d ip o le  d ip b le  

c o n t r i b u t io n  w as  d e t e r m i n e d  by m e a s u r e m e n t  of the  p r o to n  n u c l e a r  

O v e r h a u s e r  e n h a n c e m e n t  of th e  m e th y l  c a r b o n .  ^

A c o m p u te r  p r o g r a m  h a s  b e e n  u s e d  f o r  the  i t e r a t i v e
I  I  ■  I

c u r v e  f i t t in g  of the e x p e r i m e n t a l  s p e c t r a  of d e u te  r a t e d  d i - p h e n y l

t i n  h y d r id e  to  d e t e r m i n e  the  q u a d ru p o le  r e l a x a t i o n  t im e  (T ) of
r  q

th e  d e u t e r i u m  n u c le u s .



T h is  T h e s i s  i s  d e d ic a te d  to
I

m y  M o th e r  

an d  

R ia z

*******



A C K N O W L E D G E M E N T S

I sh o u ld  l ik e  to  e x p r e s s  m y  d e e p e s t  g r a t i tu d e  to  m y  

s u p e r v i s o r  D r  D u n c a n  G i l l ie s  f o r  h is  in v a lu a b le  

g u id a n c e  in  th i s  p r o j e c t .  I sh o u ld  a l s o  l ik e  to 

th a n k  P r o f e s s o r  R a n d a l l  (Q ueen  M a r y  C o lle g e )

D r  Shaw  (V a r ia n  A s s o c i a t e s )  an d  D r  S te n h o u se  of 

P  C M U f o r  the  u s e  of v a lu a b le  e q u ip m e n t ,  w ith o u t  

w h ic h  m u c h  of th i s  w o rk  w ou ld  h av e  b e e n  im p o s s ib l e .

M y th a n k s  a l s o  go to  the  t e c h n ic a l  s ta f f  of th is  . 

D e p a r tm e n t ,  in  p a r t i c u l a r  M r  L a n e  an d  M r  A sh d o w n  

f o r  t h e i r  h e lp ,  and  M r s  P a r t i n  who so  k in d ly  ty p e d  

th i s  t h e s i s .  I a m  a l s o  in d e b te d  to  the  R o y a l  

H o llo w ay  C o lle g e  f o r  the  t e n u r e  of a  p o s t  g r a d u a te  

a w a r d  and  to  the  B r i t i s h  C o u n c i l  f o r  an  a w a r d  u n d e r  

the  O v e r s e a s  S tu d e n t s '  F e e s  A w a rd  S c h e m e .

F in a l ly ,  I sh o u ld  l ik e  to  th a n k  a l l  m y  f r i e n d s ,  l i b r a r i a n  

and  s e c r e t a r i a l  s ta f f  of th i s  D e p a r tm e n t  w ith o u t  w h o se  

c o u r t e s y  and  h e lp  the  w o rk  w ou ld  h av e  b e e n  m o r e  a rd u o u s  

and  l e s s  p le a s a n t .  ,
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S e c t io n  I. 1 B a s i c  P r i n c i p l e s  of N. M. R .

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

p o s i t i v e  c h a r g e .  B u t  n u c le i  w ith  odd  m a s s  n u m b e r  o r  odd 

c h a r g e  n u m b e r  o r  b o th  p o s s e s s  a n  a d d i t io n a l  p r o p e r t y  of sp in n in g  

o r  i n t r i n s i c  a n g u l a r  m o m e n tu m .  A s s o c i a t e d  w ith  the sp in  

a n g u l a r  m o m e n tu m  i s  a  m a g n e t i c  m o m e n t  w h ich  i n t e r a c t s  w ith  

a n  a p p l i e d  f ie ld  B^.

T h e  a n g u la r  m o m e n tu m  i s  m e a s u r e d  in  u n i t s  o f  ti l .  

W h e re  I i s  th e  s p in  q u a n tu m  n u m b e r  a n d  b =  ^ /2 tt, h  i s  P l a n c k 's  

c o n s ta n t .  I m a y  h a v e  i n t e g r a l  o r  h a l f  i n t e g r a l  v a lu e s  d ep en d in g  

o n  m a s s  a n d  a t o m ic  n u m b e r .  A f u r t h e r  p r o p e r t y  is  th a t  n u c le i

I
w ith  s p in  1 /2  h a v e  a  s p h e r i c a l  c h a r g e  d i s t r i b u t io n  w h e r e a s  

n u c le i  w ith  1^1 /2  h a v e  n o n - s p h e r i c a l  c h a r g e  d i s t r i b u t io n  a n d  

h a v e  a n  e l e c t r i c  q u a d ru p o le  m o m e n t .

W hen  th i s  sp in n in g  n u c le u s  i s  p l a c e d  in  a n  e x t e r n a l  

m a g n e t i c  f i e ld  i t  s t a r t s  p r e c e s s i n g  ab o u t  the  a x i s  o f  th e  f ie ld .  . 

T h i s  o c c u r s  due to  th e  o p p o s in g  e f fe c t  of th e  r o t a t i o n a l  i n e r t i a  

ofj^nucleus a s  th e  a p p l ie d  m a g n e t i c  f ie ld  t e n d s  to  t u r n  th e  n u c l e a r  

m a g n e t i c  m o m e n t  a r o u n d  in to  the  f ie ld  d i r e c t io n .

T h e  a n g u la r  p r e c e s s i o n  f r e q u e n c y ,  cj^, w h ich  i s  

c a l l e d  the  .L a r m o r  f r e q u e n c y  is  g iv e n  b y

“ o =

w h e r e  y i s  th e  g y r o m a g n e t ic  r a t i o  a n d  i s  d e f in e d  a s

__ M a g n e t ic  M o m e n t  __
^ A n g u la r  M o m e n tu m  I
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T h is  r e l a t i o n  g iv e s  th e  v a lu e  o f  th e  m a g n e t ic  m o m e n t .  T he

e n e r g y  E  of i n t e r a c t i o n  b e tw e e n  th i s  d ip o le  m o m e n t  a n d  the

a p p l i e d  f i e l d  i s  g iv e n  b y

E =  H B co s  0 o

w h e r e  0 i s  th e  a n g le  b e tw e e n  a x i s  o f  d ip o le  a n d  th e  d i r e c t i o n  o f  

t h e  m a g n e t i c  f i e l d .  ^  T h e r e  a r e  o n ly  c e r t a i n  a l l o w e d  v a l u e s  f o r  (9',

, 1
F o r  p r o to n  (as a n  e x a m p le )  h a v in g  s p in  1 =  1 /2 ,  t h e r e  a r e  tw o

p o s s i b l e  o r i e n t a t i o n s  p a r a l l e l  a n d  a n t i - p a r a l l e l  to th e  a p p l ie d  f ie ld .

T h e r e f o r e ,  th e  ab o v e  e q u a t io n  c a n  be  w r i t t e n  a s

E  Bz o

W hen  a n  i s o l a t e d  n u c le u s  i s  p l a c e d  in  a  m a g n e t ic  f ie ld  B^ a lo n g  

the  z d i r e c t io n ,  w h e r e  is  the  c o m p o n e n t  of th e  n u c l e a r  m a g n e t i c  

m o m e n t  in  th e  z d i r e c t io n .  If a n  o s c i l l a t i n g  m a g n e t ic  f i e ld  w ith  an

a n g u l a r  f r e q u e n c y ^ is  a p p l i e d  a lo n g  th e  x - a x i s  a n d  i t s  f r e q u e n c y  is  

v a r i e d  s lo w ly ,  t h e r e  w i l l  be  no o b s e r v a b le  e f f e c t  e x c e p t  w hen

a p p r o x im a te ly  e q u a ls  a n d  e n e r g y  i s  a b s o r b e d  by the  p r e c e s s i n g  

n u c le i  f r o m  the  r a d io  f r e q u e n c y  c o i l .  I t  i s  the  d e te c t io n  of th i s  

r e s o n a n t  a b s o r p t i o n  o f  e n e r g y  w h ich  c o n s t i tu te s  the  N u c le a r  

M a g n e t ic  R e s o n a n c e  p h e n o m e n o n .

A c c o r d in g  to  q u a n tu m  t h e o r y  the  z c o m p o n e n t  of the  a n g u l a r  m o m e n tu m

I
I c a n  on ly  h av e  (21 + 1) v a lu e s .  T h u s  the  (21 + 1 )  s t a t e s  of the  

n u c le u s  h a v e  now  d i s c r e t e  l e v e l s  of e n e r g y  g iv e n  by

E  = - y  ft B^
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w h e r e  i s  th e  m a g n e t i c  q u a n tu m  n u m b e r .  T h e  d i f f e r e n c e  in  

e n e r g y  b e tw e e n  two n e ig h b o u r in g  l e v e l s  (w hich d i f f e r  by  one  in  m^X 

i s  th u s

* r  BAE =  y ti ^m  -  (m -1 )J =  y ti
o ,

In  a  m a c r o s c o p i c  s y s t e m ,  a n  o s c i l l a t i n g  m a g n e t ic  f ie ld  in d u c e s  

t r a n s i t i o n s  b e tw e e n  the  tw o s p in  s t a t e s .  T he  f r e q u e n c y  of o s c i l l ­

a t io n  to m e e t  th e  r e s o n a n c e  c o n d i t io n  is  g iven  by the  e q u a t io n

hv  =  AE y ti Bo

o r

=  2Tr •

T h e  a p p l i c a t io n  o f  a n  o s c i l l a t i n g  m a g n e t i c  f i e l d  Bj  ̂ c a n  be  t r e a t e d  

b y  a  t im e  d e p e n d e n t  p e r t u r b a t i o n  th e o r y  i f  B  ̂ ^ ^ s ^ o ’

T he  e n e r g y  o f  a  s y s t e m  i s  o b s e r v a b le ,  a n d  the  

c o r r e s p o n d i n g  o p e r a t o r  i s  know n  a  ̂ H a m i l t o n i a n  o p e r a t o r .

In  h ig h  r e s o lu t io n  N . M . R .  e x p e r i m e n t s  a p a r t  f r o m  the  i n t e r a c t i o n  

of n u c le i  w ith  the  s t a t i c  m a g n e t i c  f i e ld  B t h e r e  i s  a n  i n d i r e c t
I °  ! ' t '

s p i n - s p i n  co u p l in g  b e tw e e n  n u c le i  t h e m s e l v e s  w h ich  in v o lv e s  the  

s c a l a r  p r o d u c t  o f  th e  s p in  v e c t o r s .  T h e  to ta l  H a m i l to n i a n  is  

a  c o m b in a t io n  of th e  two. T h e r e f o r e ,  th e  to ta l  H a m i l to n ia n  

in  the  d im e n s io n s  of f r e q u e n c y  fo r  a  s e t  of n u c le i  c a n  be
I , , 1

r e p r e s e n t e d  a s  ^  ^  _ _  _

t o t a l  I '  ‘  ' I  I  ' ■ '

B u t th e  f i e ld  e x p e r i e n c e d  by  the  n u c le i  is  n o t  e x a c t ly  e q u a l  to

th e  a p p l ie d  f ie ld  B ^ . . T o  the  f i r s t  p a r t  the  H a m i l to n i a n  a

s c r e e n i n g  c o n s ta n t  a  i s  i n t r o d u c e d  w h ich  h a s  th e  v a lu e  e q u a l  to
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one  t h i r d  of th e  t r a c e  of th e  s c r e e n i n g  t e n s o r .  H e n c e  the  

H a m i l to n ia n  c a n  be r e p r e s e n t e d  a s

v v x

T h is  H a m i l to n i a n  o p e r a t e s  on the  v a r io u s  e ig e n fu n c t io n s  

of the  s y s t e m  to  g iv e n  th e  e n e r g y  of th e  s t a t e  E n ,  a s  d e s c r i b e d  

by th e  S c h r o d in g e r  e q u a t io n .
A

Ev|^n .......................  '

F o r  P  n u c l e i  the  e ig e n fu n c t io n s  a r e  e x p r e s s e d  in  the  b a s i s

s e t  of th e  s o - c a l l e d  2^  b a s ic  p r o d u c t  fu n c t io n s  of the  type  (I)»

p (2) a (3 ) .  . .  . a (p) o r  cp  a . . .  E ig e n fu n c t io n s  f o r m  an

o r t h o n o r m a l  s e t  of fu n c t io n s .  T h is  i s  c o n v e n ie n t ly  e x p r e s s e d

u s in g  D ir a c  n o ta t io n  a s  i '
< Y m  ' f n >  =  < ' ” ’’> = 6 m n

I I  ■ ' '  :

w h e r e  6 i s  know n  a s  K r o n e c k e r  d e l t a  an d  5 =  1 if  m = n  o th e rw is e
j .

z e r o .  We w r i t e  th e  S c h r o d in g e r  e q u a t io n  a s

A , . '

<Ĉm \K I |n> = | n̂> = 6mn
o r  .1

T h is  s e c u l a r  e q u a t io n  i s  e x p r e s s e d  in  the  f o r m  of a  m a t r i x  and

by  d i a g o n a l i s a t io n  one o b ta in s  th e  so lu t io n  w h ic h  g iv e s  the

s t a t i o n a r y  s t a t e s  ( e ig e n fu n c t io n s )  an d  s t a t i o n a r y  s t a t e  e n e r g i e s 23— 115^

ii '
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T h e  r a d io  f r e q u e n c y  f ie ld  H a m i l to n ia n  i s  g iv en  byI ^ n ' n x

w h ic h  in d u c e s  t r a n s i t i o n  b e tw e e n  s t a t e s  w i th  d i f f e r e n t  m  v a l u e s .  

T he  r e s u l t i n g  p r o b a b i l i t y  p e r  u n i t  t im e  of a  sp in  s t a t e  m  

c h a n g in g  to  s t a t e  n  c a n  be found  f r o m  t i m e - d e p e n d e n t  

p e r t u r b a t i o n  th e o r y .  ' '

I t  i s  ' i , ■

icot - iw t

A

5 ( E  E  — h w  ) 
n  m  1

w h e r e

w e c a n  w r i t e

= - h  B ZY  I n x1 I n n

6 (  V —  V )
nm ,I '

w h e r e < ^ n j l ^ j  m ^  r e p r e s e n t s  the  q u a n tu m  m e c h a n ic a l  m a t r i x

A   ̂ "
e l e m e n t s  of I b e tw e e n  s t a t e s  n and  m ,  an d  v is  the X n m

f r e q u e n c y  c o r r e s p o n d in g  to  th e  d i f f e r e n c e  b e tw e e n  th e  two s t a t e s

if  V =  V , th e n  6 ( v — v) =  u n i ty  ' '
n m  n m

o th e r w i s e  z e r o .  A b s o r p t io n  o c c u r s  w h e n  t h e ' s p e c t r o m e t e r  

f r e q u e n c y  c o in c id e s  w ith  the  n a t u r a l  f r e q u e n c y .  In p r a c t i c e  

a b s o r p t i o n  o c c u r s  a c r o s s  a  s p r e a d  of f r e q u e n c i e s  w h ic h  c a n  be 

r e p r e s e n t e d  by a  l in e  s h a p e  fu n c t io n  w h ic h  i s  u s u a l l y  L o r e n t z i a n  

in  h ig h  r e s o lu t io n  n . m .  r . , so  th a t  the e x p r e s s i o n  f o r  b e c o m e s

n m

T h e  s e l e c t i o n  r u l e s  and  r e l a t i v e  t r a n s i t i o n
A

p r o b a b i l i t i e s  c a n  be m o s t  r e a d i ly  o b ta in e d  by r e w r i t i n g  I ^  

in  t e r m s  of s h i f t  o p e r a t o r s

< n X. rn̂  = 1 / 2  <^n m >

w h e r e  r a i s e s  th e  m  v a lu e  by  one u n i t
A
I I, =  [Z  I ( I + l ) - m  ( m + 1 ) ZD

1 / 2 I,  m  + 1 >
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A
a n d  I

S e c t io n  1 .2  D e s c r ip t i o n  of S p in  S y s t e m s .

F o r  d e s c r i b i n g  n u c l e a r  s p in s  in  a  m o le c u le  a  

u n i v e r s a l l y  a c c e p te d  bu t n o t  a lw a y s  c o n s i s t e n t ly  a d o p ted  

n o m e n c la t u r e  i s  u s e d  s u g g e s te d  by P o p le ,  S c h n e id e r  and  B e r n s t e i n  

an d  r e v ie w e d  by C o r io ^ ^ ^ a n d  R o b e r t s ^   ̂  ̂ E a c h  d i f f e r e n t  n u c le u s

i s  a s s ig n e d  a  l e t t e r  an d  th e  n u m b e r  of " m a g n e t i c a l l y  e q u iv a le n t"  

n u c le i  in  e a c h  g ro u p  i s  in d i c a te d  by a  s u b s c r i p t  n u m b e r .  N u c le i  

o r  g ro u p s  of n u c le i  w h ic h  h av e  c h e m i c a l  s h i f t  d i f f e r e n c e  c o m p a r a b le  

to  t h e i r  c o u p l in g  c o n s ta n t s  a r e  a s s ig n e d  l e t t e r s  w h ic h  a r e  c lo s e  in  

a lp h a b e t ,  A B , A B C , . , ,  e t c .  N u c le i  w h ic h  a r e  f a r  a p a r t  in  

c h e m ic a l  s h i f t  a r e  a s s ig n e d  l e t t e r s  w h ic h  a r e  f a r  a p a r t  in  the 

a lp h a b e t ,  e . g .  AX, A M X . . .  e t c .  If tw o n u c le i  a r e  c h e m ic a l ly  

e q u iv a le n t  bu t m a g n e t i c a l l y  n o n - e q u iv a l e n t , th e y  a r e  d e n o te d  by 

th e  s a m e  l e t t e r s  bu t one i s  a s s ig n e d  a  p r i m e  s y m b o l  A A ',  A ‘A " A " '

6 1C. , i , . I. - I

In  a d d i t io n  to, th i s  type  of n o ta t io n  a  f u r t h e r

n o ta t io n  i s  in t r o d u c e d .  A c c o rd in g  to th i s  th e  m u l t i p l i c i t y  c a u s e d

by th a t  nuicleus sh o u ld  go a t  th e  top  le f t  of th e  a lp h a b e t  l e t t e r s

r e p r e s e n t i n g  the  n u c le u s .  F o r  e x a m p le ,  i f  w e a r e  in v e s t ig a t in g

th e  h y d r id e  p r o to n  in  d ip h e n y l  t in  d e u t e r a t e d  h y d r id e ,  th e  S n ^ ^

2 3
p a r t  c a n  be  r e p r e s e n t e d  a s  A X.
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S e c t io n  I. 3 C h e m ic a l  S h if ts

In a n  a to m  a  s t a t i c  m a g n e t ic  f ie ld  in d u c e s  an  

o r b i t a l  m o t io n  of e l e c t r o n s  w h ic h  g iv e s  r i s e  to a  s e c o n d a r y  f ie ld  

w h ic h  i s  p r o p o r t i o n a l  to  th e  a p p l ie d  f ie ld  and  o p p o s e s  i t .  In 

th e  c a s e  of a to m s  b e c a u s e  of s p h e r i c a l  s y m m e t r y  i t  i s  i s o t r o p i c  

an d  d ia m a g n e t i c  in  n a t u r e .  In  th e  c a s e  of m o le c u le s  th i s  s e c o n d a r y  

f ie ld  i s  no t p u r e l y  d ia m a g n e t i c  b e c a u s e  of non  s p h e r i c a l  d i s t r i b u t io n  

of th e  e l e c t r o n i c  c lo u d .  T h e r e f o r e  s c r e e n i n g  of the  n u c le u s  i s  

a n i s o t r o p i c  an d  i s  a  t e n s o r  p r o p e r t y .  T h e  f ie ld  " f e l t "  by the  

n u c le u s  in  a  s t a t i c  m a g n e t i c  f i e ld  m a y  be w r i t t e n  a s

^ ( 8 )  =  ^ ) 

w h e r e  0 i s  th e  an g le  of o r i e n t a t i o n  of th e  m o le c u le  w i th  r e f e r e n c e

to  the  l a b o r a t o r y  f ix ed  a x i s .  In  l iq u id s  and  g a s e s  the  r a n d o m

c o l l i s io n s  l e a d  to  an  e f f e c t iv e ly  i s o t r o p i c  s h ie ld in g  of th e  n u c le u s

a n d  i t  i s  p o s s ib le  to  w r i t e  th a t

B =  B ( 1  -  G ) o

w h e r e

G =  1 /3  ( Q + O' + a  )XX y y  z z

and G i s  a d im e n s io n le s s  s c r e e n in g  c o n sta n t  in d e p e n d e n t o f B^  

but d ep en d en t on the e le c tr o n ic  e n v ir o n m e n t o f th e  n u c le u s  c o n c e r n e d ,

T h is  s h ie ld in g  of n u c le i  by  e l e c t r o n s  f r o m  th e  a p p l ie d  m a g n e t i c  f ie ld  
I , : . I . I

g iv e s  r i s e  to  the  p h e n o m e n o n  of the  c h e m ic a l  s h i f t .  A s  n u c le i

in  d i f f e r e n t  e n v i ro n m e n ts  h a v e  d i f f e r e n t  e l e c t r o n i c  s h ie ld in g s

w h ic h  m a k e  th e m  m a g n e t i c a l l y  non  e q u iv a le n t  . t h e s e  n u c le i  w i l l

a b s o r b  e n e r g y  a t  d i f f e r e n t  f r e q u e n c i e s  to  m e e t  th e  r e s o n a n c e
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c o n d i t io n .  T h e  d i f f e r e n c e  b e tw e e n  th e  s h i f t  of a  n u c le u s  w h ic h  i s  

b e in g  o b s e r v e d  and  s o m e  r e f e r e n c e ,  is  p r o p o r t i o n a l  to th e  m a g n i tu d e  

of th e  a p p l ie d  f ie ld  B ^ .  I t  i s  m o r e  c o n v e n ie n t  to e x p r e s s  c h e m ic a l  

s h i f t  by a  d im e n s io n l e s s  p a r a m e t e r  6 in  th e  u n i t s  of p . p . m .  ( p a r t s

p e r  m i l l io n )  d e f in e d  by the  fo llo w in g  e q u a t io n

( V -  V ) Is a m p le  r e f e r e n c e  , «o0 =   '----------------------------  X 1 U
s p e c t r o m e t e r  i '

T h e  5 v a lu e s  a r e  p o s i t iv e  i f  the  s a m p l e  a b s o r b s  to h ig h e r  

f r e q u e n c y  of the  r e f e r e n c e  a b s o r p t io n .

I. 3. 1 C l a s s i f i c a t i o n  of S h ie ld in g  E f f e c t s .

W hen  a  n u c le u s  i s  c h e m ic a l ly  bound , th e  s h ie ld in g  

a r i s e s  in  two w a y s .  T h e  t e r m  w h ic h  r e l a t e s  th e  n o r m a l  c i r c u l a t i o n  

of e l e c t r o n s  an d  d e p e n d s  on the  e l e c t r o n  d e n s i t y  d i s t r i b u t io n  a ro u n d  

th e  a to m ,  i s  th e  lo c a l  d ia m a g n e t i c  s h i e l d in g . T h e  s e c o n d  t e r m  w h ic h  

in v o lv e s  th e  c i r c u l a t i o n  of e l e c t r o n s  tn c h e m ic a l  bonds i s  r e f e r r e d  

a s  l o c a l  p a r a m a g n e t i c  s h ie ld in g .  In  ad d i t io n ,  s h ie ld in g  m a y  a r i s e  

f r o m  th e  c i r c u l a t i o n  of e l e c t r o n s  p r e s e n t  a ro u n d  the  o th e r  a to m s  

in  the  m o le c u le .  S h ie ld in g  of th i s  k in d  i s  know n a s  long  r a n g e  

s h ie l d in g . T h is  i s  due to  th e  a n i s o t r o p ic  e f f e c t  in  w h ic h  the  

c i r c u l a t i o n s  in d u c e d  by th e  a p p l ie d  f ie ld  a r e  g r e a t e r  f o r  s o m e  

o r i e n t a t i o n s  of the  m o le c u le  th a n  f o r  o t h e r s .  In  a  s c h e m a t i c  w ay  

th e y  a r e  r e p r e s e n t e d  a s  fo l lo w s  and  a r e  d i s c u s s e d  s e p a r a t e l y  bu t 

b r i e f l y .
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SH IELD IN G

L o c a l  E f f e c t s  L o n g  r a n g e  e f f e c t s

D i a m a g n e t i c  --------- -̂------ P a r a m a g n e t i c
t e r m  t e r m

A n i s o t r o p y  R in g  C u r r e n t s  E l e c t r o n i c  F i e l d  S o lv e n t
e f f e c t s  e f f e c t

A) D ia m a g n e t i c  T e r m

E l e c t r o n  d e n s i ty  i s  r e s p o n s ib l e  f o r  d i a m a g n e t i s m ,  w h ic h  a r i s e s  

f r o m  the  c u r r e n t s  in d u c e d  by th e  m a g n e t i c  f i e ld  and  i s  r e p r e s e n t e d  

by  L a m b 's  ^^^^lorm ula . It a l s o  d e p e n d s  on  th e  e l e c t r o n e g a t iv i ty  

of th e  s u b s t i tu e n t  on th a t  a to m .  T h is  t e r m  i s  no t v e r y  im p o r t a n t
iWL

f o r  t in  an d  o th e r  h e a v y  a to m s  b e c a u se j^ m a jo r  c o n t r ib u t io n  in  th e s e  

c a s e s  a r i s e  f r o m  the  i n n e r  e l e c t r o n s ,  w h ic h  a r e  no t v e r y  m u c h  

a f f e c te d  by the  v a r i a t i o n  of c h e m ic a l  e n v i ro n m e n t  of t in ,

B) P a r a m a g n e t i c  T e r m  Op

T h e  lo c a l  p a r a m a g n e t i c  t e r m  a r i s e s  f r o m  th e  in d u c e d  p a r a m a g n e t i c  

c u r r e n t s  w h ic h  r e i n f o r c e s  th e  a p p l ie d  f ie ld  B ^ , i s  g e n e r a l l y  

c o n s id e r e d  to  d o m in a te  th e  sh ie ld in g  (d e s h ie ld in g  in  f a c t ) .

I t  r e q u i r e s  a  k n o w led g e  of th e  w ave  fu n c t io n  and  e n e r g i e s  of a l l  

e x c i t e d  s t a t e s .  A s im p l i f ie d  r e p r e s e n t a t i o n  in  S. I. f o r m  i s  g iv e n  

by

a ' ’=  -
2n?AE

< r %  Q,p np ^  '  d  nd

w h e r e  r e p r e s e n t s  th e  p e r m e a b i l i t y  c o n s ta n t .  A E , i s  th e  m e a n  

e x c i t a t io n  e n e r g y ,  w h ic h  d e t e r m i n e s  the  e x te n t  to  w h ic h  th e  g ro u n d
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an d  e x c i t e d  s t a t e s  a r e  m ix e d  by th e  a p p l ic a t io n  of m a g n e t ic  f ie ld .

' 1
T h e r e  i s  v e r y  l i t t l e  know n  a b o u t  th e  e f f e c t  of v a r io u s  s u b s t i tu e n t s

; i  , .  I

on A E  in  t i n  c o m p o u n d s .

^ r  and  <^r a r e  m e a n  i n v e r s e  c u b e s  of

d i s t a n c e s  of th e  v a le n c e  s h e l l  p  an d  d e l e c t r o n s  f r o m  the  n u c l e u s .  

T h e s e  q u a n t i t i e s  i n c r e a s e  w i th  i n c r e a s i n g  a to m ic  n u m b e r  in  a

. ■ Ig ro u p  in  p e r io d i c  t a b l e .  T h e  t e r m s  an d  Q ^, r e p r e s e n t  in b a la n c e  

in  th e  p  an d  d o r b i t a l s  r e s p e c t i v e l y ,  of th e  a to m .

C h a n g e s  in  d o m in a te  th e  s h ie ld in g  of fo u r

c o o r d in a te d  t i n  c o m p o u n d s .  T h e r e f o r e ,  s o m e t i m e s  m a y  be

ig n o r e d .

C) L ong  R a n g e  S h ie ld in g

T h e  a p p e a r a n c e  of a r o m a t ic  p r o to n s  a t  lo w e r  f ie ld s  th a n  a l i p h a t i c  o n es  

c a n  be e x p la in e d  due to  r in g  c u r r e n t s .  W hen  the  a p p l ie d  f ie ld  

i s  a t  r i g h t  a n g le s  to  th e  p la n e  of th e  m o le c u le ,  th e  c i r c u l a t i n g  c u r r e n t s  

of d e l o c a l i s e d  e l e c t r o n s  in  b e n z e n e  r in g  o p p o se  th e  a p p l ie d  f ie ld  

in  the  m id d le  of th e  m o le c u le  bu t i s  p a r a l l e l  a t  th e  o u te r  r e g io n ,  

w h ic h  m a k e s  p ro to n s  d e s h ie ld e d .

If th e  s e c o n d a r y  m a g n e t i c  f i e ld  f o r  two p o s s ib le  

o r i e n t a t i o n s  of a  s y s t e m  in  a n  a p p l ie d  f ie ld  h a s  d i f f e r e n t  v a lu e s  

w h ic h  o p p o s e s  th e  a p p l ie d  f ie ld  in  one o r i e n t a t i o n  an d  r e i n f o r c e s  

a lo n g  th e  o th e r ,  th e  o b s e r v e d  s h ie ld in g  in  th e  c a s e  of a  l iq u id  w i l l
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be a n  a v e r a g e  o v e r  a l l  the  o r i e n t a t i o n s .  T h is  type  of s h ie ld in g  

p r e s e n t  in  the  s y s t e m  due to  n e ig h b o u r in g  a to m s  o r  g ro u p s  of a to m s  

i s  know n  a s  th e  n e ig h b o u r  a n i s o t r o p y  e f f e c t .

T he  s o lv e n t  e f f e c t s  o r  th e  m e d iu m  e f f e c t s  a r e  

i n t e r m o l e c u l a r  ty p e  i n t e r a c t i o n s .  T he  p o la r  s o lv e n ts  u s u a l ly  

i n c r e a s e  the  in d u c t iv e  e f f e c t  of e l e c t r o n e g a t iv e  s u b s t i tu e n t s  in  s o lu te s .

The p r e s e n c e  of s t r o n g  p o l a r  g ro u p s  in  a  m o le c u le  gives 

r i s e  to  i n t r a  m o l e c u l a r  e l e c t r i c  f i e l d s ,  which affect th e  o v e r a l l  

c h a r g e  d i s t r i b u t i o n  a r o u n d  th e  m o le c u le  and which results in a change in 

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

S e c t io n  1 .4  S p in - s p in  co u p lin g .

T h e  h ig h  r e s o lu t i o n  N . M . R .  s p e c t r a  of m o le c u le s  

show  m u l t ip l e t s  r a t h e r  th a n  s in g le  l i n e s .  T he  o b s e r v e d  s p l i t t in g s  

a r e  in d e p e n d e n t  of the  a p p l ie d  m a g n e t i c  f i e ld .  T h e  m a g n i tu d e  g e n e r a l l y  

i n c r e a s e s  w i th  th e  in c re a ,s in g  a to m ic  n u m b e r  and  th is  i n t e r a c t i o n  

b e tw e e n  two non  e q u iv a le n t  n u c l e i  i s  p r o p o r t i o n a l  to  the  s c a l a r
'  I  .  I  . .  _ ,

A A
p r o d u c t  of 1̂  • L • T h e  e n e r g y  of i n t e r a c t i o n  c a n  be w r i t t e n  a s

' ' ^ î j  [ I ,  £ , ]
1 J

W h e re  J ,  i s  a  p r o p o r t i o n a l i t y  c o n s ta n t ,  know n a s  co u p l in g  c o n s ta n t

and  i s  e x p r e s s e d  in  H z , m a y  h av e  p o s i t iv e  o r  n e g a t iv e  v a lu e .  T he

m a g n i tu d e  d e p e n d s  on th e  e l e c t r o n i c  g e o m e t r y  of the  m o le c u le ,  
from

It  i s  c a l c u la te d  w av e  fu n c t io n s  w h ic h  d e s c r i b e  the  e l e c t r o n i c  

s t a t e s  of th e  m o le c u le .

I . ! ,  sh o w s a  s c h e m a t i c  r e p r e s e n t a t i o n  of e n e r g y
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J=0 J ? 0 J <  0

n'T

a a 4

4 m2 4..,, . 3̂ 
3 — +1 2 M

S p e c t r a  

3 -4 1  2-^1

1 4

4 —>2 4—*3

A  X

4 - 4 2  4 -*3  3—*1 a —►I

Bo

F ig .  1.1. M a g n e t ic  e n e r g y  l e v e l s  of a n  AX s p in  s y s t e m  w h e r e  

an d  b o th  a r e  p o s i t i v e .
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l e v e l s  in  an  AX s y s t e m ,  w i th o u t  co u p lin g ,  and  the  c a s e  w h en  3 ^ 0

o r  J  It i s  a l s o  a s s u m e d  th a t  ' ^1* th e  s t a t e  of

h ig h e s t  e n e r g y  b e c a u s e  bo th  m o m e n ts  a r e  a l ig n e d  a g a i n s t  the

a p p l ie d  f ie ld ,  and  s t a t e  4 h a s  th e  lo w e s t  e n e r g y  w h e r e  bo th  sp in s

l i e  p a r a l l e l  to  th e  a p p l ie d  f ie ld .  W hen  t h e r e  i s  no co u p lin g  b e tw e e n

th e s e  tw o m o m e n ts ,  th e  tw o t r a n s i t i o n s  of e a c h  n u c le u s  h av e  the  s a m e

e n e r g y  an d  the  s p e c t r u m  c o n s i s t s  of two l i n e s .  In c a s e  of p o s i t iv e

c o u p l in g ,  th e  e n e r g y  l e v e l s  of u n p a i r e d  s p in  w i l l  be r a i s e d  by J / 4  and

th o s e  w i th  th e  p a i r e d  s p in  go dow n by the  s a m e  a m o u n t .  T he

t r a n s i t i o n s  do n o t  h a v e  e q u a l  e n e r g i e s  an y  m o r e  and  th e  s p e c t r u m  
ou

c o n s i s t s  ofjJ:otal of f o u r  l i n e s .  In  th e  c a s e  w h en  the  e n e r g i e s

of p a r a l l e l  s p in  s t a t e s  g o es  dow n, w h ile  th a t  of p a i r e d  s p in s  g o es  up  

an d  the  s p e c t r u m  is  show n  w ith  the  t r a n s i t i o n s  in F ig .U ,

T h e r e  a r e  s e v e r a l  t e r m s  w h ich  c o n t r ib u te  to 

co u p l in g  c o n s ta n t s ,  s o m e  of t h e m  a r e  d e s c r i b e d  h e r e  b r i e f ly .

I. 4 . 1 D i r e c t  D ip o la r  c o u p l in g  of N u c le a r  S p in s .

T h e  n u c l e a r  m o m e n ts  i n t e r a c t  d i r e c t l y  w h ic h  c a n  be r e p r e s e n t e d  

c l a s s i c a l l y  by an  e q u a t io n

E -  4 „  L' 3----------------------5----------- ]
r  r

w h e r e  r ,  i s  th e  r a d i u s  v e c t o r  f r o m  41. to  |i. and  i s  the

p e r m e a b i l i t y  c o n s ta n t ,

and

i i j = Y .  i x l .

a nd  F. =  Yj h i .  
- 1  ‘ -1
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In t e r m s  of q u a n tu m  m e c h a n ic s ,  i t  i s  a  f i r s t  o r d e r  i n t e r a c t i o n  and  

th e  H a m i l to n i a n  f o r  th i s  i n t e r a c t i o n  c a n  be w r i t t e n  a s  fo l lo w s

v . v /  < o | ; ' |  o >  ( 3 1 1 -  n  )

_ 2
T h e  m a t r i x  e l e m e n t  r e d u c e s  to  an  a v e r a g e  of r .  o v e r  the  e l e c t r o n i c

^  A  A ^
g ro u n d  s t a t e  v i b r a t i o n s .  T he  t e r m  (3 1 i  - J  I ) b e c o m e s  z e r o

' i  z “ j z i  '  j

in  l iq u id s ,  b e c a u s e  a l l  o r i e n t a t i o n s  a r e  p o s s ib le  due  to  m o l e c u la r  

m o t io n .

I. 4. 2 C o u p lin g  b e tw e e n  E l e c t r o n s  and  N u c le a r  Sp ins

T h is  co u p l in g  in v o lv e s  m o r e  th a n  one m e c h a n i s m .  

T h e r e  co u ld  be d i r e c t  d ip o le  i n t e r a c t i o n  b e tw e e n  th e  two m a g n e t ic  

m o m e n t s .  T he  i n t e r a c t i o n  a r i s e s  w h en  one n u c le u s  i n t e r a c t s  

w ith  the  s u r r o u n d in g  e l e c t r o n s ,  w h ich  th e n  a f fe c t  the  m a g n e t ic  

s u r r o u n d in g s  of the  s e c o n d  n u c le u s .

T h e  n u c l e a r  s p in  c a n  a l s o  i n t e r a c t  w i th  the  m a g n e t ic  

m o m e n t  of e l e c t r o n  o r b i t a l  (the e l e c t r o n  o r b i t a l  t e r m ) .  T he  

r e s u l t i n g  in d u c e d  e l e c t r o n i c  c u r r e n t s  p r o d u c e  a  m a g n e t ic  f ie ld  

a t  th e  s e c o n d  n u c le u s .  T h is  " e l e c t r o - n u c l e a r "  s p in  coup ling  

c o n t r i b u t e s  v e r y  l i t t l e  to  th e  i n t e r a c t i o n  r e s p o n s ib l e  forjl^coupling 

c o n s ta n t .
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1 . 4 .3  F e r m i  C o n ta c t  I n t e r a c t i o n  v ia  E l e c t r o n s

F o r  m o s t  co u p lin g  s i tu a t io n s  the F e r n a i  c o n ta c t  

t e r m  is  c o n s id e r e d  to  be d o m in a n t .  T h is  t e r m  d e p e n d s  on  the  

s e l e c t r o n  d e n s i t y  a t  the  n u c le u s ,  b e c a u s e  i t  i s  on ly  the  s a to m ic  

s t a t e s  w h ic h  h a v e  f in i te  e l e c t r o n  d e n s i t y  a t  the  n u c le u s ,  i t  i s  e x p e c te d  

th a t  co u p l in g  w i l l  d e p e n d  on  s c h a r a c t e r  in  the  bond. The p o te n t ia l  

e n e r g y  of two d ip o le s  and  K s e p a r a t e d  by a  d i s t a n c e  r  ^ c a n  

be t r e a t e d  c l a s s i c a l l y

In  c a s e  of

I '
an  s o r b i t a l  th e  e l e c t r o n  c a n  p e n e t r a t e  th e  n u c le u s  and  th e  i n t e r a c t i o n

(127)
c a n  be r e p r e s e n t e d  byJjF 'e rm i c o n ta c t  H a m i l to n ia n  
yv

16 ttP A  A

e N  3 e N  ̂^ e N ^ -e  - N

w h e r e  6 ( r ) i s  a  D i r a c  d e l t a  fu n c t io n  w h ic h  show s  th a t  th i s  
e N

the
i n t e r a c t i o n  i s  z e r o  e x c e p t  a t j j i u c l e u s ,  ^  i s  th e  e l e c t r o n  s p in  a n d  

i s  th e  n u c l e a r  s p in  v e c t o r .-N

S e c o n d  o r d e r  p e r t u r b a t i o n  t h e o r y  

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

A  A.

I I ^  *^“ l

0 ,  r e f e r s  to  th e  g r o u n d - s t a t e  an d  n  the e x c i te d  s t a t e ,  and  

a r e  t h e i r  e n e r g i e s  r e s p e c t iv e l y ,  i s  th e  e l e c t r o n  n u c l e a r

p e r t u r b a t i o n .  A c c o rd in g  to  th e  e x p r e s s i o n
A /\

^ n n  -N ~ N "

th e  e n e r g y  of i n t e r a c t i o n  b e tw e e n  tw o s p in  s t a t e s  i s  p r o p o r t i o n a l  to
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th e  co u p l in g  c o n s ta n t  , .

T\ae e x p r e s s i o n  f o r  i s  g iven  by

W =  2 / 3 - h ( i i ^ ^ ) 2  Y^,

- >  < ° 1  i  " >  < ” 1 V  I ° >
( E  — E ^
V n 0 /

I. 4 . 4 T h e  R e d u c e d  C oup ling  C o n s ta n t

ilruL
It i s  a p p a r e n t  th a t  e a c h  c o n t r ib u t io n  to  coup ling

c o n s ta n t  i s  p r o p o r t i o n a l  to  th e  p r o d u c t  of th e  m a g n e to g y r ic  r a t i o s .

T h e  e f f e c t  of i s o to p ic  s u b s t i tu t io n  on  the  s p i n - s p i n  coup lin g  c o n s ta n t

i s  Yv\a\Y\j.y due  to  the  ch an g e  in  the  m a g n e to g y r ic  r a t i o ,  s'\T\ce ür jloes mob
verj

a f f e c t  th e  e l e c t r o n i c  w ave  func tions^  H e n c e ,  i t  w as  s u g g e s te d  to

d e f in e  a n o th e r  c o n s ta n t  w h ich  d e p e n d s  s o le ly  on the  e l e c t r o n i c

e n v i ro n m e n t ,  to  c o m p a r e  the  coup ling  c o n s ta n t s  of d i f f e r e n t
(128 )

e l e m e n t s ,  P o p le  and  S a n t r y  in t ro d u c e d ,  the  r e d u c e d  cou p lin g

c o n s ta n t ,  d e n o te d  by K and  d e f in e d  a s  

K  =  J  ‘( 2 j t _  _ 1 _ .  \ 
NN' NN' \  Ü /

-2  -3
in  S . I .  u n i t s  K h a s  u n i t s  of N A m

W ith  th i s  d e f in i t io n  the  coup ling  e n e r g y  can  be w r i t t e n  in  t e r m s  of 

m a g n e t i c  m o m e n ts  a s

^ N N ' ”  ^ N N '

T h e r e  i s  a  g e n e r a l  te n d e n c y  f o r  the  r e d u c e d  coup lin g  c o n s ta n t  to  

i n c r e a s e  w i th  i n c r e a s i n g  a to m ic  n u m b e r  of c o u p le d  n u c le i .
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S e c t io n  I. 5 D oub le  R e s o n a n c e

1 .5 .1  Sp in  D eco u p lin g

D oub le  r e s o n a n c e  m e th o d s  a r e  f r e q u e n t ly  u s e d  to

a s s i s t  in  th e  i n t e r p r e t a t i o n  of c o m p le x  N. M . R. s p e c t r a .  In the

c a s e  of s p in  d e c o u p l in g ,  th e  N .M .  R . s p e c t r u m  i s  o b s e r v e d  w ith  one

f r e q u e n c y  B ^ , w h ile  a  s e c o n d  r . f .  f ie ld  i s  a p p l ie d  in  o r d e r  to

p e r t u r b  th e  s y s t e m  of n u c le i .  U n d e r  th e s e  co n d i t io n s  m u l t ip l e t

s p l i t t in g s  a r i s i n g  f r o m  s p in  co u p lin g  to  th e  n u c le i  i r r a d i a t e d  by B^ may

c o l l a p è é .  ' T h e  s i m p l e s t  a p p l ic a t io n  i s  m e r e l y  to  id e n t i fy  s ig n a l s  by

s im p l i fy in g  the  c o m p le x  s p e c t r a  to  o b ta in  t h e  v a lu e s  of c h e m ic a l

s h i f t s .  S p in  d e c o u p l in g  h a s  a l s o  b e e n  u s e d  to  d e t e r m i n e  th e  s ig n s

of c o u p lin g  c o n s ta n t s .

A f u r t h e r  e f f e c t  a r i s i n g  f r o m  th e  h ig h  i r r a d i a t i o n  power

l e v e l  i s  s a t u r a t i o n  of s ig n a l s  n e a r  the  p o in t  of i r r a d i a t i o n .  T he

in t e n s i t i e s  o b s e r v e d  in  doub le  r e s o n a n c e  s p e c t r a  m a y  d i f f e r  b e c a u s e

of the  N u c le a r  O v e r h a u s e r  E f fe c t  (NOE) w h ic h  w i l l  be d i s c u s s e d  l a t e r .
easy to

' D ecoupling  i s ^ o b s e rv e  : on ly  w h en  the  c h e m ic a l

s h i f t  s e p a r a t i o n  i s  m u c h  g r e a t e r  th a n  the  co u p l in g .  T h e  s i m p l e s t  c a s e

i s  th a t  of AX s y s t e m .  T he  m u l t ip l e t  s ig n a l  of A is  r e d u c e d  to  a  s in g le
-  ■ i

p e a k  by i r r a d i a t i o n  a t  the  r e s o n a n c e  f r e q u e n c y  of X, p ro v id e d  the  

i n t e n s i ty  i r r a d i a t i o n  i s  s u f f ic ie n t ly  h ig h  s u c h  th a t

y  B.
.  ^ K a x

2 —  >TT X

I .  5 .2  I N D O R

In the i n t e r n u c l e a r  doub le  r e s o n a n c e  te c h n iq u e ,  a  s u i ta b le  

p r o to n  l in e  in  the  p r o to n  s p e c t r u m  is  m o n i to r e d  c o n t in u o u s ly  (fixed



29

w h ile  a  s e c o n d  r . f . ,  w ^, i s  u s e d  to  sw e e p  th ro u g h  the  a r e a  of

i n t e r e s t .  In  th i s  w ay  s p e c t r a l  in f o r m a t io n  f r o m  one n u c le u s

m a y  be o b s e r v e d  v ia  th e  r e s o n a n c e  of a n o th e r  n u c le u s .  U s u a l ly  
the

one u s e s j^ s e n s i t iv i ty  and  c o n v e n ie n c e  of p ro to n  s p e c t r a  to  g a in  

i n f o r m a t io n  a b o u t  a  n u c le u s  w h ic h  i s  l e s s  co n v e n ie n t  a n d / o r  

s e n s i t i v e  to  o b s e r v e .  O ne i s  a b le  to  o b s e r v e  INDOR s p e c t r a  

w h ic h  look  v e r y  s i m i l a r  to  th e  a c t u a l  s p e c t r a ,  and  f r o m  w h ic h  

th e  r e s o n a n c e  f r e q u e n c y  m a y  be r e a d i l y  o b s e r v e d .

1 . 5 .3  N u c le a r  O v e r h a u s e r  E f fe c t

In m a n y  doub le  r e s o n a n c e  e x p e r i m e n t s  c h a n g e s  

in  th e  o v e r a l l  i n t e n s i t i e s  of the  o b s e r v e d  l i n e s  a r e  o b s e r v e d  w h ich  

o c c u r  due  to  th e  c h a n g é s  i n  th e  p o p u la t io n s  of e n e r g y  l e v e l s  due  to  

th é  s e c o n d  i r r a d i a t i n g  r . f .  f i e ld .  It is this whidh is known as

th e  N u c le a r  O v e r h a u s e r  E f f e c t  (N, O . E .  ), . a r i s e s  w h e n  two

n u c le i  a r e  p h y s ic a l ly  o](Ose;a necessary  condition is^that there is a 

dipole-dipole interact ion.
1130) (129) 1131)

' Gra.nt  ̂ S o lo m o n  and Randall have show n  f o r  a n  AX

s y s t e m  th a t  th e  r a t i o  of m a g n e t ic  p o l a r i z a t io n  of s p in  A w ith  and

w ith o u t  stjrong d e c o u p l in g  f ie ld  c e n t e r e d  a t  the r e s o n a n c e  f r e q u e n c y

of X, i s  g iv e n  by I d  ^ 2  7_

a W2

aa

— ^  = 1 +  :  —  . ----
Wo+ 2w f + Wj

w h e re  I d / I c  i s  th e  r a t i o  of 

i n t e n s i t i e s  o f  r e s o n a n c e  s ig n a l s  

d e c o u p le d /  c o u p le d
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If the  on ly  m e c h a n i s m  r e s p o n s ib l e  f o r  r e l a x a t i o n  i s  

th r o u g h  d ip o le  d ip o le  i n t e r a c t i o n ,  the  t r a n s i t i o n  p r o b a b i l i t i e s  h av e  

th e  fo l lo w in g  r a t i o s

W =  W q =  12 :3 : 2

on  s u b s t i tu t in g  th e s e  v a lu e s  w e o b ta in

4 ^  =  1 * _ J L _
I c  2Y^

If w e d e n o te  I d / I c  =  ^ =  1 + ^
mast 2Y^

an d  the  o b s e r v e d  f r a c t i o n  g a in  in  i n t e n s i ty  by doub le  r e s o n a n c e

c o n d i t io n  by  T| , i t  i s  p o s s i b l e  to  show  th a t

N . O . E .  =  n =  X

W h e re  T^('a ) =  t o t a l  r e l a x a t i o n  t im e  of A and  c o n t r ib u t io n  f r o m  AX 

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

N . O . E ,  d e t e r m i n a t i o n  g iv e s  u s  a  m e th o d  to  s e p a r a t e  th e  d ip o le

d ip o le  c o n t r i b u t io n  f r o m  th e  to t a l  
■(Vsl,

T h is  is  done  by j_N .O .E . s u p p r e s s e d  p r o c e d u r e .  Tw o p u ls e  s e q u e n c e s  

a r e  r e c o r d e d  one w ith  th e  d e c o u p le r  on  a l l  the  t im e  and  th e  s ig n a l  

I n te n s i ty  i s  d e n o te d  by I (d eco u p led )  and  one w ith  the  d e c o u p le r  on 

o n ly  d u r in g  th e  90^ p u ls e  and  a c q u i s i t i o n  t i m e .  T h e  in t e n s i ty  of 

th i s  N . O . E .  s u p p r e s s e d  s ig n a l  c a n  be r e p r e s e n t e d  by I ( s u p p r e s s e d )  

T h e  N, O . E .  i s  th e n  c a l c u la te d  by s u b s t i tu t in g  the  v a lu e s  in  th e

fo l lo w in g  e x p r e s s i o n

N . O . E .  =  I (deco u p led )
I ( s u p p r e s s e d )



31

The decoupled spectrum without N.O.E i s  o b ta in e d  by 

g a te d  d e c o u p l in g ^  ! T h e  s e q u e n c e  of p u l s e s  c a n  be u n d e r s to o d  

by th e  Fig.TTJT T h e  i n t e r v a l  b e tw e e n  t r a n s m i t t e r  p u ls e s  should be 

g r e a t e r  th a n  5 T^

D e c o u p le r

T r a n s m i t t e r

R e c e i v e r

ON

O F F

ON

O F F
ON

. O F F

F i  g. i . j  G a te d  d eco u p l in g  

F o r  c e r t a i n  n u c l e i  the  m a g n e t i c  m o m e n t  in  a n t i p a r a l l e l  to  t h e i r  

s p in  a n g u la r  m o m e n tu m .  T h e r e f o r e ,  th e y  h a v e^ n eg a t iv e  

g y r o m a g n e t i c  ra tio ,,  w h ic h  m a k e s  ^ n e g a t i v e  i f  one of th e  

tw o  in t e r a c t i n g  n u c le i  h a s  n e g a t iv e  y„ , th e  n e g a t iv e  N . O . E .  

w i l l  e i t h e r  lo w e r  th e  in t e n s i t y  o r  i n v e r t  th e  s ig n a l  d e p e n d in g  on  

th e  magnitude of V .
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S a m p le  p r e p a r a t i o n  f o r  r e l a x a t i o n  
t im e  m e a s u r e m e n t s
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B r u c k e r  HX 90E s p e c t r o m e t e r
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S e c t io n  II . 1 C , W. S p e c t r o m e t e r  

II . 1 .1  T h e  M a g n e t

: I I
T h e  b a s i c  r e q u i r e m e n t  in  an  N . M . R ,  s p e c t r o m e t e r  

i s  a  s t r o n g ,  s ta b l e  and  h o m o g e n e o u s  m a g n e t ic  f ie ld .  In  th is  w o rk  

a  m o d i f ie d  V a r i a n  A s s o c i a t e s  H A 60IL  s y s t e m  N . M . R .  s p e c t r o m e t e r  

h a s  b e e n  u s e d ,  F i g . J I . T  sh o w s  th e  b lo c k  c i r c u i t  d i a g r a m  of th is
; : I  .  I

s p e c t r o m e t e r . w h ic h  h a s  an  e l e c t r o m a g n e t  c a p a b le  of g iv ing  a  

r e s o l u t i o n  of 0 .3  H z a t  60 M H z ( P r o to n  r e s o n a n c e  f r e q u e n c y

.  : I  . 1 I I
a t  1 4 .1  K G). T h e  m a g n e t  i s  p r o v id e d  w i th  s a f e ty  d e v ic e s  a g a in s t

, I : ^
o v e r h e a t in g .  A d e v ic e ,  c a l le d  m a g n e t ie f f lu x  s t a b i l i z e r ,  i s  u s e d  

to  a c h ie v e  h ig h  m a g n e t i c  f i e ld  s t a b i l i t y .  I t  c o m p e n s a te s  f o r  any  

ch a n g e  in  th e  f i e ld .  T h e  r e s i d u a l  f i e ld  d r i f t  w h ich  i s  s t i l l  p r e s e n t  

i s  e l im i n a t e d  by  the  i n c o r p o r a t i o n  of f i e l d / f r e q u e n c y  lo c k .  T h is

I ■ ■

s y s t e m  u s e s  a n  n . m .  r .  s ig n a l  d e t e c t e d  in  the  d i s p e r s i o n  m o d e  

a s  an  e r r o r  s ig n a l  to  coTn||>e«vs<x. f̂or an y  c h a n g e s  in  the  f i e l d / f r e q u e n c y
: I I I

co n d i t io n .  A h o m o g e n e o u s  f ie ld  i s  a c h ie v e d  by s h im m in g  c o i l s  

m o u n te d  on  th e  p o le  f a c e s  w h ic h  a r e  c a p a b le  of p ro d u c in g  w e a k

i . I . . .

m a g n e t i c  f i e ld  g r a d i e n t s .  S p inn ing  the  s a m p le  a b o u t  th e  Y - a x i s  

a t  a  r a t e  g r e a t e r  th a n  th e  d e s i r e d  r e s o lu t io n  (in  H z) a l s o  h e lp s  

to  i n c r e a s e  th e  m a g n e t i c  f i e ld  h o m o g e n e i ty  a t  th e  s a m p l e .  T he  

lo c k  c h a n n e l  i s  of f ix e d  f r e q u e n c y .  T he  r e s o n a n c e  s ig n a l  f r o m  

th e  r e f e r e n c e  s u b s t a n c e  (H^O, C ^H ^, C H C l^  an d  T . M .S .  e tc  

a r e  u s e d  in  c a s e  of p r o to n  lock )  i s  o b ta in e d  by v a r y in g  w i th  

sw e e p  c o i l s  m o u n te d  on th e  f a c e  of th e  m a g n e t .  T he  f i r s t  u p f ie ld  

s id e  b an d  of th e  m o d u la t io n  f r e q u e n c y  i s  u s e d  a s  a  lo c k in g  s ig n a l
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i •
a n d  i s  d i s p la y e d  on  th e  o s c i l lo s c o p e ,

II . 1. 2 T h e  A ud io  O s c i l a t o r

To o b s e r v e  the  s p e c t r u m  a  s ta b le  r . f ,  s o u r c e  of

low  p o w e r  (ca .  1W) i s  r e q u i r e d .  A f r e q u e n c y  s y n t h e s i z e r

i 1

" S c h lu m b e r g e r "  of type  F SX  3006, c a p a b le  of sw e e p in g  any  d e c a d e

I
w a s  u s e d  to  o b s e r v e  th e  p r o to n  r e s o n a n c e .

II . 1 . 3  D e te c t io n  of S ig n a ls

I. , I I
T h e  c r o s s e d  c o i l  m e th o d  i s  u s e d  in  th is  s p e c t r o m e t e r  

to  d e t e c t  th e  s ig n a l .  Tw o s e p a r a t e  c o i l s  a r e  u s e d  a t  r i g h t  a n g le s  

to  e a c h  o th e r .  T h e  r . f .  e n e r g y  i s  t r a n s m i t t e d  th ro u g h  a  

t r a n s m i t t e r  c o i l  a t  th e  s a m p l e .  W hen  th e  r e s o n a n c e  c o n d i t io n s  a r e  

m e t ,  a  w e a k  e . m .  f .  i s  in d u c e d  in  th e  r e c e i v e r  c o i l .  I t  i s  a m p l i f ie d  

in  a  p r e - a m p l i f i e r  w h ic h  i s  p l a c e d  v e r y  c lo s e  to  the  r e c e i v e r  c o i l .

II . 2 INDOR

In th i s  m o d e  a  2nd s y n t h e s i z e r  (S c h lu m b e rg e r  F . S . 2 )  

w a s  u s e d  in  p la c e  of the  "F S X "  to  p ro v id e  a  f ix ed  au d io  f r e q u e n c y  

f o r  th e  o b s e r v a t i o n  c h a n n e l .  T he  "F S X "  w a s  th e n  u s e d  to  s w e e p  

th e  f r e q u e n c y  of th e  i r r a d i a t i n g  ch a n n e l .

II . 3 D ouble  R e s o n a n c e

A G e n e r a l  R a d io  f r e q u e n c y  s y n t h e s i z e r  of type  1061, w as  

u s e d  f o r  i r r a d i a t i n g  the  s a m p le  a t  the  f ix e d  f r e q u e n c y .  T h e  b lo c k  

d i a g r a m  f o r  h e t e r o n u c l e a r  doub le  r e s o n a n c e  i s  g iv e n  in  F i g . H . I  

II . 4  C A T

N o r m a l l y  th e  f r e q u e n c y  of the  "F S X "  s y n t h e s i z e r  i s
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s w e p t  by  a  v o l ta g e  d e r iv e d  f r o m  a  p o t e n t io m e te r  w h ic h  i s  d i r e c t l y
I,

a t t a c h e d  to  th e  x - a x i s  m o t io n  of th e  r e c o r d e r .  In  C A T m o d e  a
I

r a m p  v o l t a g e  f r o m  th e  C A T  i s  u s e d  in s t e a d  

signal from OP Amplifier

ramp

CAT

sweep of fsetF . S . X

Rec rder

II. 5 C a l ib r a t i o n

S p e c t r a  w e r e  c a l i b r a t e d  u s in g  the  V a r i a n  V -  4315 

f r e q u e n c y  c o u n te r ,  w h ic h  u s e d  a s  i t s  r e f e r e n c e  a  100 K  H z 

s ig n a l  f r o m  the  "F S X "  f r e q u e n c y  s y n t h e s i z e r .  T he  c o u n te r  

m e a s u r e d  the  i n t e r p o la t i o n  f r e q u e n c y  ( 2 , 1 x 2 , 2  M H z) in  th e  FSX  

s y n t h e s i z e r  a f t e r  d iv i s io n  by te n .  In  th i s  way a  c a l i b r a t i o n  a c c u r a t e  

to  one p a r t  in  10, 000 of th e  sw e p t  d e c a d e  c a n  be a c h i e v e d  in  one 

s e c o n d ,

II . 6 P u l s e  F .  T .  S p e c t r o m e t e r

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

i s  u s e d  to  i n t e r c o n v e r t  the  t im e  an d  f r e q u e n c y  d o m a in s .  T he  

t r a n s f o r m  i s  g e n e r a l ly  r e p r e s e n t e d  by a n  e q u a t io n  of th e  type
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H i

•f*oO

-Î xy
(y) e " '  dy

w h e r e y ( x )  i s  s a id  to  be th e  F o u r i e r  T r a n s f o r m  of the  i n v e r s e

t r a n s f o r m a t i o n  g iv e s  th e  fo l lo w in g

.  oo
/ c y ; = ^ /  y w  Ax|D

X -  OO
iVou

In  N . M . R .  s p e c t r o s c o p y  we a r e  d e a l in g  w ith J [m agne tiza tion  M, 

of th e  s p in  s y s t e m  a s  a  fu n c t io n  of a n g u l a r  f r e q u e n c y  ( w =  2 t t v  ) .  

T h e r e f o r e ,  i t  c a n  be w r i t t e n  a s

M ( w ) =  I M e

— oo

w h e r e  M  (*C) r e p r e s e n t s  the  m a g n e t i s a t i o n  a s  a  fu n c t io n  of t im e  

a f t e r  an  " e v e n t" .  In  p u ls e  s p e c t r o s c o p y  a l l  th e  r e s o n a n c e s  

a r e  e x c i te d  a t  the  s a m e  t i m e ,  t h e r e f o r e  th e  m a g n e t iz a t io n  a f t e r
I •' I . • i

th e  " e v e n t"  i s  the  p r o p e r t y  of th e  w h o le  s y s t e m .  T h is  t r a n s f o r m a t i o n  

i s  done  by  a  c o m p u te r  (P .  D . P  11 in  o u r  c a s e )  u s in g  a  p r o g r a m  b a s e d
f • !

on C o o le y - T u c k e y A lg o r i t h m  an d  m o d i f ie d  by  B e rg la n d .
I I I I . . .  I , I •

T he  e x c i t a t io n  of s p in s  in  a  s t a t i c  m a g n e t ic  f i e ld  i s

done  by s u b je c t in g  th e  s y s t e m  to  a  s e q u e n c e  of r e c t a n g u l a r  p u l s e s
I !

of s h o r t  d u r a t i o n  a long  th e  x - a x i s .  T he  r a d io f r e q u e n c y  p u l s e s  

a r e  p r o d u c e d  by g a t in g  a  p a i r  of H a t f ie ld  d o u b le  b a la n c e d  m o d u l a to r s  

w i th  s u b s e q u e n t  b r o a d  band  a m p l i f i c a t i o n  an d  f in a l ly  a  n a r r o w  band
I

a m p l i f i c a t io n  by a  150 W " P o la r o n "  a m p l i f i e r  w h e r e  out pu t w a s  a p p l ie d  

to  th e  c o i l  of a  V a r i a n  A s s o c i a t e s  X L  p r o b e .
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T h e  F .  I .  D , s ig n a l  i s  a m p l i f i e d  in  a  p r e - a m p l i f i e r ,  

w h ic h  i s  p l a c e d  p h y s ic a l ly  in  th e  p ro b e .  Ik fW; %es v ia  a  D e c c a  

p r e a m p l i f i e r  to  a  D e c c a  r e c e i v e r .  T he  s ig n a l  i s  c o n v e r t e d  to  an

i n t e r m e d i a t e  f r e q u e n c y  (I. F .  ) by m ix in g  w ith  a  lo c a l  o s c i l l a t o r
I

f r e q u e n c y ,  w h ic h  i s  th e n  fo l lo w ed  by I, F ,  p h a s e  d e te c t io n .  T he
I i

F . I . D .  i s  th e n  f u r t h e r  D .C ,  a m p l i f i e d .

F o r  e i t h e r  b e t t e r  s e n s i t i v i t y  o r  s e n s i t i v i t y  e n h a n c e m e n t ,
i ' '

th e  d a t a  p r i o r  to  t r a n s f o r m a t i o n  are w e ig h te d ,  w h ic h  i s  a  m u l t i p l i c a t io n
I I

p r o c e s s  in  the  t i m e  d o m a in .
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171 ) , ( l0 2 )
S e c t io n  II  . 1. O r g a n o t in  H y d r id e s  o r  S ta n n a n e s

T he  h y d r id e s  a r e  h ig h ly  r e a c t iv e ,  d e c o m p o s in g

a t  r o o m  t e m p e r a t u r e  in to  t i n  an d  h y d ro g e n .  S tan n a n e ,  SnH^

is  v e r y  u n s t a b l e ,  bu t p r o g r e s s i v e  s u b s t i tu t io n  of a lk y l  o r  a r y l

g ro u p s  f o r  h y d r o g e n  r e s u l t s  in  i n c r e a s e d  s ta b i l i ty .  The know n

o r g a n o t in  h y d r id e s  a r e  m o s t l y  c o l o u r l e s s  d is  t i l l a b le  l iq u id s .

T h e  m o s t  w id e ly  u s e d  m e th o d  to  p r e p a r e  a  v a r i e t y  of t in  h y d r id e s

i s  th e  r e d u c t io n  of the  c o r r e s p o n d in g  o r g a n o t in  h a l id e  by l i th iu m

a l u m in i u m  h y d r id e  in  e t h e r ,

R S n C k ^  , + L iA lH ^ — ^  R SnH,^ , + L iA C l^  n  (4 -n )  4 n  (4 -n )  4

It i s  the  m o s t  c o n v e n ie n t  l a b o r a t o r y  m e th o d ,  and  i t  i s  p ro b a b le  th a t  

the  r e a c t i o n  p r o c e e d s  q u a n t i t a t iv e ly  in  m o s t  c a s e s .  T h e i r  m o d e  of 

d e c o m p o s i t i o n  d e p e n d s  on t h e i r  s t o r a g e ;  in  g e n e r a l ,  c o n t a c t  w ith  a i r ,  

a c i d s ,  m e t a l s  and  v a c u u m  g r e a s e  i s  a v o id e d .  T he  d e c o m p o s i t io n  

g e n e r a l l y  l e a d s  to  t e t r a - a l k y l -  o r  t e t r a - a r y l -  t in ,  m e ta l l i c  t in  and  

h y d r o g e n

4 R S n H , ,  . — n R B n  + (4 -n )S n  + 2 (4 -n )  H
n (4 -n )  4 2

O r g a n o t in  c o m p o u n d s  in  g e n e r a l  a r e  to x ic ,  but none a r e  e x t r e m e l y  

so ,  t h e i r  p h y s io lo g ic a l  and  to x ic o lo g ic a l  p r o p e r t i e s  h a v e  no t b e e n  

fu l ly  in v e s t ig a t e d .  P r e c a u t i o n s  sh o u ld  be t a k e n  in  h a n d l in g  to 

av o id  in h a la t i o n  of v a p o u r s  o r  c o n ta c t  w i th  th e  s k in .
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n .  1 .1  D ip h en y l  T in  D ih y d r id e  and  p a r t i a l l y  D e u te r a te d  H y d r id e  ^

' (C^H^)^ SnH^ h a s  a  r e p o r t e d  b . p t .  8 9 - 9 3 ^ / 0 , 5  m m ,

and  d e c o m p o s e s  in  a i r  to  a  b r ig h t  y e l lo w  s o l id  w h ic h  is p r o b a b ly  

d ip h e n y l  t in  p o ly m e r  " i

--------------   <^6» 5>2 + « 2

T h e  d e c o m p o s i t io n  w as  a l s o  found  to  be c a t a ly s e d  by v a c u u m  g r e a s e  

a s  a  b r ig h t  y e l lo w  c o lo u r  w as  found a ro u n d  the  " q u ic k  f i t "  jo in t s  of 

th e  a p p a r a tu s  an d  v a c u u m  l in e .  T h e  p r e p a r a t i o n  w as  done  in  an  

a t m o s p h e r e  of n i t r o g e n  to  avo id  d e c o m p o s i t io n  by a i r ,

A s o lu t io n  of d i - p h e n y l  t in  d ic h lo r id e  in  d r y  

e t h e r  w as  a d d ed  d ro p w is e  f r o m  a  p r e s s u r e  e q u i l ib r i a t in g  fu n n e l  to  

a n  e t h e r  s l u r r y  of L iA lH ^ , o v e r  a  p e r io d  of an  h o u r .  T h is  w as  

s t i r r e d  c o n t in u o u s ly  f o r  a  f u r t h e r  30 m in u te s ,  m a in ta in in g  the  

t e m p e r a t u r e  th ro u g h o u t ,  a t  0 °C , A t the  end  of th e  e x p e r i m e n t  the  

e x c e s s  of L iA lH ^  w as  d e s t r o y e d  by the d ro p w is e  a d d i t io n  of ic e  w a te r ,  

T h e  f l a s k  c o n ta in in g  the  e t h e r  m ix tu r e  of h y d r id e  w a s  th e n  ta k e n  in to  

a  n i t r o g e n  f i l l e d  d r y  bag, the  e th e r  l a y e r  w a s  s e p a r a t e d  f r o m  w a te r  

an d  w a s h e d  a  few  t i m e s  w ith  ic e  w a t e r .  The f l a s k  w as  th e n  

c o n n e c te d  to  a  v a c u u m  lin e  f o r  s e v e r a l  h o u r s  to  r e m o v e  e t h e r .

T h e  v a c u u m  w a s  b ro k e n  w ith  n i t r o g e n  w h e n  a  " c o n s ta n t "  v o lu m e  

w a s  l e f t  i n  th e  f l a s k .  T he  h y d r id e  w a s  t r a n s f e r r e d  to  a n  N ,M ,  R .
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tube  a f t e r  f i l t e r i n g  th ro u g h  a  f ine  f i l t e r  f i t te d  to a  s y r in g e  in  

a  m i l l i p o r e ,  to  av o id  an y  s o l id  i m p u r i t i e s  w h ich  m a y  h ave  

a r i s e n  f r o m  the  p a r t i a l  d e c o m p o s i t io n .  A few  d ro p s  of T . M . S ,
I I , 1
w e r e  ad d e d  a s  an  i n t e r n a l  r e f e r e n c e .  T h is  w a s  a l s o  done in  the  

n i t r o g e n  f i l l e d  d r y  b ag .  T he  n , m .  r .  tube  w as  th e n  c o n n e c te d  to
I I  I 1

a  v a c u u m  l in e ,  w h e re  i t  w a s  d e g a s s e d  and  s e a le d  u n d e r  v a c u u m . 

P a r t i a l l y  D e u te r a te d  H y d r id e  w as  p r e p a r e d  in  o r d e r  to  s tu d y  

i s o to p e  e f f e c t s  and  s tu d y  of l in e  s h a p e s  of p ro to n s  c o u p led  to 

d e u t e r i u m .  In  o r d e r  to  o b ta in  s t r o n g  s ig n a l s ,  i t  w a s  n e c e s s a r y  

th a t  a  p r o p e r  a m o u n t  of -H D  s p e c ie s  sh o u ld  be p r e s e n t  in  the
I I

h y d r id e  m i x tu r e .  T h is  w as  done  by s u p p r e s s i n g  the  f o r m a t io n
I

of d i  h y d r id e  by u s in g  a  r e d u c in g  m i x tu r e  w h ic h  c o n ta in s  m o r e  

d e u t e r a t i n g  a g e n t  th a n  th e  h y d ro g e n a t in g  one .  A c c o rd in g  to  the  

i s o to p e  e f f e c t s  on  r e a c t io n  r a t e s ,  d e u t e r a t i o n  i s  a  s lo w e r  p r o c e s s
• 1 I

th a n  the  h y d ro g e n a t io n  and  i t  w as  found, a f t e r  u s in g  the  L iA lH ^  

and  L iA lD  in  d i f f e r e n t  p r o p o r t i o n s  th a t  to  g e t  a  r e a s o n a b l e
I ^ .

a m o u n t  of -H D  s p e c ie s  in  the  h y d r id e  m i x tu r e ,  th e s e  r e d u c in g  

a g e n ts  sh o u ld  be u s e d  in  a  1:5 r a t i o .  T he  r e s t  of the  p r o c e d u r e  

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

p u r e  h y d r id e ,

. W hen  the  s a m p le  w as  n o t  b e in g  u s e d  i t  w as  k ep t  

i n  th e  d a r k  in  a  r e f r i g e r a t o r  a s  i t  w as  tho u g h t th a t  l ig h t  m a y  h av e  

s o m e  c a t a ly t i c  e f fe c t  on the  d e c o m p o s i t io n .

The s p e c t r a  w e r e  in i t i a l l y  o b ta in e d  u s in g  the 

V a r i a n  A s s o c i a t e s  E M -3 6 0  s p e c t r o m e t e r ,  to  id e n t i fy  the  co m p o u n d
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C a C l

 O rg an o  t in  h a l id e

s o lu t i o n  in  e t h e r

R e d u c in g  s l u r r y

M a g n e t i c  s t i r r e

a,
Fig .11. V. T h e  a p p r a t u s  u s e d  fo r  the  p r e p a r a t i o n  of h ig h  b .  p t .  h y d r i d e s .
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and  to c h e c k  the  i m p u r i t i e s ,  s o lv e n t  in  p a r t i c u l a r .
I I

I I  . 1 .2  T r i - p h e n y l  T in  H y d r id e

(C^H^)^SnH , w as  p u r c h a s e d  f r o m  C a m b r i a n  

C h e m ic a l s  L im i t e d ,  The h y d r id e  w a s  u s e d  w ith o u t f u r t h e r  

p u r i f i c a t io n ,  the  s a m p le  w as  f i l t e r e d ,  d e g a s s e d  and  s e a le d  u n d e r  

v a c u u m .  T h is  h y d r id e  h a s  a  r e p o r t e d  b .p t .o f  1 6 8 -1 7 2 ° /  0. 5 m m .

In a i r  i t  d e c o m p o s e s  to  f o r m  h e x a  p h en y l  d i t in .

(C^H )SnH  — ------  (C ^ H j)^  Sn Sn  ( C ^ H j ) j  +

' (97)
I I .  1 .3  P h e n y l  T in  T r i - H y d r i d e

I ' '

C^H^SnH^ w as  p r e p a r e d  by the  m e th o d  of N e u m a n n
l 9 5 )  (5 )

and  N ie r m a n n  a s  r e p o r t e d  by A m b e r g e r  e t  a l .  T he  h y d r id e  h a s  a

r e p o r t e d  b .p t .o f  5 7 - 6 4 ° /1 0 6  m m .  T he  r e d u c t io n  of an  aq u eo u s  

p o t a s s i u m  h y d ro x id e  s o lu t io n  of p h en y l  t in  t r i c h l o r i d e  w as  c a r r i e d
I !  .  :  ,  ,  o

out w ith  s o d iu m  b o ro h y d r id e  a t  0 C, w i th  co n t in u o u s  s t i r r i n g  of the 

r e a c t a n t s .  P h e n y l  t in  h y d r id e  c o m e s  out as  a  h e a v y  c o l o u r l e s s  o i ly  

l iq u id  a t  the  b o t to m  of the  f l a s k ,  i t  w as  s e p a r a t e d  f r o m  w a t e r  by a  

s e p a r a t in g  fu n n e l  and  w a s  w a s h e d  tw ice  w ith  ic e  w a t e r .  A f te r  the 

a d d i t io n  of a  few  d ro p s  of T . M . S . , the  s a m p le  w a s  d e g a s s e d ,  

s e a le d  u n d e r  v a c u u m  and  checked f o r  i m p u r i t i e s  in  th e  E M -3 6 0  in  the  

u s u a l  w ay .
.1

II . 1 .4  D ic y c lo h e x y l  T in  D ih y d r id e
I . , .

(C^H^  ̂)^SnH^ w as  p r e p a r e d  by the  s a m e  p r o c e d u r e

a s  d ip h e n y l  t in  d ih y d r id e .  D ic y c lo h e x y l  t in  d ib r o m id e  w as
ihs-

p u r c h a s e d  f r o m  V e n tro n  A lp h a  P r o d u c t s .  In  th i s  c a s e . ^ r e a c t i o n
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m i x tu r e  w a s  le f t  o v e rn ig h t ,  w h ic h  s e e m e d  to im p r o v e  the  

y ie ld .  T h is  h y d r id e  i s  a  s o l id  an d  h a s  n o t  b een  r e p o r t e d  b e f o r e .

I t  w a s  d i s s o lv e d  in  b e n z e n e  w h ic h  a l s o  a c t s  a s  a n  i n t e r n a l  r e f e r e n c e .

( 1 0 0) 1101)
I I  . 2 . M e th y l  S ta n n a n e s

M eSnH ^, b . p t . l . 4 ° ,  M e^SnH ^, b . p t .  35°, 

and  M e^SnH , b. pt. 59 ° ,  a r e  low  b o il in g  p o in t  h y d r id e s  and  a r e  

c o n v e n ie n t ly  p r e p a r e d  by r e d u c in g  th e  a p p r o p r i a t e  m e th y l  t in  

c h lo r id e  w i th  L iA lH ^  u s in g  s o m e  h ig h  b. p t . e t h e r  a s  s o lv e n t .

T he  h y d r id e  i s  th e n  d i s t i l l e d  o v e r  by a  v a c u u m  l in e .  T he  g e n e r a l  

m e th o d  of p r e p a r a t i o n  w as  c h an g e d  s l ig h t ly  f r o m  the  r e p o r t e d  

m e th o d s  to  s p e e d  k p r e p a r a t i o n .

L i th iu m  a lu m in iu m  h y d r id e  w as  p la c e d  in  a  

t h r e e  n e c k e d  ro u n d  b o t to m e d  f la s k ,  and  a  s m a l l  v o lu m e  of 

d i - n - b u t y l  e t h e r  (b. p t .T 3 8 °  - 143°C ) w a s  ad d ed  to m a k e  a  s l u r r y .  

D im e th y l  t in  d ic h lo r id e  w as  d i s s o lv e d  in  the  above  m e n t io n e d  

e t h e r  and  s lo w ly  ad d ed  by m e a n s  of p r e s s u r e  e q u a l i s in g  fu n n e l ,  

o v e r  a  p e r io d  of an  h o u r  in to  the  r e a c t i o n  f l a s k  w h ic h  w as  k e p t  

co o l  in  a n  ic e  p lu s  r o c k  s a l t  m ix tu r e  ( te m p .  c a .  - 1 0 ° ) .  I t  w a s  

found  th a t  the  r e a c t i o n  c a r r i e d  out a t  a b o u t - 1 0 ° C ,  gave  a  b e t t e r  

y ie ld  and  p r o c e e d e d  f a s t e r  th a n  a t  th e  r e p o r t e d  t e m p e r a t u r e  of -78°C  

( c a r d i c e  + a c e to n e ) .  The r e a c t i o n  w a s  done  u n d e r  a n  a t m o s p h e r e  

of n i t r o g e n  and  a  co ld  f in g e r  f i t te d  to  th e  r e a c t i o n  f l a s k  w a s  u s e d  

to  p r e v e n t  a n y  g a se o u s  p ro d u c ts  b e in g  s w e p t  o v e r  w i th  th e  n i t r o g e n .
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T h e  m i x tu r e  w a s  s t i r r e d  c o n s ta n t ly  f r o m  th e  f i r s t  a d d i t io n  u n t i l  

th e  r e a c t i o n  h ad  en d e d .  W hen  th e  r e a c t i o n  w as  c o m p le te  the  

f l a s k  w a s  t r a n s f e r r e d  to the b o t to m  of the  f r a c t io n a t in g  c o lu m n  

c o n ta in in g  e th y le n e  g ly c o l  s o lu t io n  in  w a te r  (3:2) w h ich  w as  k e p t  

a t  -13  by p a s s in g  i t  th ro u g h  a  c h i l l e r .  A to ta l  of t h r e e  t r a p s  

w e r e  a r r a n g e d  to  c o l le c t  the  p r o d u c t s .  The f i r s t  one w as  a t  - 2 5 ° ,

u s in g  c a r b o n  t e t r a c h l o r i d e  an d  l iq u id  n i t r o g e n  s lu s h  ba th .  A n o th e r
1, , ,

ch an g e  of t e m p e r a t u r e  w a s  m a d e  h e r e .  In the  r e p o r t e d  m e th o d ,
I ■ ii

th e  f i r s t  t r a p  sh o u ld  be a t  -78  C, b u t  i t  to o k  s e v e r a l  h o u r s  to  c o l le c t  

an y  s ig n i f i c a n t  a m o u n t  of p r o d u c t  b e c a u s e  the  r a t e  of d i s t i l l a t i o n  a t
I I

th i s  t e m p e r a t u r e  w a s  so  low . T h is  ch an g e  of t e m p e r a t u r e  i n c r e a s e d
I . ■ ! i

th e  c h a n c e s  of e t h e r  d i s t i l l a t io n  w ith  the  h y d r id e ,  bu t th i s  p r o b l e m  w as  

o v e r c o m e  by co o lin g  down the  r e a c t i o n  f l a s k  in  i c e  a t  th e  b o t to m  of the  

f r a c t i o n a t i n g  c o lu m n . T he  v a c u u m  w as  m a in ta in e d  a t  1. 0 m m  by 

c o n t r o l l e d  b le e d in g  of n i t r o g e n  in to  the  v a c u u m  l in e .

T he  r e m a in in g  two t r a p s  w e r e  k e p t  a t  l iq u id  n i t r o g e n

t e m p e r a t u r e  ( - 1 97°C ). A l l  the  p ro d u c ts  w e r e  c o l le c te d  in  th e  n . m .  r .
I

tube  a t  the  s e c o n d  t r a p .  T he  tube  a l s o  c o n ta in e d  a  s m a l l  q u a n t i ty  of

b e n z e n e  to  u s e  a s  a  r e f e r e n c e .

F o r  the  p r e p a r a t i o n  of p a r t i a l l y  d e u t e r a t e d  h y d r i d e ,

a  1:3 r a t i o  of th e  L iA lH ^  and  L iA lD ^  s e e m e d  to  p ro d u c e  a  s u i ta b le

a m o u n t  of -H D  s p e c ie s  to o b ta in  r e a s o n a b l y  s t r o n g  n . m .  r .  s i g n a l s .

T he  s a m p le  w a s  d e g a s s e d  an d  s e a le d  u n d e r  

v a c u u m  in  th e  u s u a l  w ay . T he  p r o d u c t  a p p e a r e d  to c o n ta in  s m a l l
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t r a c e s  of e t h e r ,  w h ic h  cou ld  no t be  av o id ed  when the reported

procedure was followed exactly.

N . M . R .  tu b e s  co n ta in in g  s a m p le s  w e r e  s to r e d  in  the  d a r k  

an d  a t  r e d u c e d  t e m p e r a t u r e .  Such  tu b e s  sh o u ld  be h a n d le d

c a r e f u l l y  a s  the  p r e s s u r e  d e v e lo p e d  due to  p ro d u c t io n  of h y d ro g e n  

c a n  le a d  to  a n  e x p lo s io n .

II. 7 .6  T r i - n - B u t y l  T in  H y d r id e  and  T r i - n - B u t y l  T in  D e u te r id e

(n -B u)^S nH  and  (n -B u)^SnD  w e r e  p u r c h a s e d  f r o m  C a m b r ia n

C h e m ic a l s  L im i t e d .  No im p u r i t i e s  w e r e  r e v e a l e d  by the  n. m .  r .

s p e c t r u m  and  the  s a m p le s  w e r e  p r e p a r e d  in  th e  u s u a l  w ay  w ith o u t

f u r t h e r  p u r i f i c a t io n .  T he  r e p o r t e d  b. p t .  i s  76°  - 8 1 ° /  0. 7 -  0 .9  m m .

II. 7. 7 D i - E th y l  T in  di H y d r id e  and  T r i - E t h y l  T in  H y d r id e

(C^H ^)^SnH  and (C^H^)^SnH h av e  r e p o r t e d  b. pts. of 9 9 ^ C /760 m m

an d  1 4 2 ° C /7 6 0  m m  r e s p e c t iv e l y .  B o th  w e r e  p r e p a r e d  fo llow ing  the

m e th o d  of F in h o l t  e t  a lf^^^^ (the s a m e  a s  d ip h en y l t in  d ih y d r id e ) .

N o te :  D ie th y l  s ta n n a n e  d e c o m p o s e s  e x p lo s iv e ly  in  a  s t r e a m  of oxygen .

II. 7. 8 D i - b e n z y l  T in  d ih y d r id e

( C .H  CH ) SnH w a s  p r e p a r e d  by the  r e a c t i o n  b e tw e e n  L i th iu m  
6 5 2 2 2

a lu m in iu m  h y d r id e  and  d i - b e n z y l  t in  c h lo r id e  in  d ie th y l  e t h e r  so lu t io n .  

T h e  a p p a r a tu s  and  g e n e r a l  p r o c e d u r e  w as  e s s e n t i a l l y  the  s a m e  a s  th a t  

u s e d  in  the  p r e p a r a t i o n  of d i -p h e n y l  t in  d ih y d r id e .  T he  r e a c t io n  

w a s  found  to  g ive  p o o r  y ie ld .
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S e c t io n  II. 8 S a m p le  p r e p a r a t i o n  f o r  r e l a x a t io n  t im e  m e a s u r e m e n t .

T h e  i n t e r m o l e c u l a r  c o n t r ib u t io n s  b e c o m e  of g r e a t  

i m p o r t a n c e  w hen  p a r a m a g n e t i c  s p e c ie s  ( e .g .  oxygen in  th is  c a s e )  

a r e  p r e s e n t  in  th e  s a m p le ,  s in c e  y  i s  657 t im e s  l a r g e r  th a n  y and  

c a n  ch an g e  T̂  ̂ d r a s t i c a l l y .  O xygen  w as  r e m o v e d  by d e g a s s in g  the  

s a m p le  a s  u s u a l .  F u r t h e r m o r e ,  th e s e  m o le c u le s  w e r e  s tu d ie d  as  

10% d ilu te  s o lu t io n s  in  an  i n e r t  s o lv e n t  to m in im is e  the in te  r m o le  c u l a r  

r e l a x a t i o n  c o n t r ib u t io n s .  T he  r e q u i r e m e n t  of a  m a g n e t i c a l ly  i n e r t  

s o lv e n t  m e r e l y  m e a n s  th a t  i t  sh o u ld  c o n ta in  n e i th e r  f lu o r in e  n o r  p ro to n  

s u b s t i tu e n t s  an d  in  p r a c t i c e  i t  i s  u s u a l  to  a p p r o x im a te  to  th i s  r e q u i r e ­

m e n t  by u s in g  a  d e u t e r a t e d  s u b s ta n c e  w h ich  h a s  the  ad d ed  c o n v en ien ce  

of p ro v id in g  a  lo c k  s ig n a l  f o r  the  s p e c t r o m e t e r .  A l l  s a m p le s  w e r e

s tu d ie d  in  5 m .  m .  O .D .  N . M . R .  tu b e s .  A 180°-T "  r9 0 ^  p u ls e

13s e q u e n c e  w as  e m p lo y e d  f o r  both  the  'H  and  C m e a s u r e m e n t s .  The

r e l a x a t i o n  r a t e s  (1 /T ^  ) a r e  o b ta in e d  f r o m  the  s lo p e  of s e m i lo g  p lo t  of

lo n g i tu d in a l  m a g n e t iz a t io n  ( le a s t  s q u a r e s  f i t s )  v e r s u s  1? , the  t im e

m e a s u r e d  f r o m  the i n i t i a l  180° p u ls e .  A c o n s id e r a b le  d e la y  t im e

( '»• 5 T ^ )  w as  g iven  b e fo re  the  n e x t  cy c le  of m e a s u r e m e n t s .  T h e s e

m e a s u r e m e n t s  w e re  c a r r i e d  out on  two d i f f e r e n t  s p e c t r o m e t e r s .

II. 8. 1 V a r i a n  C F T -2 0  s p e c t r o m e t e r  o p e ra t in g  a t  80 M Hz f o r  p r o to n

and  2 0 M Hz f o r  c a rb o n  ( loca ted  a t  V a r ia n ,  W a lto n  on  T h a m e s ) .

II. 8 .2  B r u c k e r  HX 90E s p e c t r o m e t e r  o p e r a t in g  a t  90 M Hz f o r  p ro to n s

13an d  2 2 .6 3  M H z f o r  C, coup led  to  a  N ic o le t  1080 c o m p u te r  and  a  

K e n n e d y  m a g n e t ic  tap e  s to r e  ( lo ca ted  a t  F ,  C . M . U .  H a rw e l l )
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C H A P T E R  III

P R O T O N  N. M. R. S P E C T R A  O F TIN HYDRIDES
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S e c t io n  III, 1

III, 1. 1

III. 1 .2  

S e c t io n  III. 2

III. 2. 1

III. 2 .2

III. 2 .3

III. 2. 4 

S e c t io n  III. 3

M a in  f e a t u r e s  of p ro to n  s p e c t r a

In t ro d u c t io n

R e s u l t s

D e u te r a te d  s p e c ie s  

D e u te r a te d  d i - m e th y l  t in  d ih y d r id e  

D e u te r a te d  d i -p h e n y l  t in  d ih y d r id e  

D e u te r a te d  m o n o -p h e n y l  t in  t r i h y d r id e  

D e u te r a te d  d i - b e n z y l  t in  d ih y d r id e  

D is c u s s io n
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S e c t io n  III. 1 M a in  f e a t u r e s  of p ro to n  s p e c t r a ;

III, 1. 1 In t ro d u c t io n

T h e  p ro to n  N, M . R. s p e c t r a  of RnSnH
4 - n

an d  A r^ S n H ^ _ ^  (w h e re  n =  1 , 2 , 3 )  h av e  b een  s tu d ie d .  A c e r t a i n

a m o u n t  of w o r k  h a s  a l r e a d y  b e e n  done in  th is  f ie ld ,  S e v e r a l

a u t h o r s ,h a v e  i n f e r r e d  a  c o r r e l a t i o n  b e tw e e n  the  c h e m ic a l  s h if t

and  the  n a t u r e  of the  s u b s t i tu e n t .  W hen m e a s u r e m e n t s  h av e  b e e n

r e p o r t e d  p r e v io u s ly ,  c o m p a r i s o n s  a r e  m a d e ;  the  s p e c t r a  of

d i - c y c lo h e x y l  t in  d ih y d r id e  and  d i - b e n z y l  t in  h y d r id e  a r e  r e p o r t e d

f o r  the  f i r s t  t im e .  ,

. . , I 1 , A s t r o n g  s ig n a l  in  th e  p ro to n  N. M. R. s p e c t r u m

o f -p ro to n (s )  bound to n o n -m a g n e t ic  t in  (abundance  84 .2% ) i s  flank< d

by two p a i r s  of s m a l l  s a t e l l i t e  s ig n a ls  w h ic h  a r e  s y m m e t r i c a l l y

117d i s t r i b u t e d  a b o u t  the  c e n t r a l  r e s o n a n c e ,  one p a i r  due to  Sn 

(ab u n d an ce  67%, I =  ^) and  the  o th e r  due to  ̂^^Sn (abundance  

8 .6 8 % , 1 =  j ) .  T he  m u c h  w e a k e r  s a t e l l i t e s  a r i s i n g  f r o m  the  ^^^Sn  

(ab u n d an c e  0. 35%, I =  i )  w e r e  no t r e a d i ly  o b s e r v a b le .

III. 1. 2 R e s u l t s  I . ,

C h e m ic a l  s h i f ts  and  t i n - p r o to n  co u p lin g  c o n s ta n t s  

f o r  p r o to n s  d i r e c t l y  bonded to ,t in  are g iven  in  ta b le  III. 1. A ty p ic a l  

p h e n y l  s ta n n a n e  s p e c t r u m  c o n s is t s  of a  c o m p le x  m u l t ip le t  f r o m  the  

p h e n y l  r in g ( s )  and  a s in g le  line  f r o m  the  h y d r id e  p ro to n ( s ) .  T h is  

l in e ,  h o w e v e r ,  i s  n o t ic e a b ly  b ro a d e n e d  (ca .0 .6H z)  in  p h e n y l  s ta n n a n e
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a n d  t h i s  cou ld  a r i s e  f r o m  u n r e s o lv e d  s p l i t t in g s  f r o m  the  p h en y l  

p r o to n s .  A s c a n  be s e e n  f r o m  T a b le  III. 1 the  c h e m ic a l  s h if t  of 

the  h y d r id e  p ro to n ( s )  m o v e s  dow n fie ld  by abou t 0 .8  p .p .-m . w ith  

th e  s u b s t i tu t io n  of e a c h  p h en y l  r in g  in  the  m o le c u le .  In d eed  in  the  

c a s e  of the  t r i - p h e n y l  t in  h y d r id e  the  h y d r id e  p ro to n  a p p e a r s  on ly  j u s t  

d e a l ! ’ f r o m  the  p h en y l  f e a t u r e .  S om e  s a m p le s  of d i -p h e n y l  t in  

d ih y d r id e  w e r e  s tu d ie d  w i th  a  s m a l l  k m o u n t  of d i - e t h y l  e t h e r  in  th e m  

(ca . 10%), b u t  th i s  d id  n o t  a f f e c t  the  c h e m ic a l  sh if ts  and  coup ling  

c o n s ta n t s .

* ‘ In  m e th y l  s tannanes the  h y d r id e  f e a t u r e  i s  a  m u l t ip le t

due to s p i n - s p i n  coup ling  w ith  the m e th y l  p r o to n s .  T he  s h i f t  l i e s

b e tw e e n  4 and  5 p . p. m .  and  w ith  i n c r e a s i n g  m e th y l  s u b s t i tu t io n  a

d o w n fie ld  s h i f t  of c a .  0. 3 p. p. m .  i s  o b s e r v e d .  The h y d r id e  

119 117Sn and  Sn s a t e l l i t e s  a r e  w e ll  s e p a r a t e d  but the  m e th y l  

s a t e l l i t e s  o v e r la p .  In  the p r e p a r a t i o n  of th e s e  s a m p le s  d i - n - b u t y l  

e t h e r  w a s  u s e d  a s  a  s o lv e n t  and  i t  w as  found to be p r e s e n t  (ca .  3%) 

in  a  few  s a m p l e s  a s  a n  im p u r i ty .  T h e  p ro to n  n. m .  r .  p a r a m e t e r s  

o b s e r v e d ,  h o w e v e r ,  show ed  no d e p en d e n ce  on th e s e  l e v e l s  of e t h e r  

c o n ta m in a t io n .

‘ H e te r o n u c le a r  double  r e s o n a n c e  s tu d ie s  on  th e  m e th y l

s a t e l l i t e s  a r e  c l e a r l y  m o r e  f a v o u ra b le  on s e n s i t i v i ty  g ro u n d s  th a n  th o s e

on  th e  h y d r id e  s a t e l l i t e s .  H o w e v e r ,  th e y  a r e  l e s s  f a v o u ra b le  on

117 119
a c c o u n t  of o v e r la p p in g  Sn and  Sn f e a t u r e s .  F i g u r e  III. I,

one
sh o w s  th e  s p e c t r a  w here jfcom ponen t of a  s a t e l l i t e  t r i p l e t  h a s  b e e n
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" r e m o v e d "  by d ec o u p l in g .  T he  r e s u l t s  of th e s e  e x p e r i m e n t s  a r e  

show n  in  T a b le  III. 2. T h ey  c o n f i r m  th a t  ^J(Sn-H) and  a r e

in d e e d  o p p o s i te  in  s ig n .  T he e x p e r im e n t  w as  not p u r s u e d ;  a l l  

th e  o th e r  doub le  r e s o n a n c e  e x p e r i m e n t s  w e re  o b s e r v e d  a t  the 

h y d r id e  s a t e l l i t e s .  O th e r  e x p e r i m e n t s  invo lv ing  s im u l ta n e o u s  

d e c o u p l in g  of one t in  n u c le u s  w h i l s t  p e r f o r m i n g  m o r e  s e le c t iv e  doub le  

r e s o n a n c e  e x p e r i m e n t s  on the  o th e r  h av e  been  c a r r i e d  out on t e t r a - e t h y l  

t in  bu t i t  i s  a  f a c t  th a t  a l th o u g h  the e x p e r i m e n t s  a r e  f e a s ib l e ,  in  p r a c t i c a l  

c a s e s  i t  i s  m o r e  c o n v e n ie n t  o v e r a l l  to  o b s e r v e  the  h y d r id e  s a t e l l i t e s .

T A B L E  III. 2

H ig h  f ie ld  'H  l in e s
119

A s s o c i a te d  Sn 117A s s o c ia te d  Sn
f r e q u e n c i e s  ^  10 H z f r e q u e n c i e s  4̂  10 H z

1 ( 1166

2 2 2 , 3 ? j  2960 

( 4746

-

3 -

4 ( 6163

5 { 7868 

95786

1

V a lu e s  of two bond ^ J ( ^ ^S n -C H ^),  ^ J (^ ^ ^ S n -C H ^ )

" ' '3
an d  t h r e e  bond J(HCSnH) sp in  sp in  cou p lin g  c o n s ta n t s  h av e  a l s o  b e e n

d e t e r m i n e d  and  a r e  p r e s e n te d  in  T a b le  III. 3, and  f o r  the  p u r p o s e  of

(4)c o m p a r i s o n  r e p o r t e d  v a lu e s  a r e  a l s o  in c lu d e d  in  the  ta b le  (in b r a c k e t s )



59

g
pq
<
H

<a
u
C
(UM0)

«+-I0)
Pi

o
fi
oo
k
m
fiO

fi
wro cy\

r O .

g ;
t-o +1

ro
%
U

I
fi

w

(Ni

w
ü  N

ro

co

' f i

fiO

ao
ü

Mo

u

(U
fi<uN
fi
(UJQ

O

• ^ s

*

S

N

K
(MO

Î l
(Mr̂
PsI

ro

MuO

m yi (0
Ifi 3
H H

o

N

w
K
u

ro

U0r-
N
oT
fiDS
fi
(ürÜ

O

00m

m
mm

MO

- f i
H

U
0
r -
N

<u
fi<üN
fi
d)

O

in
o

o
+ 1 
ro

m

*

m

m

N
X

N
X
mun
oo

4-| +  1
ro o ro

coO L T )
vO m

N N
X E
N ro
O o
O o
+  I

m
ir» +  1

in ro
v O ro
ro ro

^  ?
w W

ro ro
ro ro

X X
ü u

m
vOm

N

M
O

- f i
H

ü
3

m
N

w

o

vO

*H* msO

N
O

O

+ I
un00

N

N
X  N  
U Xun fi
X  w 

o  
U

(U

- art>
d)
bJOfi
h
d)>fi
fifi

fi
(ü
co
d)fiOi
d)fi

d)fifi
fi
(ü
Pi
O
d)
fi

O
(0

o

co
fi
ü

0
o

'Xi
d)>fi
(U
co
rû
O



60

T h e s e  v a lu e s  sh o w n  f o r  the  two bond coup lings  a r e  in  good

a g r e e m e n t  c o n s id e r in g  th a t  c h a n g e s  in  so lv e n t  m a y  a f fe c t  th e s e

(9)v a lu e s  by up  to  0. 5% and  a l  so  th a t  th e y  m a y  be t e m p e r a t u r e
I

d e p e n d e n t .

T he  t h r e e  bond  co u p lin g  v a lu e s  p ro b a b ly  a g r e e  w ith in  

e x p e r i m e n t a l  e r r o r ,  the  p r e s e n t  v a lu e s  a r e  thought to be a c c u r a t e  

t o j f  0. 02 H z hav in g  b e e n  m e a s u r e d  f r o m  s p e c t r a  ex p an d e d  to  10 

o r  20 H z o v e r  50 c m .

S e c t io n  III. 2 D e u te r a te d  s p e c ie s

III. 2. 1 D e u te r a te d  d i - m e th y l  t in  d i - h y d r id e

T he  co m p o u n d s  p r e s e n t  i n  th e  n. m .  r .  tube  w e r e

1 ) M e ^ S n H ^

2) Me^SnHD 

and  3) M e^SnD^

L e t  u s  now c o n s id e r  e a c h  co m p o u n d  and  i t s  e f fe c t  on the  n. m .  r .  

s p e c t r a .  T he  m a in  f e a t u r e s  of the  f i r s t  s p e c ie s  i s  th a t  of an  

s y s t e m  and  c o n s i s t s  of a s  e x p e c te d  a  s im p le  s e p te t ,  c o m p o n e n ts  

w i th  b in o m ia l  d i s t r i b u t io n  1: 6 :15 :20 :15 :6 :1 ,  f o r  the  two h y d r id e  

p r o to n s  co u p led  to  s ix  e q u iv a le n t  m e th y l  p r o to n s ,  c h e m ic a l ly  

s h i f te d  4 .4 1  p. p. m .  f r o m  T . M .S .  T he  m e th y l  p e a k  i s  s p l i t  by  

th e  tw o e q u iv a le n t  hydrides  p ro d u c in g  t h r e e  l in e s  in  the  i n t e n s i ty  r a t i o  

1 :2:1 a t  0 . 2 0  p. p. m .

T he  p ro to n  h y d r id e  s p e c t r u m  of M e^SnH D  in  th e  p r e s e n c e  

of M e^SnH ^ i s  show n in  F ig .  III. II. T h e  s ig n a l  i s  a  s e p t e t  due to  

co u p l in g  w ith  the  m e th y l  p ro to n s  and  th e  f u r t h e r  s p l i t t in g  a r i s e s
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f r o m  co u p l in g  to  the  d e u t e r i u m  ( 1 = 1 )  n u c le u s .  T he  s p a c in g s

of the  l i n e s  w h ic h  a r e  e q u a l  c o r r e s p o n d  e x p e r im e n ta l ly  to J ( h D)

are s im p ly  r e la te d ^  ^ to  th a t  b e tw e e n  two p ro to n s  in  e q u iv a le n t

p o s i t io n s  J (H h ) by a  f a c t o r  c o n s i s t in g  of the  r a t io ,  of g y ro m a g n e t ic

2
c o n s ta n t s  of d e u te r o n  and  p r o to n s ,  J( HH )w a s  c a lc u la te d  f r o m  the

2
m e a s u r e d  v a lu e s  of J ( h D) by ta k in g

J ( H H ) =  J ( H d ) x 6 . 5 1 3  

th e  r e s u l t s  a r e  r e p o r t e d  in  T a b le  III. 4 . ( see  page 80)-

'H -  h e t e r o n u c le a r  double  r e s o n a n c e  w as  p e r f o r m e d

' ' 2
by i r r a d i a t i o n  a t  9211875 H z in  o r d e r  to d eco u p le  H f r o m  the sp in

:  .  ' '  .  i

s y s t e m .  T h is  r e s u l t e d  in  the  c o l la p s e  of the  t r i p l e t s  a s  show n  in

F i g u r e  III. III. T he  sp a c ih g s  and  in t e n s i t i e s  of th is  d e u t e r iu m  d e c o u p le d
. I

s e p te t  a r e  s y m m e t r i c a l  about the  m id  p o in t  of th e  band  w h ich  c o r r e s p o n d s  

to  the  o r ig in  of the  m u l t ip le t  p ro d u c e d  by two e q u iv a le n t  m e th y l  g ro u p s .  

T h e  h y d r id e  r e s o n a n c e  is  s h if te d  0. 0236 + 0. 002 p .  p. m .  u p f ie ld  

Irom that of th e  u n d e u te r a te d  h y d r id e .
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F i g u r e  III. V show s the  m e th y l  r e g io n  of the s p e c t r u m  and

F i g u r e  III. VI, w ith  d e u t e r i u m  d e c o u p l in g .  The n o n -d e c o u p le d  s p e c t r u m

c o n s i s t s  of a  1 :2:1 t r i p l e t  f o r  (CH^)^SnH^ c a u s e d  by a  coup ling  of 2 . 6 5

+ 0. 02 H z to  the  two h y d r id e  p ro to n s ;  a  d o u b le t  of 1:1:1 t r i p l e t s  f o r

(C H ^)2SnHD c a u s e d  by  a  coup lin g  of 2. 65 + 0. 02 H z to the h y d r id e

p r o to n  and  0 .4 2  + 0. 01 H z to the  d e u te r iu m ;  a  1:2:3:2:1 q u in te t  f o r

(CH^ )^SnD^ c a u s e d  by a coup lin g  of 0. 42 + 0. 01 H z to  the  two d e u te r o n s .

T he  t h r e e  bond  i s o to p e  s h i f t f f r o m  (CH^)^SnH^ a r e  0 .0 0 4 6  p. p . m .  and

0 . 0 0 9  p. p . m .  f o r  (CH^)^SnD^ respectively .

S a te l l i t e  s p e c t r a  ( s e e  F ig .  III. XI (a, b) and  III. X (a, b))

w e r e  c a r e f u l ly  e x a m in e d  and  c o m p a r e d  w ith  the  c e n t r a l  f e a tu r e  to s tu d y

th e  i s o to p e  e f f e c t  on coup ling  c o n s ta n t ;  the  d a ta  are p r e s e n t e d  in  T a b le

V.1. I t  w as  found th a t  the  p e a k s  f r o m  the  d e u t e r a te d  s p e c ie s  a r e  n o t

a t  the  s a m e  r e l a t i v e  p o s i t io n  as  th e y  a r e  in  the c e n t r a l  f e a t u r e .  R a th e r

th e y  a p p e a r  to  be d i s p la c e d  to w a rd s  th e  c e n t r a l  h y d r id e  f e a t u r e ,  in

b o th  s a t e l l i t e s .  T o  s im p l i fy  the  s p e c t r a  d e u t e r iu m  d e c o u p l in g  w as

e m p lo y e d  a s  show n  in  F i g u r e  III. XII and  i t  w as  found th a t  the  coup ling

c o n s ta n t   ̂J (S n -H )  in  M e^SnHD w as  0. 6Hz s m a l l e r  th a n  th a t  in  Me^SnH^»

a s  a  r e s u l t  of a  g e m in a l  d e u t e r iu m  is o to p e  e f fe c t .

IN D O R : I jQ
F i g u r e  III. VII i l l u s t r a t e s  the  Sn INDOR s p e c t r u m

of M e SnD in  the  p r e s e n c e  of Me SnHD and  Me SnH in  the  s a m e  tu b e .  
2 2 ^ Ù Ù

T h e  s p e c t r u m  w as  o b ta in e d  by m o n i to r in g  th e  h igh  f ie ld  m e th y l  s a t e l l i t e ,  

an d  sw e e p in g  th ro u g h  the  ^Sn s p e c t r u m .  T h e  t r a c e  o b ta in e d  i s  

s i m i l a r  to  th e  ^^^Sn  s p e c t r u m  of Me SnD r e c o r d e d  by the  p u ls e
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(C H g )S n H D
HCSnH

m r
H C SnH D

H CSnD

2H z

( n o r m a l  s p e c t r u m )

F ig .  III. V. T he  p ro to n  s p e c t r u m  a t  60 M Hz of m o le c u le s : (C H ^ )^ S n H ^

(CH ) SnHD, a n d  (CH^).^SnD^ (m e th y l  r e g io n )  .
2 3 '2  2



66

I s o t o p e  C h e m i c a l  
S h i f t

2H z ( d e u te r iu m  d ecoup led )

F ig .  III. VI. D e u te r iu m  d e co u p led  p ro to n  s p e c t r u m  (m e th y l  re g io n )  of

(C H )^ S n H 2, (C H ^ )S n H D  a n d  (CH^)2SnD^ .
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119
F i g .  III. XI. H igh  f ie ld  'S n  s a t e l l i t e  s p e c t r a  of d e u te r a te d  d i - m e th y l  

t i n  h y d r id e  in  the  p r e s e n c e  of u n d e u te r a te d  p a r e n t  h y d r id e .

(a) N o r m a l  s p e c t r u m

(b) D e u te r i u m  d e c o u p led

(C H ,)  SnHD

T he a r r o w  m a r k s  th e  p o s i t io n  of th e  c e n t r e  of th e  c e n t r e  of th e  

s e p te t  (of t r i p l e t s )  i f  t h e r e  w e r e  no i s o to p ic  e f f e c t  on  th e  co u p l in g

c o n s ta n t .
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119.F ig .  III. XII. Low  f ie ld  Sn s a t e l l i t e  s p e c t r a  of d e u t e r a t e d  d i - m e th y l  

t i n  h y d r id e  in  th e  p r e s e n c e  of u n d e u te r a te d  p a r e n t  h y d r id e .

(a) N o r m a l  s p e c t r u m

B

5Hz

(b) D e u te r i u m  d e c o u p le d

(C H ^ )  SnH
I

T h e  a r r o w  m a r k s  th e  p o s i t io n  of the  c e n t r e  of the  s e p te t  (of t r i p l e t s )  

i f  t h e r e  w e r e  no is o to p ic  e f fec t  on the  co u p lin g  c o n s ta n t .
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m e th o d  (s e e  IV.4*3 ). T he  s p e c t r u m  c a n  be i n t e r p r e t t e d  a s

a  q u in te t  of s e p t e t s .  T w en ty  of the  e x p e c te d  th i r t y  f ive  l in e s  a r e  

o b s e r v e d ,  the  r e s t  b e ing  c o v e r e d  by n o is e .  The c o r r e s p o n d in g  

cou p lin g  c o n s ta n t s  w e r e  m e a s u r e d  (see  ta b le  III. 5) and  c o m p a r e d
I

w ith  the  v a lu e s  o b ta in e d  f r o m  the  p ro to n  and F . T .  s p e c t r a  and
1

th e y  a r e  in  good a g r e e m e n t  w i th in  the  e x p e r im e n ta l  e r r o r s .

T A B L E  III. 5

C oup ling  c o n s ta n t s INDOR 1 F . T .  s p e c t r a P r o t o n  s p e c t r a

J  (“ ^Sn - D) 2 7 4 .5  + 1 H z 2 7 4 .4  + 1 -

J  (“ ’ s n - C H j) 5 9 .0  _+l H z 6 1 + 1 60 + 1 H z

T h e  c e n t r e  of the  m u l t ip l e t  w as  lo c a te d  a t  22. 372894 M H z. T h is  v a lu e

119
w a s  c o m p a r e d  w ith  the  Sn r e s o n a n c e  f r e q u e n c y  o b ta in e d  f r o m  the  

h ig h  f ie ld  m e th y l  s a t e l l i t e  of M e^S nH ^fo r  r e f e r e n c e  s e e  T a b le  III. 2.

T h e  d i f f e r e n c e  b e tw ee n  the  two f r e q u e n c ie s  g iv e s  the  d e u t e r iu m  is o to p e  

e f f e c t  on the  t in  r e s o n a n c e  f r e q u e n c y  due to  the in t ro d u c t io n  of two 

d e u t e r i u m  a to m s  on t in .  T he  v a lue  of the  is o to p e  s h i f t  o b ta in e d  by 

th i s  m e th o d  (M e^SnD^ ca .  3 p . p .  m .  to  h igh  f ie ld )  i s  in  good a g r e e m e n t  

w ith  the  v a lu e  o b ta in e d  by the d i r e c t  m e th o d .
I

III. 2. 2 D e u te r a t e d  d i -p h e n y l  t in  d i - h y d r id e

F i g u r e  III. VIII (a) show s th e  p r o to n  s p e c t r u m  of the  

c e n t r a l  h y d r id e  f e a t u r e  of a  s a m p le  c o n ta in in g  a  m i x tu r e  of 

(C^H ^)^SnH ^, (C^H^)^SnHD and (C^H ^)^SnD ^. T he  c o r r e s p o n d in g  

c h e m ic a l  s h i f t s  and  coup ling  c o n s ta n ts  a r e  l i s t e d  in  T a b le  III. 1,
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T he  p ro to n  m a g n e t ic  r e s o n a n c e  s p e c t r a  of the  m ono  s u b s t i tu t e d

m a t e r i a l  c o n s i s t s  of a  d e u t e r i u m  c o u p led  1 :1:1 t r i p l e t  s h i f te d

0.021 p . p . m .  u p f ie ld  f r o m  the  s in g le  p e a k  c o r r e s p o n d in g  to the

p a r e n t  co m p o u n d . T he  HD coup ling  c o n s ta n t  i s  p r e s e n te d  in

T a b le  III. 4 . T he  d i-d eu te ra t 'd  co m p o u n d  w ould  have  no p e a k s  in

th i s  r e g io n  of th e  s p e c t r u m .

D e u te r i u m  d eco u p l in g  e x p e r im e n t s  w e r e  p e r f o r m e d

an d  the  o p t im u m  f r e q u e n c i e s  (T ab le  III. 6 ) w e r e  d e t e r m in e d  (+1 Hz)

f o r  bo th  the  c e n t r a l  and  s a t e l l i t e  f e a t u r e s .  F i g u r e  III. VIII (b)

2i l l u s t r a t e s  the  H d e c o u p le d  s p e c t r u m  of the  c e n t r a l  f e a t u r e .

T A B L E  III. 6

F  e a t u r e O p t im u m  f r e q u e n c y  + 1 H z. D is ta n c e  f r o m  the  c e n t r e  
(Hz)

U p fie ld   ̂  ̂^Sn 9 ,2 1 1 ,8 1 0 -146

9 ,2 1 1 ,8 1 5 -141

C e n t r a l 9, 211, 956 ' 0

L ow  f ie ld   ̂^^Sn 9 ,2 1 2 ,0 9 7 + 141

" ^^^Sn 9 ,2 1 2 ,1 0 5 + 149

T h e s e  v a lu e s  c o n f i r m  of c o u r s e  th a t  S n -H  and  Sn-D

4 119co u p l in g s  h a v e  the  s a m e  s ig n .  T he v a lu e s  in d ic a te d  f o r  ^J( S n-D )

117295 H z and  ^J ( S n -D ), 282 H z a g r e e  w ith in  e x p e r i m e n t a l  e r r o r  w ith  

v a lu e s  of 296 H z and  283 H z r e s p e c t iv e l y  c a lc u la te d  f r o m  S n -H  v a lu e s  

by ta k in g  y H /y D  =  6 .5 1 3 .  M e a s u r e m e n t s  on s a t e l l i t e  s p e c t r a  show ed  

a  d e c r e a s e  of 0. 65 + 0. 06 H z in  the  J  (Sn-H) v a lu e  on d e u t e r iu m  

s u b s t i tu t io n .  T h e s e  iso to p e  e f fe c t s  w i l l  be d i s c u s s e d  in  S e c t io n  III. 3 .2 ,
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III. 2. 3 D e u te r a te d  m o n o -p h e n y l  t in  t r i - h y d r i d e

T he  'H  s p e c t r a  of the  s ta n n a n e  and th r e e  of i t s

d e u t e r a t e d  s p e c ie s  i . e .  C . H . S n H . ,  C .H ^S nH ^D , C . H S n H D
D b  3 O b  2 6 5  2

and  C^H^SnD^ a l l  p r e s e n t  t o g e th e r  a s  a  m ix tu re  w e r e  r e c o r d e d

on a  V a r i a n  A s s o c i a t e s  HAIOO s p e c t r o m e t e r  on a  50 Hz s c a n  a t

-1 5 ° C .  F i g u r e  III, IX(a), e x h ib i t s  c l e a r l y  the s in g le t  of the p a r e n t

m o le c u le ,  the  1 : 1:1 d e u t e r i u m  c o u p led  t r i p l e t  of the m o n o - s u b s t i t u t e d

co m p o u n d  and  the  1 :2 :3 :2 :1  d e u t e r iu m - c o u p le d  m u l t ip le t  of C^H^SnHD^

s u p e r im p o s e d  upo n  the  t r i p l e t .  T h e  s p a c in g s  of th e s e  m u l t ip l e t s

c o r r e s p o n d  to j(H  D) ' Table III. 4 j, g ive  the  g e m in a l  H, D coup ling

c o n s ta n t s .  T he  d i f f e r e n c e  b e tw ee n  the  s in g le t  and  the  c e n t r e  of

t r i p l e t  g iv e s  the  i s o to p e  s h if t  due to  th e  in t ro d u c t io n  of one d e u t e r iu m

on t in .  (21*2 + 1 .6 )  x  10 p. p . m .  S im i la r ly ,  the  is o to p e  sh if t  due

to the  in t ro d u c t io n  of two d e u te r o n s  on  t in  c a n  be o b ta in ed  by m e a s u r i n g

the  f r e q u e n c y  d i f f e r e n c e  b e tw e e n  the s in g le t  and  the o r ig in  of the

-3q u in te t  ( 4 2 .5  + 1 .7 )  x  10 p. p . m .  T he  s a te l l i t e  l in e s  a p p e a r

on e i t h e r  s id e  of a  c e n t r a l  p e a k .  H o w e v e r ,  c l o s e r  in s p e c t io n  and

c o m p a r i s o n  w ith  the  c e n t r a l  f e a tu r e  a g a in  r e v e a l s  th a t  the  s a t e l l i t e s

io
a r e  no t i d e n t i c a l  in  a p p e a r a n c e  to e a c h  o th e r  norj^the c e n t r a l  f e a t u r e .

' I

In the  c e n t r a l  f e a t u r e ,  the t r i p l e t  and  q u in te t  l in e s  a r e  d i s t i n c t ly
I  :  ■ •  '

s e p a r a t e d  f r o m  th e  s in g le t  bu t in  the s a t e l l i t e s  th e y  a r e  s e e n  to

o v e r l a p .  F u r t h e r  c o m p a r i s o n  of the  low an d  h ig h  f ie ld  s a t e l l i t e s
I I

( s e e  F ig .  III. IX(b)) in d ic a te s  th a t  the  o u te r  c o m p o n e n t  of th e  low  f ie ld
1 ' ' <

s a t e l l i t e s  ( t r i p l e t  f r o m  s p e c ie s  C^H^SnH^D) h a s  m o v e d  j u s t  u n d e r n e a th  

th e  h y d r id e  s in g le t ,  c a u s in g  the i n c r e a s e d  in te n s i ty .  W hile  in  the
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c a s e  of the  u p f ie ld  s a t e l l i t e s ,  the  p r e s e n c e  of a  s h o u ld e r  on th e  low

f ie ld  s id e  of the  h y d r id e  s in g le t  sh o w ed  on m e a s u r e m e n t  th a t  th e

c e n t r e  of the  t r i p l e t  h ad  s h i f te d  s l ig h t ly  dow nfie ld  a s  c o m p a r e d  to

i t s  p o s i t io n  in  the  c e n t r a l  f e a t u r e .  T he f e a t u r e s  a r e  c a u s e d  by

an  i s o to p ic  e f fe c t  on the  co u p lin g  c o n s ta n t .  T h e r e  i s  no o b s e r v a b le

i s o to p ic  s h i f t  on 'H  as  a  r e s u l t  of s u b s t i tu t io n  of ^^^Sn (o r  ^^^Sn)

f o r  non  m a g n e t ic  t in  s p e c i e s .

In  the  c e n t r a l  f e a tu r e  the  t r i p l e t  and

the q u in te t  ( f ro m  C ^H ^SnD ^H  s p e c ie s )  a r e  o b s e r v e d  to  be s e p a r a t e d

b u t in  the  s a t e l l i t e s  th e y  a r e  s e e n  to  o v e r l a p .  On m e a s u r e m e n t

a  d e c r e a s e  of 0. 65_+ 0. 06 H z and  1. 30 + 0 .0 5  H z w as  found  in  the

'J (S n -H )  co u p lin g  c o n s ta n t s  of C^H^SnH^D  and C^H^SnHD^ s p e c ie s

r e s p e c t i v e l y  (the e f fe c t  is ad d i t iv e  f o r  the  se c o n d  d e u te r iu m ) .

III. 2 . 4  D e u te r a te d  d i - b e n z y l  t in  d i - h y d r id e

T he  p r o to n  n. m .  r .  s p e c t r u m  of the  h y d r id e  r e g io n  of a

(C .H  CH )^SnH^, (C .H ^ C H  )^SnHD and  (C .H ^ C H  )_SnD^ m ix tu r e  
O 5 6 Z C O D C L. O D C. C Ù

i s  show n  in  F ig . I I I .  X (a) .  On the  HA60 s p e c t r o m e t e r ,  the  H^, and

HD f e a t u r e s  cou ld  n o t  be s e e n  s e p a r a t e ly  a s  w as  o b s e r v e d  in  o th e r

c a s e s .  E x a m in a t io n  of the  o v e r la p p in g  m u l t ip l e t s  sh o w ed  s o m e

a d d i t io n a l  l i n e s  in  the h igh  f ie ld  s id e  w hen  c o m p a r e d  w ith  the  s p e c t r u m

of th e  u n d e u te  r a t e d  com pound  (F ig . I I I .  X(b) and  the  l in e s  w e r e  a l s o

found  to  be b r o a d e r  th a n  in  the p a r e n t  co m pound . F  r o m  th is
the

o b s e r v a t i o n  i t  b e c a m e  obvious th a t  the  v a lu e  ofj^isotope sh if t  a t  60 M Hz
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5Hz

F ig .  III. X. 60 M Hz p ro to n  s p e c t r u m  of d i - b e n z y l  t i n  h y d r id e  and  i t s  

d e u t e r a t e d  s p e c ie s  ( c e n t r a l  f e a t u r e ) .

5Hz

F i g . I I I .  XjÇa ) T he  p r o t n  s p e c t r u m  of d i - b e n z y l  t i n  h y d r id e s  show ing  th e  

c e n t r a l  f e a t u r e .
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i s  a p p r o x im a te ly  e q u a l  to  the  m e  th ine  and  h y d r id e  p ro to n  s p in  s p in  

co u p l in g .  T h is  c e n t r a l  h y d r id e  f e a t u r e  w as  t h e n  r e c o r d e d  a t  220 M Hz 

and  F i g u r e  III. XIII sh o w s an  e x c e l le n t  e x a m p le  w h e re  m e a s u r e m e n t s  

c a n  be done a c c u r a t e l y  f o r  a  220 M Hz s p e c t r u m  bu t no t fo r  th a t  o b ta in e d  

a t  60 M H z. T he  h y d r id e  s p e c t r u m  of (C^H^CH^)^SnHD can  now be 

s e e n  a s  a  s e p a r a t e  m u l t ip l e t  m o v e d  u p f ie ld .  T he  i so to p e  s h if t  

m e a s u r e d  a t  220 M Hz w as  found  to be 6 .6 5  H z. T h is  c o r r e s p o n d s  

to  1 .81  H z a t  60 M Hz w h ich  b e i n g  c lo se  to the  v a lu e  of 1 .8 5  Hz found 

f o r  ^ J(HC—Sn-H) c o n f i r m s  the  a c c id e n t a l  o v e r l a p  in  the 60 MHz s p e c t r a .

C o m p a r i s o n  of the  l in e  w id th s  of bo th  m u l t ip le t s

show s  th a t  the  c o m p o n e n ts  of the q u in te t  f r o m  the  d e u t e r a t e d  s a m p le

a r e  b r o a d e r  th a n  the h y d r id e  q u in te t ,  w h ich  presumably arises  from

2
o v e r la p p in g  of t r i p l e t  c o m p o n e n ts  a r i s i n g  f r o m  J(HD) sp in  sp in  

co u p l in g  and  - from b ro a d e n in g  due to the q u a d ru p o le

m o m e n t  of the  d e u te ro n .  Low  and h igh  f ie ld  s a te l l i t e  s p e c t r a  w e re  

o b ta in e d  a t  220 M Hz but on a c c o u n t  of the low S /N  r a t i o ,  s m a l l  c h a n g e s  

in  the  co u p lin g  due to i s o to p ic  s u b s t i tu t io n  could  no t be m e a s u r e d .

The m e  th in e  s a t e l l i t e s  w e r e  no t s tu d ie d  th o ro u g h ly  on a c c o u n t  of t h e i r  

low  in t e n s i ty .  T he  s e p a r a t i o n  betw een the two s e t s  of s a t e l l i t e s  w as  

found  to  be ro u g h ly  65Hz (T ab le  III. 3).
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S e c t io n  III. 3 D i s c u s s i o n

T a b le  III. 1 s u m m a r i z e s  the  c h e m ic a l  s h i f ts  and  coup ling

c o n s ta n t s  of a  n u m b e r  of o rg a n o  t in  h y d r id e s .  The n. m .  r .  p a r a m e t e r s

on  p h en y l  s ta n n a n e s  a r e  in  e x c e l le n t  a g r e e m e n t  w ith  the v a lu e s  found  by

A m b e r g e r  e t  a / ^ \  The 6 v a lu e  of 4 .7 6  p. p. m . in  d i - m e th y l  t in  '

d ih y d r id e  r e p o r t e d  by F l i t c r o f t  e t  a l^^^ 'is  on ly  in  m o d e s t  a g r e e m e n t

bo th  w ith  the  v a lu e  of 4. 41 p. p. m .  r e p o r t e d  h e r e  and w ith  the v a lu e

(9) ,
of 4 .4 5  r e p o r t e d  by M addox  e t  a l .  T he  on ly  w ide d i s c r e p a n c y  e x i s t s

1  Ir , ;

b e tw e e n  the  c h e m ic a l  s h i f t  of 4. 76 o b s e r v e d  f o r  t r i - n - b u t y l  t in  h y d r id e

' (3) 'and  a  v a lu e  of 2 . 07 r e p o r t e d  by P o t t e r  e t  a l  . B u t o u r  v a lu e  i s  in

, i I II (8) ' • I .
good a g r e e m e n t  w ith  the  v a lu e  of 4. 78 p u b l i s h e d  by J .  C. M a i r e  and

(9 ) I 1M addox  e t  a l  , o th e r  6 v a lu e s  a r e  in  good a g r e e m e n t  w ith  the  

p u b l i s h e d  v a lu e s ,  s e e  T a b le  TIT 1 ■ '

C h e m ic a l  s h i f ts  of the  h y d r id e  p ro to n (s )  in  th e s e  h y d r id e s  

l i e  a t  c a  3 . 9  -7  p . p . m .  on the  low f ie ld  s id e  of T . M .S .  T he p o s i t io n  

of S n -H  p ro to n ( s )  v a r i e s  w ith  th e  n u m b e r  and  n a tu re  of a lk y l  and  a r y l

s u b s t i tu e n t  an d  a s  the  s ta n n a n e  i s  s u c c e s s iv e l y  s u b s t i tu t e d  a  d ia m a g -
! . ■

ne  t i c  sh ie ld in g  of the  r e m a in in g  p ro to n (s )  i s  o b s e rv e d .  On c o m p a r in g
I

' ■ ■ I
an y  s e r i e s  i t  i s  found  th a t

6 (HSnR^) /  (H^SnR^) ^  (HSnR ) ^  (SnH^) '

I , ,  ■

In  o r d e r  to  c o m p a r e  the  e f fe c t  of d i f f e r e n t  s u b s t i tu e n ts  a m o n g  the  

m o n o - ,  d i -  an d  t r i - s t a n n a n e s ,  the d a ta  c a n  be c o n v e n ie n t ly  r e p r e s e n t e d  

in  t e r m s  of c h e m ic a l  sh if ts  m e a s u r e d  in  p. p . m .  tak ing lS nH ^  r e s o n a n c e  

a s  r e f e r e n c e .  T he  s h if ts  a r e  l i s t e d  in  T ab le  III. 5, and  p lo t te d  a g a in s t  

th e  n u m b e r  of s u b s t i tu e n ts  in  F ig u r e  III, XIV.
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3 . 0

2 . 0

---- k1.0

SnH
: r  SnH— SnH4
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CH.
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n - C s H ? is o -C ^ H ^

F i g .  III. XIV. A plo t of the  6 v a lu e s  of the  h y d r id e  p ro to n (s )  v e r s u s  

n u m b e r  of s u b s t i tu e n ts  ( tak ing  SnH^ r e s o n a n c e  a s  re fe ren c e ) .
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T A B L E  m .  5

C h a n g e s  in  c h e m ic a l  s h i f ts  of p ro to n ( s )  in  SnH^ on d i f f e r e n t  s u b s t i tu t e d
g ro u p s

N u m b e r  of 
t in  bound 
p ro to n ( s )

n - C , H  - 
4 4 C H g- n - ^ H ? - C ^ H s-  i s o - C ^ H ^ -

C6%5-

3 0 .1 3 0 .2 4 0 . 28 0 .4 5 0 .65L 1 .2 3

2 0 .8 8 0 .5 0 .6 3 0 .86 1 .0 4 2 .21

1 0 .8 7 0 .81 0 .9 1.11 1 .2 9 2 .9 5

(A ll v a lu e s a r e  p o s i t iv e  and  in p . p. m .  )

F r o m  th e s e  v a lu e s  an  e f fe c t iv e  sh ie ld in g  c o n s ta n t  f o r  a  s u b s t i tu te d

(72)
g ro u p  c a n  be c a lc u la te d  w ith  the f o r m u la  g iven  by Shoclêry 

6 =  6SnH^ '  i  \

w h e r e  5^ e f f . i s  the  e f fe c t iv e  sh ie ld in g  c o n s ta n t  of the  i th  g ro u p  and

is  an  a v e r a g e  v a lu e  of s h if ts  c a u s e d  by s u c c e s s iv e  s u b s t i tu t io n  of

th e  g ro u p (s )  on  SnH^. T ab le  III. 6 r e p r e s e n t s  v a lu e s  f o r  the e f fe c t iv e

s h ie ld in g  c o n s ta n t s  f o r  the  above  m e n tio n e d  s u b s t i tu t e d  s ta n n a n e s

o b ta in e d  by  l e a s t  s q u a r e s  a n a ly s i s .

T A B L E  III. 6

S u b s t i tu te d
g ro u p C H g- n -C ^ H ? - i s o - C g H ^ -

- ^ 4 ^ 9  ^ 6 ^ 5 -

e f fe c t iv e
s h ie ld in g

0 .2 8  
+ 0 . 02

0 .3 3  
+ 0 . 06

0 .31  
+ 0. 04

0 .3 2  
+ 0 .3 8

0 .8 5  
+ 0. 07



84

I t  c a n  be s e e n  th a t  the  d e p e n d e n c e  of 6 on the n u m b e r  of s u b s t i tu e n t s  

i s  to  good a p p r o x im a t io n  l i n e a r  f o r  m e th y l ,  e thy l ,  n - p r o p y l  and  

p h e n y l  s t a n n a n e s .  In  the c a s e  of i s o - p r o p y l  and  n -b u ty l  the 

r e l a t i o n s h ip  is  d i s t i n c t i v e ly  n o n - l i n e a r  a s  can  be s e e n  f r o m  the
I

p lo t  III. XIV. It is  n o te w o r th y  th a t  the  s u b s t i tu e n t  e f fe c t f fo r  the

a lk y l  s u b s t i tu e n t s  a r e  b ro a d ly  c o m p a r a b le  (about 0 . 3  p. p . m .  )

in  c o n t r a s t  to  the  a p p r o x im a te ly  t h r e e  t im e s  g r e a t e r  v a lue  found f o r

p h e n y l .  I t  i s  i n t e r e s t i n g  to  no te  th a t  the v a lu e  of 0 .6 2  p. p . m .

c a l c u la te d  f o r  b e n z y l  f r o m  the one p ie c e  of d a ta  f o r  ( ^ ^ 2 ^ ^ ^ 2

(T ab le  III. 1) i s  in t e r m e d i a t e .

So f a r  the  d i s c u s s io n  h a s  b e e n  c o n c e rn e d  w ith  the

p o s s i b i l i t y  of a  c o r r e l a t i o n  b e tw ee n  the c h e m ic a l  s h i f ts  and  the  n a tu re  
the

ofj^substituent o n .s ta n n a n e .  An in d u c t iv e  c o n t r ib u t io n  to the  s h if ts  

m ig h t  be e x p e c te d  to i n c r e a s e  r e g u l a r l y  w ith  the  n u m b e r  of s u b s t i tu e n t s .  

H o w e v e r ,  s ig n i f ic a n t  non  l i n e a r i t i e s  a r e  o b s e r v e d  p r e s u m a b l y  c a u s e d

by o th e r  f a c t o r s ,  e . g .  m a g n e t ic  a n i s o t ro p y .
m
I 1 1 9T he  coup ling  c o n s ta n t s / t in  h y d r id e s  ^J( Sn-H )

117an d  TJ( S n -H )  a r e  in  th e  r a n g e  of 2, 000 H z. T h is  i s  e x c e p t io n a l ly

l a r g e  w h e n  c o m p a r e d  f o r  in s ta n c e  to the  v a lu e  of 2 0 2 .5  H z found f o r

iJ(^*^Si-H) in  SiH^^^^^ ev en  allow ing  fo r  th e  f a c t  th a t  y (^^^Sn) i s  1 .8 7 6

29 (74)
t i m e s  g r e a t e r  th a n  y ( Si). B u c k in g h a m  and  S c h n e id e r  h av e

1

e x p la in e d  th i s  in  t e r m s  of c o n ta c t  in t e r a c t io n  w h ich  i s  l a r g e  f o r  l a r g e  

v a lu e s  of n u c l e a r  c h a r g e .  In the  c a s e  of a to m s  w ith  h y b r id iz e d  bonding  

o r b i t a l s ,  a s  i s  in  the  p r e s e n t  c a s e ,  the c o n ta c t  c o n t r ib u t io n  is  p r o p o r t i o n a l
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to  th e  p e r c e n ta g e  s - c h a r a c t e r  of the  o rb i t a l  u s e d  in  fo rm in g  the  

bond. T he  s -  c h a r a c t e r  d ep en d s  on the r e la t iv e  e l e c t r o n e g a t iv i t i e s  

of the  s u b s t i tu e n t s  and  h a s  the  te n d e n c y  to c o n c e n t r a te  in  the o r b i t a l s  

of a to m  w h ich  c o n n e c t  the l e s s  e l e c t ro n e g a t iv e  g ro u p s .  The

t r e n d s  o b s e r v e d  a r e  th e n  r e a s o n a b l e .  P r o g r e s s i v e  s u b s t i tu t io n  

of a lk y l  g ro u p s  f o r  h y d ro g e n  in  SnH^ h as  r e s u l t e d  in  a r e d u c t io n  of 

S n -H  s p in - s p in  coup ling  c o n s ta n t s .  T he  change  is  not s t r i c t l y  l i n e a r

bu t i s  c o m p a r a b le  a m o n g  the  s e r i e s .  I t  m u s t  no t be o v e r lo o k e d  th a t  changes
1

in the  cou p lin g  c o n s ta n t s  in  p h en y l s ta n n a n e s  a r e  on ly  abou t 0. 5% •

It m ig h t  be c o n c lu d ed  f r o m  th i s  s l ig h t  d i f f e r e n c e  

of s p in - s p in  coup ling  c o n s ta n ts  in  the p h en y l  s e r i e s  th a t  the  p h en y l

s u b s t i tu t io n  of a s ta n n a n e  p ro to n  d o es  no t p ro d u c e  any  s ig n i f ic a n t
I !

c h a n g e s  of the d i s t r i b u t io n  of e l e c t r o n  d e n s i ty  a ro u n d  the r e m a in in g  

S n -H  b o n d(s ) ,

(4> 5)Som e a u th o r s  ’ have  t r i e d  to  f ind  ou t s o m e

c o r r e l a t i o n  b e tw ee n  the  coup ling  c o n s ta n ts  and the n u m b e r  of

(4) 119s u b s t i t u e n t s .  F l i t c r o f t  and  K aez  p lo t te d  ^J( Sn-H ) as  a  fu n c t io n
I I  I I ,

of n u m b e r  of s u b s t i tu e n ts ,  n, fo r  the  m e th y l  s e r i e s  and  i t  w as  found 

th a t  the  e f fe c t  of i n c r e a s in g  s u b s t i tu t io n  i s  no t s t r i c t l y  ad d i t iv e  and
I i

th e  p lo t  d e v ia te s  s t r o n g ly  f r o m  the e x t r a p o la te d  s t r a i g h t  l in e .
I I ■

A s i m i l a r  plot^^^ w as  a s t r a ig h t  l ine  fo r  the t h r e e  pheny l s ta n n a n e s ,
■ I ' ■

w h ile  s ta n n a n e  a p p e a re d  in c o n s i s t e n t  w ith  the  p lo t .  T h e r e  h a s  b een  

no s u g g e s t io n  in  the  l i t e r a t u r e  of any  u n d e r ly in g  r e la t io n s h ip  b e tw e e n

. . .  • ! '
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6 p .  p.  m

3. On

SnH
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6 . 0-

1650.1550 1750 1850 i 1950

^(,^ 5
C H j

<t>
c  H _  

2 5

G

F i g .  III. XV, A  p lo t  o f  c o u p l in g  c o n s t a n t s  v e r s u s  c h e m i c a l  s h i f t s  i n  s o m e

s t a n n a n e s  . S t a r t i n g  f r o m  th e  u p r ig h t  a t  S n H ^ e a c h  of th e  p o in t* w ith in  th e  
s e r i e s  go ing  dow n to  th e  lo w e r  le f t  r e p r e s e n t s  i n c r e a s i n g  n u m b e r  of s u b s t i t u e n t s
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th e  c h e m i c a l  s h i f t  an d  c o u p l in g  c o n s t a n t  f o r  th e  t i n  p r o t o n  m o i e ty  a s  

the  n u m b e r  an d  ty p e  of s u b s t i t u e n t  i s  v a r i e d .

F i g u r e  III. XV sh o w s  th e  c h e m i c a l  s h i f t s  of

119
s t a n n a n e s  r e l a t i v e  to  T . M . S .  g r a p h e d  v s  ^J( S n -H ) ,  s t a r t i n g

f r o m  u p p e r  r i g h t  a t  SnH ^. T h e  f ig u r e  sh o w s  th a t  e a c h  of th e  p o in t s  

w i th in  the  s e r i e s  go ing  dow n to  the  lo w e r  l e f t  r e p r e s e n t s  i n c r e a s i n g
I  .1  :  '  ;

n u m b e r  of a lk y l  g r o u p s  s u c h  a s  RSnH , R SnH and  R SnH an d  i t  i s
I

e v id e n t  th a t j l f a r th e r  d o w n f ie ld  th e  r e s o n a n c e  of h y d r id e  p r o to n  a p p e a r s

k  ■ '

th e  s m a l l e rjt^the c o u p l in g  c o n s ta n t .  T h e  m o s t  s t r i k i n g  f e a t u r e  i s  th e

c o n s i s t e n c y  of th e  c o u p l in g  c o n s ta n t s  in  p h e n y l  s t a n n a n e s .  I t  i s
tint va\u^ -Çor

i n t e r e s t i n g  to  n o te  t h a t jb e n z y l  s ta n n a n e  i s  found  to l i e  b e tw e e n  th a t  

of the  p h e n y l  a n d  m e th y l  s e r i e s .  ( D i s c u s s i o n  of i s o to p i c  e f f e c t s
1

an d  b an d  s h a p e  a n a l y s i s  in  th e  p r o to n  s p e c t r a  of d e u t e r a t e d  h y d r id e s  

i s  c o n s i d e r e d  s e p a r a t e l y  in  C h a p t e r  V . an d  X respectively*)
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S e c t io n  IV . 1 I n t r o d u c t io n  a n d  r e v i e w  of p r e v io u s  w o r k

IV. 2 E x p e r i m e n t a l

IV. 3 ^Sn s h i f t s

IV. 4 R e s u l t s

rV . 4 . 1 T r i - m e t h y l  t i n  h y d r id e

IV, 4. 2 D i - m e t h y l  t i n  d ih y d r id e

r V .  4 .  3 D e u t e r a t e d  d i - m e t h y l  t i n  d ih y d r id e

r V . 4 . 4  M o n o - d e u t e r a t e d  d im e th y l  t i n  h y d r id e  

IV. 4 . 5 T r i - p h e n y l  t in  h y d r id e

IV. 4 ,  6 D i - p h e n y l  t i n  d ih y d r id e

IV. 4 . 7 M o n o -p h e n y l  t i n  t r i h y d r i d e

IV. 4 . 8 T r i - e t h y l  t i n  h y d r id e

IV. 4 .  9 T r i - n - p r o p y l  t i n  h y d r id e

rV. 4 . 1 0  D i s c u s s i o n .
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S e c t io n  IV. 1 I n t r o d u c t io n  an d  r e v i e w  of p r e v io u s  w o r k

O f a l l  e l e m e n t s  t i n  h a s  the  l a r g e s t  n u m b e r  of i s o t o p e s .  O f 

t h e s e  t e n  i s o t o p e s ,  t h r e e  n u c l e i  h a v e  n o n  z e r o  sp in .

P r o p e r t i e s  of m a g n e t i c  t in  i s o to p e s

I s o -  N a t u r a l  S e n s i t i v i t y  S e n s i t i v i ty  R e s o n a n c e  y ^  .p“ l  -1
to p e  S p in  a b u n d a n c e  r e l a t i v e  to  r e l a t i v e  to  f r e q u e n c y  in  ^

'H  1 3 c  M H z ( l . 4 l T )

1 1 5 s n  J 0 .3 5 %  0 .0 3 5  (1 .2 3  X 10'^) 2 . 2 ( 0 . 7 0 )  1 9 .4 9  - 8 .6 9 1  x  10^

^ ^^ S n  i  7 .6 7 %  0 .0 4 5  (3 .4 5  x  1 0 ^  2 .8 3 (1 9 .6 )  21. 37 - 9 . 5 3 0  x  10^

^^"^Sn i  8 .5 8 %  0 . 0 5 2 ( 4 . 4 6 x  10'^) 3 .2 7 ( 2 5 .3 )  2 2 .3 7  - 9 .  971 x  10^

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

c a l c u l a t e d  a s  i n  r e f .  (16)

^Sn i s  n o t  r e a d i l y  o b s e r v a b l e  due  to  v e r y  low  a b u n d a n c e .  ^Sn and

^Tsn h a v e  s i m i l a r  m a g n e t i c  m o m e n t s .  H o w e v e r ,  ^Sn i s  s l i g h t ly

m o r e  s e n s i t i v e  to  d e t e c t i o n  an d  s in c e  i t  i s  a l s  m o r e  a b u n d a n t  m a g n e t i c  

119
i s o to p e  Sn h a s  t h e r e f o r e  b e e n  s tu d ie d  m o r e .  T he  s e n s i t i v i t y  i s  o n ly

a p p r o x i m a t e l y  5% of th a t  of a  p r o t o n  in  th e  sa i t ie  m a g n e t i c  f i e ld  s t r e n g t h

f o r  e q u a l  n u m b e r s  of n u c l e i .  T h e  a p p r o x im a te  s h i f t  r a n g e  i s  2, 000 p p m .

A m o r e  m e a n in g f u l  c o m p a r i s o n  p e r h a p s  i s  to  c a r b o n - 13 in  n a t u r a l

a b u n d a n c e .  I t  t r a n s p i r e s  th a t  ^^^Sn  i s  i n t r i n s i c a l l y  tw e n ty  f iv e  t i m e s

m o r e  f a v o u r a b l e  th a n  in  n a t u r a l  a b u n d a n c e .

119
T h e  f i r s t  d i r e c t  o b s e r v a t i o n  of Sn  r e s o n a n c e  w a s  r e p o r t e d

by B u r k e  an d  L a u t e r b u r .  T h e  s p e c t r a  of m i x t u r e s  of S n C l^ ,  S n B r ^

a n d  S n I .  w e r e  e x a m in e d .  A l l  the  tw e lv e  m ix e d  t i n  (IV) h a l id e s  f o r m e d
4

d u e  to  r a n d o m  h a lo g e n  e x c h a n g e  w e r e  fo u n d  in  th e  e x p e c te d  c o n c e n t r a t i o n s .  

T h e y  a l s o  fo u n d  th e  l i f e t i m e  of th e s e  v a r i o u s  c o m p o u n d s .  T he  s p e c t r a
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w e r e  o b ta in e d  on  a  V a r i a n  V 4300B  s p e c t r o m e t e r ,  o p e r a t i n g  a t  8 ,5 M H z  

by  th e  f i e ld  s w e e p  m e th o d .  D e p e n d in g  on  th e  r e l a x a t i o n  t i m e s ,  the  

r e s o n a n c e s  w e r e  r e c o r d e d  a s  r a p i d  p a s s a g e  s ig n a l s ,  s lo w  p a s s a g e  

d i s p e r s i o n  m o d e  o r  a b s o r p t i o n  m o d e  s ig n a l s  ; h ig h  R . F .  p o w e r  l e v e l s
I

w e r e  u s e d .

(18)
H u n t e r  an d  R e e v e s  r e p o r t e d  c h e m ic a l  s h i f t s  f o r

c o m p o u n d s  of th e  g ro u p  IV e l e m e n t s  s i l i c o n  an d  t in .  T h e y  m e a s u r e d

119
c h e m i c a l  s h i f t s  of Sn in  a  s e r i e s  of a lk y l  t i n  c o m p o u n d s  an d

in v e s t i g a t e d  th e  c o n c e n t r a t i o n  an d  s o lv e n t  d e p e n d e n c e  of c h e m i c a l

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

w e r e  c a r r i e d  o u t  on  a  m o d i f ie d  V a r i a n  H A60 i. in  m o s t  c a s e  s l a b s  o r  p t io n  

s ig n a l  w a s  p r e s e n t e d .  C a l i b r a t i o n  w a s  d one  byj^side b an d  t e c h n iq u e .  

T h e  p r o to n s  w e r e  d e c o u p le d  a t  h ig h  p o w e r  l e v e l s  u s in g  a n  N . M . R. 

s p e c i a l t i e s  S .D .  d e c o u p l e r .

I :
T h e  o t h e r  e a r l y  m e a s u r e m e n t s  c a r r i e d  o u t  b y  th e  d i r e c t  

m e th o d  w e r e  by W h i t e ^ ^ a n d  C o n s id in e ^ ^ ^ \  e m p lo y in g  l a r g e  s a m p l e s ,  

u s in g  s u i t a b le  f r e q u e n c y  an d  r a p i d  s w e e p  r a t e s  a t  h ig h  R . F .  p o w e r  

l e v e l s .  T h e  s p e c t r a  w e r e  p o o r ly  r e s o l v e d  w ith  low  s ig n a l  to  n o is e  

r a t i o .

( 2 1 )
M c F a r l a n e  and  c o - w o r k e r s  o b ta in e d  t i n - 1 1 9 

c h e m i c a l  s h i f t s  in  59 o r g a n o  t i n  c o m p o u n d s  by  u s in g  th e  m e th o d  of 

h e t e r o n u c l e a r  d o u b le  r e s o n a n c e  '•H- ^Sn^  , in  w h ic h  a  ^^Sn 

s a t e l l i t e  l in e  in  the  p r o to n  s p e c t r u m  of th e  c o m p o u n d  i s  o b s e r v e d ,

w h i l s t  th e  s a m p l e  i s  i r r a d i a t e d  a t  th e  s a m e  t i m e  w i th  a n  r . f .  a t  th e

119 'S n  r e s o n a n c e  f r e q u e n c y .  In  f a v o u r a b l e  c a s e s  w h e r e  s p e c t r a
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119w e r e  n o t  c o m p l i c a t e d  Sn l in e  p o s i t i o n s  w e r e  d e t e r m i n e d  to  + 0. 5 H z

119’H s p e c t r a  w e r e  o b ta in e d  on  a  J E O L - C 6 0 H  s p e c t r o m e t e r .  T h e  Sn  

r e s o n a n c e  f r e q u e n c y  w a s  d e r i v e d  f r o m  a  F S 3 0  S c h lu m b e r g e r
I ' I

f r e q u e n c y  s y n t h e s i z e r .

(2 2 ) 11 9  
Z u c k e r m a n  e t  a l..  h a v e  r e p o r t e d  the  Sn c h e m i c a l

s h i f t  .v a lu e s  of a n o t h e r  37 o r g a n o t i n  c o m p o u n d s ,  w h ic h  w e r e  o b ta in e d

in  a  v e r y  s i m i l a r  w a y  to  th a t  of M c F a r l a n e  .

(23)
B a n n e y  an d  W e l l s  e x te n d e d  th e  IN DO R m e th o d

13 199 207
a p p l i c a t i o n s  to  C, Hg an d  P b  n u c l e i  in  n a t u r a l  a b u n d a n c e

to  o b ta in  c h e m i c a l  s h i f t s .  T h e y  i n v e s t i g a t e d  M e Sn, M e Hg, M e P b

13 ' '
a n d  s o m e  a lc o h o l s  f o r  C s p e c t r a  .

T h e  r e c e n t  a d v a n c e s  in  F o u r i e r  T r a n s f o r m  s p e c t r o s c o p y
I • '

h a v e  r e s u l t e d  in  r e n e w e d  i n t e r e s t  in  th e  s tu d ie s  of l e s s  r e c e p t i v e  

a n d  l e s s  a b u n d a n t  n u c l id e s .  T h e  F .  T .  a p p r o a c h  i s  m o r e  a p p l i c a b le  

to  r o u t in e  s p e c t r a l  d e t e r m i n a t i o n s  in c lu d in g  s a m p l e s  of c o m p le x  

m i x t u r e s  f o r  w h ic h  c o m p l i c a t e d  p r o to n  s p e c t r a  co u ld  p r e c l u d e  IN D O R

e x p e r i m e n t s .  O n  th e  b a s i s  of a v a i l a b l e  d a ta ,  i t  a p p e a r s  t h a t  th e
1

F .  T .  m e th o d  p r o v id e s  s p e c t r a  th a t  a r e  a t  l e a s t  a s  good  in  t e r m s  of 

l in e  w id th  a n d  s i g n a l - t o - n o i s e  r a t i o  a s  th e  b e s t  INDOR s p e c t r a  

r e p o r t e d  f o r  th e  m o s t  f a v o u r a b l e  c a s e s .  T h e  n u c l e a r  O v e r h a u s e r
IS

e f f e c t  (NOE) a r i s i n g  f r o m  p r o to n  i r r a d i a t i o n j e x p e c t e d  to  be o f jh e lp

119
in  i m p r o v in g  th e  s e n s i t i v i t y  of Sn  s p e c t r a .  T he  e f f e c t  r e l i e s  on 

a  d i p o l a r  r e l a x a t i o n  m e c h a n i s m  b e tw e e n  t i n  a n d  th e  i r r a d i a t e d  p r o to n s  

an d  i s  n o t  n o r m a l l y  e x p e c te d  to  be v e r y  i m p o r t a n t  in  th i s  c a s e .S in c e

119
Sn h a s  a  n e g a t iv e  m a g n e to g y r i c  r a t i o ,  th e  N O E i s  n e g a t iv e  in  s ig n .
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T h e  m a x i m u m  N O E  e f f e c t  w o u ld  be a c h i e v e d  w h e n  th e  t i n  r e l a x e s  

t o t a l l y  v ia  p r o t o n  i n t r a m o l e c u l a r  d ip o l e - d ip o le  r e l a x a t i o n  an d  i s  

given by (s e e  s e c t i o n  1 . 5 . 3 ) .

( n =  1 ♦ Hm a x   ,

th e  c a l c u l a t e d  v a lu e  i s  - 0 . 3 4  w h ic h  m e a n s  th a t  th e  s ig n a l  i s  

i n v e r t e d  an d  1 /3  th e  o r i g i n a l  s i z e .  In  p r a c t i c e  i t  i s  v e r y  u n l ik e ly  

t h a t  th e  s ig n a l  w i l l  go n e g a t iv e  in  th i s  w a y  b e c a u s e  in  th e  h y d r i d e s
I

s p in  r o t a t i o n  i s  e x p e c te d  to  be a  domi n a n t  m e c h a n i s m  a t  l e a s t  a t
• ■ ' I - ;

r o o m  t e m p e r a t u r e ,  on a c c o u n t  of f a c i l e  m o l e c u l a r  r o t a t i o n ,  g iv in g
I '  !

a  r e l a t i v e l y  s m a l l  n u c l e a r  O v e r h a u s e r  r e d u c t io n .
I • I ! -

S e c t io n  IV. 2 E x p e r i m e n t a l

were ' ' '
T h e  sp e c tra j^ o b ta in e d  on  a  " p u l s e  F .  T .  H A 60"

s p e c t r o m e t e r  o p e r a t i n g  a t  22 . 3 M H z d e s c r i b e d  in  S e c t io n  I I .

In  m o s t  of the  c a s e s  th e  s a m p l e  (n e a t  l iq u id )  w a s  in  a  5 m .  m .  O .D ,  

N . M . R . tu b e  p l a c e d  in  a  12 m .  m .  N . M . R . tu b e  f i l l e d  w i th  w a t e r  to
'  ' : I ■ '

lo c k  th e  s ig n a l .  In  s o m e  c a s e s  w h e r e  a  r e a s o n a b l e  a m o u n t  of
' ■ r I

s a m p l e  w a s  a v a i l a b l e ,  12 m .  m .  s a m p l e  tu b e s  w e r e  u s e d  w i th
I  ‘  .  !

a  few  d r o p s  of T . M . S .  in  i t  to  lo c k  th e  s ig n a l .  A f a s t  a n a l o g - t o -
I I , . , : I , ' ,

d i g i t a l  c o n v e r t e r  s a m p l e d  up  to  81 92 p o in t s  on  e a c h  f r e e  in d u c t io n  

d e c a y  a n d  t y p i c a l l y  4, 000 s u c h  t r a n s i e n t s  w o u ld  be a c c u m u l a t e d  to
iVvk <

im p ro v eJL S /N  r a t i o .  A l l  e x p e r i m e n t s  w e r e  n o r m a l l y  c a r r i e d  o u t  

ch
withji^pulse l e n g th  of 100 |i S d u r a t i o n  an d  a n  a c q u i s i t i o n  t i m e  of

I t  ' ' ' i
0 .8 1 9 2 s  a n d  th e  f r e q u e n c y  s p e c t r a  h a v e  a p u l s e  r e p e t i t i o n

* ' \ : ) ; : ' '

. r a te  of n o r m a l l y  one s e c o n d .
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T he  r a d io  f r e q u e n c y

c a r r i e r  is a t  th e  e x t r e m e  l e f t  of th e  c h a r t  a n d  th e

f r e q u e n c y  i n c r e a s e s  to w a rd s j^ r ig h t .  A f t e r  F o u r i e r  t r a n s f o r m a t i o n  

th e  s p e c t r u m  w a s  d i s p l a y e d  on  th e  o s c i l l o s c o p e  to  a d j u s t  th e  

p h a s e  b e f o r e  r e c o r d i n g  th e  s p e c t r u m .  A t  th e  end , th e  c o m p u t e r  

p r i n t e d  ou t a  p a r a m e t e r  l i s t  of

N . T .  n u m b e r  of t r a n s i e n t s ,
th e  n u m b e r  of a c c u m u la t io n  d e s i r e d  
to  s t o r e  c a n  be f r o m  1 to

D . P .  D a ta  p o in t s ,  the  n u m b e r  of d a t a  p o in t s  
t h a t  a r e  u s e d  d u r in g  the  a c q u i s i t i o n .

W . P .  W id th  of p lo t

C . T . C o m p le te d  t r a n s i e n t s

E . P ,  E n d  of p lo t ,  r e f e r s  to  th e  en d  of p r e s e n t a t i o n

V . S .  V e r t i c a l  s c a l e ,  r e f e r s  to  th e  s i z e  of the
s p e c t r u m

Y .Y .  T h e  Y - a x i s  d i s p l a c e m e n t  of the  s p e c t r a l
w id th  ( r a n g e  of f r e q u e n c i e s )

T . H .  T h r e s h o l d ,  i s  a  v e r t i c a l  p a r a m e t e r  v a lu e  ab o v e
w h ic h  th e  c o m p u te r  w i l l  c a l c u l a t e  th e  n u m b e r ,  
i n t e n s i t y ,  p o s i t i o n  an d  f r e q u e n c y  f o r  v a r i o u s  
l i n e s .

R . F .  r a d i o  f r e q u e n c y  on th e  f r e q u e n c y  s y n th e s i z e r .

A l l  s p e c t r a  w e r e  r e c o r d e d  w i th o u t  p r o t o n  d e c o u p l in g  e x c e p t  

M e^S nD ^  w h e r e  m e th y l  p r o t o n  d e c o u p l in g  w a s  a c h ie v e d .

A t  l e a s t  tw o s e t s  of m e a s u r e m e n t s  a n d  u s u a l l y  m o r e  i n  

th e  c a s e  of h ig h  b o i l in g  p o in t  c o m p o u n d s  w e r e  m a d e  on e a c h
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s a m p l e ,  m u l t i p l e t  f e a t u r e s  w e r e  e x p a n d e d  a n d  m o s t  of th e  s h i f t s  a r e  

b e l i e v e d  to be a c c u r a t e  to  w i th in  a b o u t  + 2 p . p .  m .

119
S e c t io n  IV. 3 Sn c h e m i c a l  s h i f t s .

C h e m i c a l  s h i f t s  should be r e p o r t e d  a s  p a r t s  p e r  m i l l i o n  (p. p .  m .  )

r e l a t i v e  to  a  s u i t a b l e  r e f e r e n c e  c o m p o u n d  an d  f o r  t in  o u r  c h o ic e  i s

M e^ S n .  T h is  m o l e c u le  h a s  th e  a d v a n ta g e s  th a t  i t  i s  1) a v a i l a b l e  a s  a

n e a t  l iq u id  2) c a n  r e a d i l y  be o b s e r v e d  in  one p u ls e  3) ou t of the

m u l t i p l e t  s i g n a l  of 1 3 l i n e s ,  11 c l e a r l y  o b s e r v a b l e  a f t e r  10 p u l s e s ,

th e  c e n t r a l  h ig h  i n t e n s i t y  l in e  c a n  e a s i l y  be r e c o g n i s e d .  4) s in c e

M e ^ S n  is  a l s o  th e  en d  m e m b e r  of m e th y l  s e r i e s .

T h e  q u e s t i o n  of the  s ig n  c o n v e n t io n  to  be u s e d  f o r  c h e m i c a l

s h i f t s  i s  n o t  y e t  r e s o l v e d  an d  b o th  p o s s i b i l i t i e s  a r e  in  c u r r e n t  u s e

a n d  h a v e  s o m e th in g  to be s a id  f o r  th e m .  W e h a v e  g iv e n  h e r e  s h i f t s

to  h ig h e r  f i e l d  th a n  th e  r e f e r e n c e  a s  n e g a t iv e  n u m b e r s .

119T h e  o b s e r v e d  r e s o n a n c e  f r e q u e n c y  of Sn ( v , ) w a s
obs

s t a n d a r d i z e d  a c c o r d i n g  to  th e  f o r m u l a  g iv e n  by M cF a r la n e ^ ^ ^ ^

w / 1 J. i  ^ \
. T ^ M . S . = ^ o b s  -  60 X 10^

1 1 9  '

w h e r e  ^ M S th e  Sn n u c l e a r  r e s o n a n c e  f r e q u e n c y  a t  the  

f i e l d  a t  w h ic h j^ p ro to n s  of T . M . S .  r e f e r e n c e  d i s p l a y  t h e i r  s ig n a l  a t  

60 M H z, ^  i s  th e  m o d u la t i o n  f r e q u e n c y ,  6 i s  th e  s h i f t  of the  p r o t o n

lo c k  s ig n a l  f r o m  T . M . S .  (5 s c a l e  i s  u s e d ) .  S ig n s  d e p e n d  u p o n  w h ic h
I

s id e  b an d  w a s  u s e d  to  lo c k  th e  i n t e r n a l  s t a b i l i z a t i o n  s ig n a l ,  p o s i t i v e  

f o r  th e  low  f ie ld  a n d  n e g a t iv e  f o r  u p f ie ld  s id e  band .
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S e c t io n  TV. 4 R e s u l t s

T a b le  IV . 1 p r e s e n t s  th e  c h e m i c a l  s h i f t s  th a t  w e r e

o b s e r v e d  in  th i s  s tu d y .  A l l  s p e c t r a  a r e  d e s c r i b e d  s e p a r a t e l y  a n d

a  g e n e r a l  d i s c u s s i o n  of r e s u l t s  i s  g iv e n  a t  the  en d .

IV. 4. 1 T r i - m e t h y l  t in  h y d r id e

T h e  s p e c t r u m  of M e^S nH  sh o w n  in  F ig . lV .  I ,  r e s u l t e d

f r o m  th e  a c c u m u la t io n  of 4, 000 F .  1. D s ;  th e  e x p e r i m e n t  took

a p p r o x i m a t e l y  I j  h o u r s .  F i r s t  o r d e r  a n a l y s i s  i s  a p p l i c a b l e  s in c e  the

A V /  J  r a t i o  i s  l a r g e .  B y  d e f in i t io n  i t  i s  a n  A M ^X  s p in  s y s t e m  a n d

th e  s p e c t r u m  c o n s i s t s  of a  d o u b le t  (1:1) of t e n  l i n e s  s e p a r a t e d  by

^  11 9r. an d  th e  i n t e n s i t i e s  a r e  r o u g h ly  in  th e  r a t i o  o f  c o e f f i c i e n t s  r l^ U -  on

in  th e  b in o m ia l  e x p a n s io n .  T he  o u t e r  tw o l i n e s  a r e  n o t  c l e a r l y  

o b s e r v a b l e  due  to  the  n o is y  b a s e  l i n e .  V a lu e s  of c o u p l in g  c o n s t a n t s

V
invo l 'ed  w e r e  m e a s u r e d  an d  w e r e  c o m p a r e d  w ith  th e  v a lu e s  o b ta in e d

f r o m  th e  p r o to n  s p e c t r a  l i s t e d  in  T a b le  111. 1. T h e y  w e r e  fo u n d

to  be in  good  a g r e e m e n t .  T h e  d i f f e r e n c e  of f r e q u e n c i e s  b e tw e e n

M e^ S n  an d  th e  c e n t r e  of th e  d o u b le t  gaveJLchem ical s h i f t  v a lu e .

T h i s  v a lu e  w a s  found  to be 9 p.p.m lo w e r  th a n  the  r e p o r t e d  v a lu e  in  

which
r e f e r e n c e  (11 ) , j^may be a t t r i b u t e d  to  th e  d i f f e r e n c e  of c o n d i t io n s

w h e n  s p e c t r a  w e r e  r e c o r d e d ,  s in c e  t h e s e  s h i f t s  a r e  e x p e c te d  to  be

b o th  s o lv e n t  an d  t e m p e r a t u r e  d e p e n d e n t .

rV. 4. 2 D i - m e t h y l  t i n  d ih y d r id e .

119T h e  Sn s p e c t r u m  i s  sh o w n  in  F i g .  IV . 11 a n d  w a s  

th e  r e s u l t  of 1, 000 p u l s e s  a c c u m u la t e d  in  h a l f  a n  h o u r .  T h e  s p e c t r u m  

c a n  be  a n a l y s e d  a s  a  1:2:1 t r i p l e t  due  to  th e  h y d r id e  p r o to n s  w i th
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f u r t h e r  m u t i p l i c i t y  p r o d u c e d  by  th e  s ix  e q u iv a le n t  p r o to n s  of tw o

g r o u p s  ( s e p t e t s ) .  O n  m e a s u r e m e n t  th e  v a lu e s  of ^ J (^ ^ ^ S n -H )

119 i'Y\'
a n d  J  (C H ^- Sn) w e r e  fo u n d  to j^good a g r e e m e n t  w i th  th o s e

o b ta in e d  f r o m  p r o t o n  s p e c t r a  ( s e e  T a b le  111*1, ). T h e  6 v a lu e

r e p o r t e d  h e r e  i s  4 .  4 p .  p . m .  l e s s  th a n  th e  re p o r te d ^ ^   ̂  ̂ v a lu e .

IV. 4 .  3 D e u t e r a t e d  d im e th y l  t in  h y d r id e  (CH^ )^ SnD ^)

I n i t i a l l y  th e  s p e c t r u m  w a s  o b ta in e d  on a  5K Hz b and

w id th ,  l a t e r  i t  w a s  e x p a n d e d  f o r  a c c u r a t e  m e a s u r e m e n t s ,  F i g u r e
I

IV. I l l  (a) sh o w s  s u c h  a n  e x p a n d e d  s p e c t r u m  (p lo t w id th  now  1365 H z) .  

O ne th o u s a n d  F . I .  D 's  w e r e  a c c u m u la t e d .
I

T h e  g e n e r a l  f e a t u r e s  of th e  s p e c t r u m  sh o w  a  p e n t e t

119(1 ;2 ;3 :2 ;1 )  du e  to  s p i n - s p i n  i n t e r a c t i o n  b e tw e e n  Sn an d  th e  tw o

e q u iv a le n t  d i r e c t l y  b o n d e d  d e u t e r o n s .  E a c h  l in e  i s  f u r t h e r  s p l i t

in to  a  s e p t e t  w h o s e  c o m p o n e n ts  a r e  o f j r e l a t i v e  i n t e n s i t y

2
w ith  s p a c in g  e q u a l  to  J  _ 11 9\. O u t of a  t o t a l  of 35 l i n e s  28(UH^ - S n  )

c a n  c l e a r l y  be  c o u n te d .

H e t e r o n u c l e a r  d o u b le  r e s o n a n c e  w a s  done  by i r r a d i a t i n g
' '

m e th y l  p r o to n s  a t  the  p r o to n  r e s o n a n c e  f r e q u e n c y .  T o  c a r r y  ou t

^Sn--ÇH^ h e t e r o n u c l e a r  d o u b le  r e s o n a n c e  e x p e r i m e n t s  th e  f i e ld  

h a d  to  be lo c k e d  to  s o m e  n u c le u s  o th e r  th a n  p r o to n .  F o r  th i s  

p u r p o s e ,  the  s a m p l e  tu b e  w a s  p u t  i n  a  12 m m  O . D . N . M . R ,  tu b e
I

c o n ta in in g  C ^ F ^  to  lo c k  th e  s ig n a l  to  f l u o r i n e .  C o m p le te  r e m o v a l  

of m e th y l  p r o to n  s p i n - s p i n  c o u p l in g  w a s  a c h i e v e d  w h e n  th e  s a m p l e  

w a s  i r r a d i a t e d  a t  a  p r o to n  r e s o n a n c e  f r e q u e n c y  of 59, 995, 717 H z .

T h e  r e s u l t i n g  d e c o u p le d  s p e c t r u m  w a s  a  1 :2 :3 :2 :1  q u in te t .  T he
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s p e c t r u m  sh o w n  in  F i g u r e  V . I l l  (b) r e s u l t e d  a f t e r  500 t r a n s i e n t s  an d

to o k  o n ly  15 m i n u t e s .  T he  q u in t e t  i s  s h i f te d  c a .  2 p . p. m .  u p f ie ld  

119
f r o m  th e  Sn s h i f t  of th e  p a r e n t  h y d r id e  (T a b le  V . 1) due  to  a n  

i s o to p e  e f f e c t .  T h e  m e a s u r e d  v a lu e  f o r  -J  (^^ ^ S n -D )  of 2 7 4 .4  + 0 .3  H z  

(s e e  T a b le  V . 1) i s  in  a g r e e m e n t  w i th  th e  v a lu e  of 274 . 5 + 1 H z  o b ta in e d  

b y  th e  INDOR e x p e r i m e n t  ( s e e  T a b le  III. 5) an d  w i th  a  v a lu e  of 

2 7 4 .4  +0.1 H z o b ta in e d  f r o m  th e  d e u t e r i u m  s p e c t r u m .  T h i s  l a t t e r  

s p e c t r u m  w a s  m e a s u r e d  a t  Q u e e n  M a r y  C o l le g e ,  L o n d o n ,  on  a  B r u c k e r  

H F X - 9 0  s p e c t r o m e t e r  o p e r a t in g  a t  1 3 .8  M H z f o r  d e u t e r i u m .  T h e  

5 m .  m .  s a m p l e  tu b e  w a s  p la c e d  in  a  1 0 m .  m .  tu b e  w h ic h  c o n ta in e d  

C , F ,  f o r  lo c k in g  p u r p o s e s .  T h e  s p e c t r u m  w id th  w a s  5 00 H z  an d  

c o n s i s t e d  of 2048 d a t a  p o in t s .  C l e a r l y ^ d e u t e r i u m  s p e c t r u m  p r o v i d e s  

th e  b e s t  d ig i t a l  r e s o l u t i o n  ( 0 .2 4 4  H z) an d  th i s  c o m b in e d  w i th  a  s p e c t r a l  

l in e  w id th  of a p p r o x i m a t e l y  0. 3 H z m e a n s  t h a t  th i s  p r o v id e s  th e  m o s t  

a c c u r a t e  v a lu e  of ^ J (^^^S n-D ).
I

IV . 4. 4 . D e u t e r a t e d  d i - m e t h y l  t i n  m o n o  h y d r id e  (M e^S n H D )

119
F i g u r e  IV . IV sh o w s  th e  Sn s p e c t r u m  of a  m i x t u r e  

c o n ta in in g  M e^S nH ^, M e^SnH D  and  M e^SnD ^ in  th e  s a m e  5 m .  m .

O .D .  N . M . R . tu b e .  T h e  s p e c t r u m  r e s u l t e d  f r o m  21, 000 t r a n s i e n t s  

a c c u m u la t e d  in  t o t a l  t i m e  of c a .  7 h r  s .  O u t of th e  to t a l  126 l i n e s  

(M e^SnH ^ 21 + M e^S nH D . 70 + M e^SnD ^ 35) 91 l i n e s  w e r e  c l e a r l y  

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

T h e  s p e c t r u m  w a s  d iv id e d  in to  f o u r  r e g io n s  a n d  e a c h  

one  w a s  th e n  e x p a n d e d  f o r  m e a s u r e m e n t s  a n d  th e  s p e c t r u m  c a n  be 

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

t r i p l e t s  a r i s e s  due  to  J  (H 9 S n - H D )  s p i n - s p i n  coup ling .,  f u r t h e r  ,
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s p l i t t i n g  in  th e  t r i p l e t s  is  c a u s e d  by  th e  s p i n - s p i n  i n t e r a c t i o n  of

119
p r o to n s  on  the  tw o  m e th y l  g ro u p s  J (  S n -C H ^ ) .

IV. 4. 5 T r i - p h e n y l  t i n  h y d r id e  (C^ H ^ )^ SnH

a
T h is  h y d r id e  h a s J [ c o m p a ra t iv e ly  h ig h  b o i l in g  p o in t  a n d  w a s  

a v a i l a b l e  in  a  r e a s o n a b l e  a m o u n t ,  t h e r e f o r e  a  12 m .  m .  s a m p l e  

w a s  u s e d  to  r e c o r d  the  s p e c t r u m .  T o  r e c o r d  th e  s p e c t r u m  sh o w n  

in  F i g .  IV . V . 1 0, 000 p u l s e s  w e r e  u s e d  . T h e  s p e c t r u m  i s  a  d o u b le t

119of m u l t i p l e t s  s h o w in g  u n r e s o l v e d  s p i n - s p i n  c o u p l in g  b e tw e e n  Sn 

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

T h e  v a lu e  of 1938_+ 1 H z f o r  ^J( ^ S n -H )  o b ta in e d  h e r e  i s  

l i s t e d  in  T a b le  IV. 1 and  a g r e e s  w i th  th e  one o b ta in e d  f r o m  p r o to n  

s p e c t r a  ( s e e  T a b le  III. 1) w i th in  the  e x p e r i m e n t a l  e r r o r .

IV . 4 . 6 D i - p h e n y l  t i n  d ih y d r id e  (C ^H ^)_ S nH _ .

T he  s p e c t r u m  is  sh o w n  in  F i g u r e  IV. VI a n d  w a s  o b ta in e d  

a f t e r  p u l s in g  f o r  10 h r s .  T h e  s p e c t r u m  c o n s i s t s  of a  (1 :2 :1 )  

t r i p l e t  of m u l t i p l e t s .  T h e  m u l t i p l e t  s t r u c t u r e  w as  - e x p a n d e d .

119
T h e  m a in  s p l i t t in g  of th e  f e a t u r e  i s  a  t r i p l e t  due  to  Sn s p i n - s p i n  

c o u p l in g  w i th  the  two p r o to n s  of b e n z e n e  in  o r th o  p o s i t i o n ,  an d  t h e r e  

i s  f u r t h e r  u n r e s o l v e d  s p l i t t i n g s  due  to  c o u p l in g  w i th  m e t a  and  

p a r a  p r o to n s  on  th e  r in g .  H o w e v e r ,  a  v a lu e  of 1 926 _+lHz m e a s u r e d  

f r o m  th e  f u l l  s c a l e  s p e c t r u m  w a s  found  in  a g r e e m e n t  w i th  the  

p r e v i o u s l y  d e t e r m i n e d  v a lu e  f r o m  p r o t o n  s p e c t r a  ( s e e  p a g e  5 5  ).

T h e  c h e m i c a l  s h i f t  w a s  m e a s u r e d  f r o m  th e  c e n t r e  of th e  t r i p l e t  and th e  

v a lu e  of -2 4 3  p . p .  m .  so  o b ta in e d  ( s e e  T a b le  IV. I )w as l0  p . p .  m .  

h ig h e r  th a n  th e  re p o r te d ^ ^   ̂ v a lu e  of - 2 3 3 .6  p . p . m .
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IV . 4 . 7 M o n o - p h e n y l  t i n  t r i h y d r i d e ( C ^ H ^ SnH ^)

T h i s  h y d r id e  h a s  a  low  b o il in g  p o in t  a n d  d e c o m p o s e s  a t  

r o o m  t e m p e r a t u r e ,  t h e r e f o r e  s p e c t r a  w e r e  r e c o r d e d  a t  - 1 5 ° C .

T h e  s p e c t r u m  o b ta in e d  w a s  " fo ld e d "  due  to j^ m u ltip l ic i ty  o f  th e  s ig n a l
AVa I ' •

(a q u a r t e t )  and j[ la rge  v a lu e  o f fc o u p lin g  c o n s ta n t  in v o lv e d  ( to ta l  

a b o u t  6, 000 H z) a s  c o m p a r e d  to  th e  b a n d w id th .  A f te r
I, ■ • I , .

r e c o g n i s i n g  the  f e a t u r e s  of th e  r e s u l t in g  fo ld ed  q u a r t e t  (by

119c o m p a r in g  the  i n t e n s i t i e s  an d  d i s t a n c e )  th e  v a lu e  of ’J{ S n -H )  

w a s  o b ta in e d .  O ne of th e  h ig h  i n t e n s i t y  m u l t i p l e t  c o m p o n e n ts
I , I

of th e  q u a r t e t  w a s  e x p a n d e d  and  F i g .  IV . V II sh o w s  a n  80 H z

e x p a n s io n  of a  5000 H z  s p e c t r a l  w id th .  T h e  f e a t u r e  c a n  be

119
e x p la in e d  a s  a  t r i p l e t  due  to  s p i n - s p i n  i n t e r a c t i o n  b e tw e e n  Sn  

an d  the  tw o  o r th o  p r o to n s  on  th e  b e n z e n e  r in g .  T h e  v a lu e  of 

th e  co u p l in g  c o n s ta n t  i s  2 1 .5  + 0 ,5  H z .  T h e  q u a r t e t  s t r u c t u r e  

co u ld  be e x p la in e d  on a  f i r s t  o r d e r  b a s i s  by  e q u a l  c o u p l in g  

c o n s t a n t s  of 4 ,  5 + 0. 5 H z  b e tw e e n  t i n  a n d  th e  m e t a  an d  p a r a  p r o to n s ,

T h e  p h e n y l  r e g io n  in  the  p r o to n  s p e c t r u m  i s  r a t h e r  f e a t u r e l e s s  a n d

h a s  n o t  b e e n  a n a l y s e d .  S p e c u la t iv e  s p e c t r a l  s i m u l a t i o n s  c o u ld  be 

a t t e m p t e d  w i th  a  v ie w  to  a s s e s s i n g  the  r e l e v a n c e  of a  f i r s t  o r d e r  

a n a l y s i s  in  th i s  c a s e .  T he  c h e m ic a l  s h i f t  i s  r e p o r t e d  f o r  th e  

f i r s t  t i m e  a n d  i s  l i s t e d  in  T a b le  IV . 1.
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rV. 4. 8 T r i - e th y l  t in  h y d r id e  (C^ H ^ )^SnH

F i g u r e  V . VIII d i s p l a y s  the  s p e c t r u m  of E t^ S n H  a s  a  d o u b le t  

of m u l t i p l e t s .  T he  s p e c t r u m  to o k  a b o u t  3 h o u r s  a n d  w a s  th e  r e s u l t

of 9000 p u l s e s .  T he  v a lu e  of c h e m i c a l  s h i f t  o b ta in e d  in  th i s  c a s e

(11) , 
(T a b le  IV. 1) i s  24 p. p. m .  l e s s  th a n  the  r e p o r t e d  v a lu e ,  th i s

l a r g e  d i f f e r e n c e  m a y  be due  to  s o lv e n t  e f f e c t s  s in c e  th e  r e p o r t e d

' 1 M . i 1 I • •;
v a lu e  w a s  o b ta in e d  f r o m  a  50% s o lu t io n  in  c y c lo h e x a n e .

IV. 4. 9 T r i - n - p r o p y l  t in  h y d r id e  ( n - C ^ H ^ )^ SnH

, I '
T h e  e x p e c te d  d o u b le t  of c o m p le x  m u l t i p l e t s  i s  sh o w n  in  

F i g u r e  TV. IX. No a t t e m p t  w a s  m a d e  to  i n t e r p r e t  the  m u l t i p l e t  

s t r u c t u r e .  H o w e v e r ,  t)ie  c h e m i c a l  s h i f t  w a s  c a l c u l a t e d  and

119 I
^J( S n -H )  w a s  found  to  be in  good a g r e e m e n t  w i th  th e  'H  s p e c t r a  

v a lu e  ( s e e  T a b le  III. 1).

I  :  '  '
IV. 4 . 1 0  D i s c u s s i o n

I  '  •  I  I
T h e  m a j o r  c o n t r ib u t io n s  to  th e  s h ie ld in g  of a  n u c l e u s  a r e  

g e n e r a l l y  d iv id e d  in to  a) d i a m a g n e t i c  e f f e c t s  b) p a r a m a g n e t i c  e f f e c t s

c) lo n g  r a n g e  e f f e c t s ,  a n d  d) s o lv e n t  e f f e c t s .  I t  h a s  b e e n  g e n e r a l l y

(63) : <
a c c e p te d ,  b a s e d  on  a  n u m b e r  of c a l c u l a t i o n s  f o r  a  n u m b e r  of h e a v y

1 :  ; I
a t o m s  th a t  th e  p a r a m a g n e t i c  t e r m  d o m i n a te s  an d  th e  lo n g  r a n g e  t e r m s  

a r e  u s u a l l y  ig n o r e d  in  c a s e  of t in  s h i f t s  b e c a u s e  the  o v e r a l l  r a n g e  is  

so  l a r g e .  T he  p a r a m a g n e t i c  t e r m  to  th e  s h ie ld in g  w i l l  be (se e  

S e c t io n  I. 3 .1 ) .  ' ' '

C<r-"X .Q t  (r-'%  Q, 3
^ lo c a l  2 m ^ A E  ^  ^  '  d d
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I t  i s  n o t  c l e a r  w h e t h e r  s u b s t i t u e n t  e f f e c t s  p r i n c i p a l l y  a l t e r  th e  m e a n
_ 2

e x c i t a t i o n  e n e r g y  (AE) o r  ^  ^  o r  Q . T h e  v a lu e  of Q d e p e n d s  on  th e

bond  o r d e r  and  c h a r g e  d e n s i t y  r e l a t e d  to  the  e f f e c t iv e  n u c l e a r  c h a r g e  

of th e  t in  a to m .  I n c r e a s i n g  s u b s t i t u e n t  e l e c t r o n e g a t i v i t y  t h e r e f o r e  

m a y  be  h e ld  r e s p o n s i b l e  f o r  a n  i n c r e a s e  in  the  v a lu e  of Q an d  t h e r e f o r e  

to  s h i f t  the  r e s o n a n c e  to  h ig h  f r e q u e n c y  a s s u m in g  th a t  in  th e  s a m e /  

s i m i l a r  s e r i e s  the  m e a n  e x c i t a t i o n  e n e r g y ,  A E ,  an d  th e  h y b r id i z a t i o n  

of th e  t i n  a t o m  r e m a i n s  c o n s ta n t .  ,

T h e r e  h a v e  b e e n  n u m e r o u s  a t t e m p t s  to  c o r r e l a t e

119
Sn c h e m i c a l  s h i f t s  w i th  the  n u m b e r  of s u b s t i t u e n t s  R SnX ^n 4 - n

(w h e re  R =  C I^-, ^ 4 ^ ' 7 ’ X =  Cl, B r ,  O R, SR, S eR )

^ ^ , ( 1 8 , 2 1 , 2 2 ,2 4 )bu t a  n o n - l i n e a r  d e p e n d e n c e  w a s  r e p o r t e d .  ,

F i g u r e  IV . X sh o w s  a  n o n  l i n e a r  p lo t  r e d r a w n  f r o m

th e  d a t a  of M c F a r l a n e  e t  al^^^^ f o r  the  p h e n y l  t i n  c h l o r i d e s .  W h e r e a s ,

fKjL
F i g .  IV . XI sh o w s  Ô p lo t t e d  v e r s u s j[n u m b er  of s u b s t i t u e n t s  b o th  fo r

phenyl and methyl s t a n n a n e s .  L e a s t

s q u a re s  a n a l y s i s  y ie ld s  th e  fo l lo w in g  data"( Tables IV. 2 , 3 , 4 )  ,
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T A B L E  IV. 2 M e th y l  s e r i e s

n 1 2 3 4

e x p e r i m e n t a l -3 4 6 -2 2 9 1 -1 1 3 0

f i t - 3 4 5 .1 -229 -  7 - 1 1 4 .3 0. 9

e r r o r 0 .9 -0 .  7 1 .1 0. 9

S ta n d a r d  d e v ia t io n  = 1. 024

T A B L E  IV. 3 P h e n y l  s e r i e s

n 1 2 3 4

e x p e r i m e n t a l -3 2 0 -2 4 3 -1 4 8 -

f i t - 3 2 3 . 0 - 2 3 7 . 0 - 1 5 1 .0 ( - 6 5 .0 )

e r r o r - 3 .  0 6. 0 -3 .  0 -

S t a n d a r d  d e v ia t io n  = 3 .6 7

n

T A B L E  IV. 4 E th y l  s e r i e s  

1 2 3 4

e x p e r i m e n t a l -282 -231 -6 4 - 6 . 7

f i t - 2 9 4 - 1 9 5 .5 7 - 9 6 .2 8 3. 01 .

e r r o r - 1 2 . 8 6 3 5 .4 3 - 3 2 .2 8 9 .7 1

S ta n d a r d  d e v ia t io n  =  25. 28
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- 1 0 0  _

- 2 0 0

-3 0 0

5 p. p . m

-4 0 0

1 2 3n= 4

O
C H 3-

119

k

^ 6 ^ 5 -

F i g .  IV . XI. Sn c h e m i c a l  s h i f t  a s  a  f u n c t io n  o f  n  ( n u m b e r  o f  s u b s t i t u e n t s )  

f o r  th e  p h e n y l  an d  m e t h y l  s t a n n a n e s .
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oO. 0-,

-  100  -

- 2 0 0

- 3 0 0

- 4 0 0
1 2 3 4n

119.F i g .  IV . X. Sn c h e m i c a l  s h i f t s  in P h   ̂ S nC l
4 - n  n p lo t te d  a s  a  fu n c t io n  

o f  n u m b e r  of s u b s t i t u e n t s  n  . T he  a r r o w  m a r k s  th e  e s t i m a t e d  v a lu e  of

P h ^ S n  ( -1 2 0  t  20 p . p .  m )  a s  in  r e f e r e n c e  21 a n d *  m a r k s  a n o t h e r  e x t r a p o -  

- l a t i o n  w h ic h  g iv e s  a  v a lu e  of - 8 5  p . p .  m  c l o s e  to  a  v a lu e  of - 6 5  p . p .  m  

p r e d i t e d  f r o m  a  s i m i l a r  p lo t  of p h e n y l  s t a n n a n e s  (f ig .  111. XI).
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T h e  i n t e r c e p t s  a r e  s ig n i f i c a n t l y  d i f f e r e n t  an d  e a c h  sh o u ld  p o in t  to

th e  s h i f t  v a lu e  f o r  SnH ^ if  the  r e l a t i o n s h i p s  a r e  t o t a l l y  v a l id .

119
H o w e v e r ,  th e  t i n  s h i f t  of SnH ^ h a s  n o t  y e t  b e e n  r e p o r t e d  a s  y e t

a n d  m a y  w e l l  h a v e  a  q u i te  d i f f e r e n t  v a lu e .  T h e  d e p e n d e n c e  of 

119
' J (  S n -H )  on the  n u m b e r  of s u b s t i t u e n t s  d i s c u s s e d  in  s e c t i o n  

III. 3 i n d i c a t e s  t h a t  SnH ^ d o e s  n o t  l i e  on  th e  s t r a i g h t  l in e  w h ic h  i s  

i n d i c a t e d  by the  s u b s t i t u t e d  h y d r id e s .

T h e  t i n  s h i f t  f o r  (C ^H ^)^S n  h a s  n o t  b e e n  r e p o r t e d  bu t i t  

i s  in v i t in g  to  m a k e  a  p r e d i c t i o n  f r o m  th e  b e s t  s t r a i g h t  l in e  of 

- 6 5 .  0 + 3 . 7  p. p. m .  T h i s  sh o u ld  be c o m p a r e d  to  th e  v a lu e  of 

120 ^  20 p r e d i c t e d  by M c F a r la n e ^ ^ ^ ^  f r o m  a  s tu d y  of p h e n y l  t in  

c h l o r i d e s .  F i g u r e  IV. XI sh o w s  th i s  d a t a  on  the  s a m e  s c a l e  a s
I

F i g u r e  III. X an d  i n d i c a t e s  th e  w a y  the  d a t a  w a s  e x t r a p o l a t e d  to  

o b ta in  a  v a lu e  f o r  (C ^H ^)^Sn . A ls o  sh o w n  i s  a n  e x t r a p o l a t i o n  to  

th e  v a lu e  p r e d i c t e d  by th e  p r e s e n t  w o r k  a n d  w h ic h  i s  c o n s i s t e n t  

w i th  th e  r e s t  of the  c u r v e .



118

C H A P T E R  V

IS O T O P E  E F F E C T S



S e c t io n  V . 1. In  t r o d u c t io n

S e c t io n  V . 2 R e s u l t s  an d  d i s c u s s i o n

V . 2 . 1  D e u t e r i u m  i s o to p e  e f f e c t s
in  p r o to n  s p e c t r a

V . 2 . 2  D e u t e r i u m  i s o to p e  e f f e c t s
119

i n  Sn s p e c t r a
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S e c t io n  V. 1 I n t r o d u c t io n

T h e  t e r m  i s o to p e  s h i f t  i s  u s e d  to  d e s c r i b e  th e  s h ie ld in g  c h a n g e s  

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

(26 )
h y d r o g e n  by  R a m s e y  on  t h e o r e t i c a l  g r o u n d s .  T he  s u b je c t  h a s

(27)b e e n  r e v i e w e d  in  d e t a i l  by  B a t i z  an d  B e r n h e i m  . A lth o u g h  th i s  

r e v i e w  a p p e a r e d  in  1967 and  a l th o u g h  t h e r e  a r e  n o t  m a n y  m o r e  

e x p e r i m e n t a l  o b s e r v a t i o n s  of i s o to p e  e f f e c t s  th e  r e v ie w  r e m a i n s  a s  

th e  s t a n d a r d  one  in  the  a r e a .  T h e o r e t i c a l  u n d e r s t a n d i n g  w a s  th in  

a n d  r e m a i n s  to d a y  in  a  r a t h e r  u n s a t i s f a c t o r y  s t a t e .  I s o to p ic
shifts

s u b s t i t u t i o n  a l t e r s  th e  d y n a m ic  s t e a d y  s t a t e  of a  m o l e c u le  an d  J [  m a y  

be c a u s e d  by s m a l l  c h a n g e s  in  bond  le n g th s  o r  bond a n g le s  .

It  h a s  b e e n  found  in  a l m o s t  a l l  c a s e s  th a t  s u b s t i t u t i o n  of a  h e a v y

(14)i s o to p e  s h i f t s  th e  n . m .  r .  s ig n a l  to  a  h ig h e r  m a g n e t i c  f ie ld

E x c e p t io n s  to th i s  g e n e r a l  t r e n d  a r e  th e  p r o to n  s h if t  in  c i s -C H F = C D F ^ ^ ^ ^

d e u t e r a t e d  a m m o n iu m  i o n s ^ ^ ^ \  n i t r o b e n z e n e s j^ ^ ^ h e T l^ ^ ^  s h i f t  in

(15) 13
(C D ^ ^2^^ ^ ^ 3  th e  C c h e m ic a l  s h i f t  i n  (C D ^)^C O , w h e r e

th e  s h i f t s  a r e  d o w n f ie ld  f r o m  the  n o n - d e u t e r a t e d  s p e c i e s .  P r i m a r y

an d  s e c o n d a r y  e f f e c t s  m a y  be d i s t i n g u i s h e d ;  the  p r i m a r y  r e f e r s  to  a

c h a n g e  in  the  r e s o n a n c e  of a  n u c le u s  a t  th e  s i t e  of i s o to p i c  s u b s t i t u t i o n
(3 3 ,3 4 )

a n d  s e c o n d a r y  r e f e r s  to  th e  c h a n g e s  in  th e  r e m a i n d e r  of th e  m o l e c u l e .

A n  a n a lo g o u s  e f f e c t  on  th e  r e d u c e d  s p in  s p in  c o u p l in g  c o n s ta n t  

i s  a l s o  p o s s i b l e .  T h e  e f f e c t  i s  r e f e r r e d  to  a s  a  p r i m a r y  e f f e c t  w h e n  one

of th e  tw o  c o u p le d  n u c l e i  , A a n d  X , i s  c h a n g e d .
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A s e c o n d a r y  e f f e c t  r e s u l t s  i n  a  c h a n g e  

in  the  c o u p l in g  c o n s t a n t  w h e r e  n e i t h e r  A n o r  X n u c le u s  i s

s u b s t i tu te d * ? ^ ^

V .2  R e s u l t s  an d  d i s c u s s i o n

V. 2. 1 D e u t e r i u m  i s o to p e  e f f e c t s  in  p r o to n  s p e c t r a :

T he  r e s u l t s  of i s o to p e  e f f e c t s  on  p r o to n  s p e c t r a  d e s c r i b e d  

in  S e c t io n  III. 2 a r e  s u m m a r i z e d  i n  T a b le  V .  1, th e  m e a s u r e m e n t s  a r e  

g iv e n  in  p a r t s  p e r  m i l l i o n  a n d  a r e  p o s i t i v e  (u p f ie ld  s h i f t  w i th  r e s p e c t  

to  th e  u n d e u t e r a t e d  m o le c u le ) .  T h e  ta b le  d e m o n s t r a t e s  th a t  the

1) g e m in a l  an d  v i c in a l  s u b s t i t u t i o n  of p r o to n  by  a  d e u t e r o n  h a s  c a u s e d  

a n  ’H u p f ie ld  c h e m i c a l  s h i f t  t h a t  i s  a d d i t iv e  w i th  i n c r e a s i n g  d e u t e r i u m  

s u b s t i t u t i o n .

2) T h e  g e m in a l  ( tw o -b o n d )  i s o to p e  e f f e c t  i s  CZ 21 -  29 . 7%] x  10 p .  p . m .  

u p f ie ld  p e r  d e u t e r i u m  in  a  v a r i e t y  of d e u t e r a t e d  o r g a n o  t i n  h y d r i d e s .

3) F o r  v i c in a l  ( th r e e  bond) s u b s t i t u t i o n  th e  i s o to p e  e f f e c t  on  th e  m e th y l  

p r o to n s  a l s o  r e s u l t e d  in  a n  u p f ie ld  s h i f t  of c a  4 . 6 I x  10 p . p .  m .  

p e r  d e u t e r i u m  s u b s t i tu t io n ,  w h ic h  i s  o n ly  1 /5  of th a t  p r o d u c e d  by th e  

g e m in a l  s u b s t i tu t io n .

4) T h e r e  i s  a  s ig n i f i c a n t  d e c r e a s e  of c a .  0, 6 H z  in  th e  o b s e r v e d

^ J ( S n ^ ^ - H )  on  s u b s t i tu t in g  a  p r o t o n  by  d e u t e r i u m  in  a l m o s t  a l l  th e

c a s e s  a n d  a n  " a d d i t i v i t y  r u l e "  i s  a l s o  a p p l i c a b l e  s in c e  th e  d e c r e a s e

in  th e  c o u p l in g  c o n s t a n t  i s  d o u b le d  in  C ^H ^S nD ^H  a s  c o m p a r e d  to

C .H ^ S n D H  .
0 5 2

T h e  e f f e c t s  of d e u t e r i u m  s u b s t i t u t i o n  on  b o th  p r o to n  an d
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?̂ 8 — 3 ? \
f l u o r i n e  s p e c t r a  h a v e  b e e n  r e p o r t e d  in  a  n u m b e r  of c o m p o u n d s .

T h e  m a g n i tu d e  of th e  s h i f t  i s  g e n e r a l l y  d e p e n d e n t  on how  r e m o t e  th e

i s o t o p i c  s u b s t i t u t i o n  i s  f r o m  th e  n u c l e u s  u n d e r  o b s e r v a t i o n  an d  i s

a p p r o x i m a t e l y  p r o p o r t i o n a l  to  the  n u m b e r  of a to m s  th a t  h a v e  b e e n

i s o t o p i c a l l y  s u b s t i t u t e d .  T he  i s o to p e  s h i f t  in  the  p r o t o n  r e s o n a n c e

i s  0. 035 p .p .  m .  f o r  b o th  HTeD ^^^^ an d  H SeD  an d  0. 04 p . p .  m .  f o r

1 9T h e  t y p i c a l  v a lu e  of a  g e m in a l  d e u t e r i u m  i s o to p e  e f f e c t  on  th e  F

(7)
c h e m i c a l  s h i f t  i s  0 .6 0  p. p .  m .  ( in  n -  C^F.^D ). D re e s k a m p  fo u n d

th a t  (CH ^)^SnH D  h a d  a n  'H  i s o to p e  s h i f t  of 0. 023 + 0. 001 p .  p . m .

f o r  6 (Sn-H ) a n d  0. 005 + 0. 008 p . p . m .  f o r  6 (C -H ),  in  a g r e e m e n t

w i th  th e  v a lu e s  r e p o r t e d  h e r e  s e e  T a b le  V.1 . B u t  th e  r e s u l t s

on  A J  (fo r  d e f in i t io n  s e e  T a b le  “2T-1 ) fo u n d  in  th i s  w o r k  (T a b le  V , 1)

f o r  (CH ) SnHD a n d  (C .H  ) HD (ca .  0. 6 H z) a r e  l a r g e r  th a n  th e  0 ,3  H z 
3 2 D 5 2

c (7)r e p o r t e d  by  D r e s k a m p  an d  f u r t h e r m o r e  i t  w as  n o t  s t a t e d  u n d e r  w h a t

c o n d i t io n s  th e  v a l u e s  w e r e  o b ta in e d .  T he  d a t a  r e p o r t e d  h e r e  a r e

f e l t  to  be m o r e  r e l i a b l e  s in c e  th e  m e a s u r e m e n t s  of b o th  s h i f t s  a n d

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

f o r  th e  s a m e  m o l e c u l e  an d  s p e c t r a  w e r e  r u n  a t  a  s c a l e  e x p a n s io n  of

0. 2 H z / c m  f o r  (C ^H ^)^S nH D , 0. 4 H z / c m  f o r  (CH^ )^SnHD, 1 H z / c m

f o r  C ,  H .S nH D .^  a n d  C . H _ S n H _ D .  D e u t e r i u m  d e c o u p l i n g  w a s  u s e d  to  
o 5 2 o 5 2

i m p r o v e  th e  a c c u r a c y  o f  th e  m e a s u r e m e n t s  e x c e p t  f o r  th e  l a s t  tw o  

m o l e c u l e s  w h e r e  s p e c t r a  w e r e  r e c o r d e d  on  a  V a r i a n  H A -1 0 0  w i th  no 

f a c i l i t i e s  f o r  h e t e r o n u c l e a r  d e c o u p l in g .
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119
V . 2 . 2  D e u t e r i u m  i s o to p e  e f f e c t s  in  Sn s p e c t r a

B y  m e a n s  of F o u r i e r  T r a n s f o r m  N . M . R . s p e c t r o s c o p y

119 119
Sn c h e m i c a l  s h i f t s  an d  v a lu e s  of th e  c o u p l in g  c o n s ta n t s  ^J(Sn -H )

119
a n d  ' J (S n  -D ) h a v e  b e e n  m e a s u r e d  ( s e e  C h a p te r  IV). T he o b s e r v e d

i s o to p e  e f f e c t s  a r e  l i s t e d  in  T a b le  V . 2 .  T h e  i s o to p e  e f f e c t s  w e r e

119
m e a s u r e d  r e l a t i v e  to  (C H ^ ^2^^ ^ 2  i n t e r n a l  s t a n d a r d  t h e r e b y

e l i m i n a t i n g  s o lv e n t  an d  t e m p e r a t u r e  e f f e c t s  on  th e  i s o to p e  e f f e c t .  

M e a s u r e m e n t s  on  a  s a m p l e  of p u r e  (C H ^)^SnD ^ a r e  sh o w n  in  the  

f i r s t  ro w  of Table V.2 the s h i f t  f i g u r e s  sh o w n  in  p a r e n t h e s i s  w e r e  

c a l c u l a t e d  by c o m p a r i s o n  w i th  a  s e p a r a t e  s a m p l e  of p u r e  (C H ^)^SnH ^. 

T h e  v a lu e  r e p o r t e d  in d i c a t e s  th e  g e n e r a l  r e p r o d u c i b i l i t y  of s h i f t s  

d e r i v e d  in  th i s  w a y  an d  a l s o  e m p h a s i s e s  th e  n e e d  f o r  m a k in g  

c o m p a r i s o n  in  the  s a m e  s a m p l e .

119
In  the  Table V . 2 the  c h a n g e s  in  Sn  c h e m i c a l  s h i f t s

a
b r o u g h t  a b o u t  by  s u b s t i t u t i o n  o f ip r o to n  b y  a  d e u t e r o n  are c a .  1 p . p .  m .

u p f ie ld  (a s  i s  u s u a l l y  th e  c a s e  f o r  th e  s u b s t i t u t i o n  of a  h e a v i e r  i s o to p e ) ,

19
w h ic h  i s  r o u g h ly  th e  s a m e  m a g n i tu d e  a s  t h e s e  o b s e r v e d  f o r  F  u p o n

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

th a r  
(51)

c o n ta in in g  H o w e v e r ,  t h e s e  v a lu e s  a r e  l o w e r  th a n  th o s e

1 9
p r o d u c e d  w i th  F - N .  M . R . (c a .  2 . 5  p .  p . m .  f o r  H F ) ,  o r  w i th  

31
P - N . M .  R . (ca .  2. 4 p . p . m .  f o r  C ^ H ^ P D ^ ,  1 .3 0  f o r  ( iso -C ^ H .^ )^ P D ) .  

T h i s  d i f f e r e n c e  in  th e  s h ie ld in g  v a lu e  ( c h e m ic a l  s h i f t )  i s  

of t h e o r e t i c a l  i n t e r e s t .  Q u a l i ta t iv e ly  i t  m a y  be  s e e n  th a t  th e  

d i r e c t i o n  of the  s h i f t  i n d i c a t e s  a  " g r e a t e r  e l e c t r o n  d o n a t in g  p o w e r  

f o r  d e u t e r i u m  th a n  f o r  p r o t o n " .   ̂ ^
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T h e  n e g a t iv e  i s o to p e  e f f e c t  A  J  =  J (S n   ̂^ D )x —— l-l~^ J ( ^ n  -H )  I

119o n  th e  c o u p l in g  c o n s t a n t  ^J(Sn  -H ) h a s  b e e n  o b s e r v e d .  T h e  v a l u e s  of 

 ̂J(Sn^-^D) l i s t e d  in  T a b le  V . 2 h a v e  b e e n  c o n v e r t e d  in to   ̂J* (S n ^ ^ H ) by  

a s s u m i n g  the  v a l id i t y  of th e  fo l lo w in g  e q u a t io n  

J (H H )=  ------ =  6 .5 1 3 7  J (H D )

T h e  v a lu e s  of ^J(^l^n-H) s e e m  to  be s ig n i f i c a n t ly  g r e a t e r  th a n

1196 . 5 1 3 7  X ‘J  (Sn -D ) .  In  the  m e a s u r e m e n t s  o f B o r i s e n k o  e t  a l,

p r i m a r y  i s o to p e  e f f e c t s  (up to  - 5 . 0  + 0 .8  H z) h a v e  b e e n  d i s c o v e r e d  

31f o r   ̂J (  P - H )  in  b o th  t h r e e  a n d  fo u r  c o o r d in a t e d  p h o s p h o r o u s  c o m p o u n d s

R e c e n t ly  S e r g e y e v  e t  a l^^^^  h a v e  r e p o r t e d  th e  r e s u l t s  of t h e i r

13 13
t h e o r e t i c a l  c a l c u l a t i o n s  on  ^J( C -H )  a t  v a r i o u s  C -H  d i s t a n c e s  in

o
m e th a n e ,  c h a n g e s  of c a .  2H z p e r  0 .0 1  A w e r e  p r e d i c t e d .
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C H A P T E R  VI

R E L A X A T IO N
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S e c t io n  V I. 1

V I. 1. 1

V I .  1 .2  

S e c t io n  V I. 2 

V I. 3 

V I.  4 

S e c t io n  V I. 5. 1

V I . 5 . 2

V I. 5 . 3

I n t r o d u c t io n  to  n u c l e a r  
r e l a x a t i o n

L o n g i tu d in a l  an d  t r a n s v e r s e  
r e l a x a t i o n  t i m e s

T h e  B lo c h  e q u a t io n

T h e  c o r r e l a t i o n  f u n c t io n

T h e  s p e c t r a l  d e n s i t y  fu n c t io n

E x t r e m e  n a r r o w i n g

T h e  d e n s i t y  m a t r i x  o p e r a t o r

T h e  t i m e  d e p e n d e n c e  of d e n s i t y  
m a t r i x

T h e  o p e r a t o r  f o r m  of the  
m a s t e r  e q u a t io n

V I. 5 . 4  M a c r o s c o p i c  d i f f e r e n t i a l  e q u a t io n
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S e c t io n V I .  1 I n t r o d u c t io n  to  N u c l e a r  R e l a x a t io n
1108)  ( 1 0 9 )

F .B l o c h  a t  S ta n f o r d  an d  F  M ^ P u r c e l l  a t  H a r v a r d

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

( 110 )
r e s o n a n c e  in  b u lk  m a t t e r .  F .B l o c h  e s t a b l i s h e d  h i s  p h e n o m e n o -

1111)
l o g i c a l  e q u a t io n s .  T h e n  in  1948, N .B l o e m b e r g e n  e s t a b l i s h e d  

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

T h e s e  i n v e s t ig a t i o n s  w e r e  fo l lw e d  by s e v e r a l  w o r k e r s  ( i i 2 —1 1 5 ) ,

116
T h is  e a r l y  w o r k  w a s  c o m p i le d  in to  a  b o o k  by  A b r a g a m  w h ic h  s t i l l

s e r v e s  a s  th e  b a s i s  of th e  b e g in n in g  of e s t a b l i s h m e n t  of g e n e r a l

f o r m u l a e  of r e l a x a t i o n .

If a  c o l l e c t io n  of s p in  I =  % n u c le i  i s  p l a c e d  in  a  s t a t i c

m a g n e t i c  f i e ld  B ^  an d  th i s  c o l l e c t i o n  i s  at t h e r m a l  e q u i l i b r i u m  w ith

th e  s u r r o u n d i n g s  ( l a t t i c e ) ,  th e n  a c c o r d i n g  to  B o l t z m a n n 's

d i s t r i b u t i o n  law , th e  r a t i o  of th e  p o p u la t io n s  in  t h e s e  tw o s t a t e s  i s

N ~  A E / ,  ^  -  y h  B / k T
u p p e r  =  e k T  =  e o

N ,lo w e r

-1 9A E  f o r  p ro tons  5 x 1 0  e r g  in  15000 G a u s s

T ^  300 A b s .  ( r o o m  t e m p e r a t u r e )

N ( - 1 . 2 x 1 0 " ^ )
u p p e r  e

" '  N .lo w e r   ̂ ,

— 1 -  1 . 2  X lO 'S

w h ic h  sh o w s  th a t  t h e r e  i s  a  s l ig h t  e x c e s s  of n u c l e i  in  th e  low  

e n e r g y  s t a t e  (ab o u t 0. 001%). I t  i s  th i s  v e r y  s m a l l  b u t  f in i te  

e x c e s s  of n u c l e i  in  th e  lo w e r  e n e r g y  s t a t e  th a t  g iv e s  r i s e  to  n e t
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a b s o r p t i o n  of e n e r g y  in  th e  r a d io  f r e q u e n c y  r e g io n .  A s  the  

a b s o r p t i o n  of e n e r g y  d e p e n d s  on  th e  f in i te  p o p u la t io n  d i f f e r e n c e  

b e tw e e n  lo w e r  and  u p p e r  s t a t e s ,  th i s  a b s o r p t i o n  w i l l  te n d  to  

e q u a l i s e  the  p o p u la t io n .  If t h e r e  i s  no e n e r g y  t r a n s f e r  

m e c h a n i s m  f r o m  the  s p in ,  th e  p h e n o m e n o n  of a b s o r p t i o n  w o u ld  

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

a b le  to  l o s e  e n e r g y  w i th o u t  e m i t t i n g  r a d i a t i o n  and  the  w a y s  in  

w h ic h  i t  d o e s  a r e  k n o w n  a s  r e l a x a t i o n  p r o c e s s e s .  T h e s e  

c h a r a c t e r i s e  th e  r e t u r n  to  e q u i l i b r i u m  of th e  s p in  l e v e l  p o p u la t io n s  

fo l lo w in g  s o m e  p e r t u r b a t i o n .

In  l iq u id s ,  s p in s  a r e  n o t  o n ly  s u b m i t t e d  to  th e  
the

a c t io n  of a n d j [ r . f .  f i e ld  b u t  a l s o  th e  a c t io n  of n e ig h b o u r in g  s p i n s .  

M o le c u l e s  in  th e  s a m p l e  a r e  m o v in g  a r o u n d  v e r y  r a p id ly ,  g iv in g  

r i s e  to  f lu c tu a t in g  e l e c t r i c  o r  m a g n e t i c  f i e l d s  a t  the  n u c le u s  b e in g  

o b s e r v e d .  T h e s e  l o c a l  m a g n e t i c  f i e ld s  f lu c tu a te  a c c o r d i n g  to  th e  

m o l e c u l a r  m o t io n  a n d  th e  f r e q u e n c y  o r  v a r i a t i o n  of the  i n t e r a c t i o n  

c a u s e d  by s u c h  m o t io n  i s  r e f e r r e d  to  a s  m o d u la t io n  an d  i s  

c h a r a c t e r i s e d  by  a  c o r r e l a t i o n  t i m e ,  H/g » w h ic h  th u s  s e t s  a  t i m e  

s c a l e  to  the  r a n d o m  f lu c t u a t i o n s .

F o r  a n y  r a n d o m  m o t io n  t h e r e  i s  a  s p e c t r u m  of 

f r e q u e n c i e s  of f lu c tu a t i o n s  b u t  th e  v a r i a t i o n  an d  a n a l y s i s  of th e  

i n t e n s i t y  of th e  f lu c tu a t io n s  an d  t h e i r  f r e q u e n c y  d i s t r i b u t i o n  d e p e n d s  

on  th e  e x a c t  ty p e  of m o t io n  c o n c e r n e d .
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T h e s e  d i f f e r e n t  i n t e r a c t i o n s  p e r m i t  the  c o u p l in g  of 

n u c l e a r  spins w i th  th e  l a t t i c e ,  a n d  a l lo w  th e  s p in  s y s t e m  to  be in  

t h e r m a l  e q u i l i b r i u m  w i th  the  l a t t i c e .  T h e  s tu d y  of t h e s e  m e c h a n i s m s  

r e s p o n s i b l e  f o r  r e l a x a t i o n  i s  of f u n d a m e n ta l  i m p o r t a n c e  in  N . M . R .

V I. I. 1 L o n g i tu d in a l  an d  T r a n s v e r s e  R e la x a t io n  T i m e s

It i s  n o t  a  s in g le  n u c l e a r  m o m e n t  w h ic h  w e s tu d y  

bu t r a t h e r  a n  e n s e m b l e  c o n ta in in g  a  l a r g e  n u m b e r  of i d e n t i c a l  n u c l e i .  

W h e n  a  m a g n e t i c  f i e ld  i s  a p p l ie d ,  th e  m a g n e t i c  m o m e n t s  s t a r t  

p r e c e s s i n g  a r o u n d  i t  an d  a  n e t  m a c r o s c o p i c  m a g n e t i z a t i o n  M i s  

o r i e n t e d  a lo n g  th e  z a x i s .  A f in i te  p e r i o d  of t i m e  i s  r e q u i r e d  f o r  M 

to  g ro w  to r e a c h  i t s  e q u i l i b r i u m  v a lu e  M ^ .  I t  i s  c a l l e d  th e  lo n g i tu d in a l  

r e l a x a t i o n  t i m e ,  b e c a u s e  i t  i s  a  m e a s u r e  of the  r a t e  a t  w h ic h  the  

m a g n e t i z a t i o n  of the  n u c l e a r  s p in  s y s t e m  a p p r o a c h e s  to  i t s  

e q u i l i b r i u m  v a lu e .  In  a  s a m p l e  a  m a g n e t i c  n u c le u s  i s  s u b j e c t e d  to  

f lu c tu a t in g  e l e c t r i c  an d  m a g n e t i c  f i e l d s .  E a c h  p r e c e s s i n g  n u c le u s  

h a s  a  m a g n e t i c  v e c t o r  c o m p o n e n t  p e r p e n d i c u l a r  to  th e  m a i n  f i e ld .

If tw o n u c l e i  a r e  v e r y  c l o s e  th i s  s m a l l  r o t a t i n g  m a g n e t i c  f i e ld  i s  

e x a c t ly  w h a t  i s  r e q u i r e d  to  in d u c e  a  t r a n s i t i o n  in  th e  n e ig h b o u r in g  

n u c l e u s .  T h i s  n a t u r a l  e x c h a n g e  of s p in s  s h o r t e n s  th e  l i f e  t im e  of 

a n  in d iv id u a l  p r e c e s s i n g  n u c l e i  an d  th e y  g e t  o u t  of p h a s e  w i th  e a c h  

o t h e r  a n d  th u s  i t  c o r r e s p o n d s  to  th e  d e c a y  of th e  t r a n s v e r s e  

c o m p o n e n ts  a n d  of th e  m a g n e t i s a t i o n .  E n e r g y  i s  t r a n s f e r r e d  

b e tw e e n  s p in s  in  the  s y s t e m  an d  th e  t i m e  c o n s t a n t  i s  c a l l e d  T , th e
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s p i n - s p i n  r e l a x a t i o n  t i m e  o r  t r a n s v e r s e  r e l a x a t i o n  t i m e .  I t

s h o u ld  be n o te d  th a t  i t  d o e s  n o t  c o n t r i b u t e  to  th e  m a in t e n a n c e  of 

th e  r e q u i r e d  e x c e s s  of n u c l e i  in  th e  l o w e r  s t a t e .  T he  n a t u r a l  

w id th  of a  l in e  i s  i n v e r s e l y  p r o p o r t i o n a l  to  the  a v e r a g e  t i m e  

th e  s y s t e m  s p e n d s  in  th e  e x c i t e d  s t a t e .  B o th  T^ an d  T^ 

c o n t r i b u te  to  th e  w id th  of a  s p e c t r a l  l i n e .

V 1. 1 .2  T he  B lo c h  E q u a t io n s '

T h e  m a c r o s c o p i c  m a g n e t i s a t i o n  M of a  s a m p l e

d e p e n d s  on  the  p o p u la t io n  d i f f e r e n c e  of a a n d  p s p in  s t a t e s .

T h e  Z c o m p o n e n t  of M c a n  be w r i t t e n  a s  ^

M =  y 'h n z
TV

A s  th e  p o p u la t io n  d ifference^^de cays e x p o n e n t i a l ly  to e q u i l i b r i u m  

b e c a u s e  of s p in  l a t t i c e  r e l a x a t i o n ,  th e  r a t e  of c h a n g e  c a n  be 

e x p r e s s e d  c l a s s i c a l l y  a s

d n  n
d t  “  " T j

dM  M
z z

d t  T j

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

T h i s  z c o m p o n e n t  of m a g n e t i z a t i o n  te n d s  to  a p p r o a c h  a  s t e a d y  s t a t e  

v a lu e  M ^, w e m a y  e x p r e s s  th e  r e l a x a t i o n  of th e  z c o m p o n e n t  t o w a r d s  

i t s  e q u i l i b r i u m  v a lu e  a s
dM  M  - M
 ^  =  -  z_____q_
d t  T^
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A lth o u g h ,  th e  a n d  c o m p o n e n ts  d e c a y  e x p o n e n t ia l ly  with t i m e

i s  g e n e r a l l y  d i f f e r e n t

dM  M
X  =  -  X

d t

and
d M  M

 Z  = __ -___
d t

In  a  h o m o g e n e o u s  s t a t i c  m a g n e t i c  f i e ld  B th e  e q u a t io n  of m o t io n  of 

th e  m a g n e t i c  m o m e n t  i s

dM  . .  _— =  y M  X  B
dt

=  y (M B - M B ) i  -  y (M B -  B M ) j  
‘ y z  z y  — z X  z x

-  y  (M B - B M ) k  
X  y  X  y  — 

fk«.
B u t  th e  t o t a l  m a g n e t i c  f i e ld  i s  a  s u m  o f | s t a t i c  f i e ld  B ^  a lo n g  th e  Z 

a x i s  an d  th e  m a g n e t i c  v e c t o r  of r . f .  f i e l d  B ^ . B^ i s  a  r o t a t i n g  

m a g n e t i c  f i e ld  in  th e  x  y  p la n e  a t  a n  a n g u l a r  v e lo c i ty  co , T h u s  i t s  

c o m p o n e n ts
B =  B ,  co s  cj t 

X  1

B =  - B , s in  cot
y  1

B =  B z o

N ow  th e  e q u a t io n  of the  e s t a b l i s h m e n t  of th e  r e s u l t a n t  m a g n e t i c  

m o m e n t  an d  a c c o u n t in g  f o r  r e l a x a t i o n  a s  B lo c h  a s s u m e d ,  M ^  an d  

M d e c a y  b a c k  to  t h e i r  e q u i l i b r i u m  v a lu e  of z e r o ,  w h i le  M ^ g o e s  

b a c k  to  i t s  e q u i l i b r i u m  v a lu e  M ^ .
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T h e  f in a l  B lo c h  e q u a t io n s  a r e  th e n

dM  ^
X =  y  (M B - M B -  s i n  co t ) -  ^

dt
y  o z 1 T,

dM  M
y =  y (M B ,  c o s t c o t  - M B ) -  

 z 1 X o ----

dM  1 M - M
——  =  y (M B ,  s i n o j t  + M B , co sco t)  -  z od t  ‘ X 1 y 1 -------------

In  t r e a t i n g  t h e s e  e q u a t io n s ,  i t  b e c o m e s  v e r y  h e lp fu l  to  r e f e r  th e  m o t io n  

of m a g n e t i z a t i o n  i n  c h a n g e d  f r o m  f ix e d  a x e s  to  a  s e t  of a x e s  r o t a t i n g  

a t  L a r m o r  f r e q u e n c y  a b o u t  th e  z a x i s .  In  a  r o t a t i n g  f r a m e  b o th  B ^  

a n d  B^ a r e  f ix e d .

T h e  p r o j e c t i o n  of M onthe x,y p la n e  i s  r e s o l v e d  in to  

tw o  c o m p o n e n ts  u  a n d  v, a lo n g  an d  p e r p e n d i c u l a r  to  B^ r e s p e c t i v e l y  

a n d  in  a n d  o u t of p h a s e  w i th  B^^.

u  =  M

U n d e r  " s lo w  p a s s a g e "  c o n d i t io n s

 ___________
°  I + T ^ ( W Ô - W  ) : +

y = - M o  , ' 2: $ :I + T 2 ( i Oq- o o ) ' ' + Y

M  =  M , l+ T )((^o-w )2

I +T2(ù) - u )2^.Y^bÎT,T2
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When

I '1

T h e  a b s o r p t i o n  s ig n a l

1 + ( * ^ 0 -  CJ)2

In  th e s e  c o n d i t io n s  of n o n -

s a t u r a t i o n ,  th e  p a s s a g e  of s p in

f r o m  lo w e r  to  h ig h e r  e n e r g y  s t a t e

on  th e  a p p l i c a t io n  of r . f .  f i e ld

b e in g  l a r g e l y  c o m p e n s a t e d  by

th e  i n v e r s e  f a c t o r  of r e l a x a t i o n .

T h e  s h a p e  of th e  a b s o r p t i o n  l in e  
a

is J^ L o re n tz ia n .  A t the

c e n t r e  w h e n  th e  c o n d i t io n  of 

r e s o n a n c e  i s  e x a c t ly  f u l f i l l e d .

( ^ w  ) z =  z e r o  an d  t h e  s ig n a l  h e ig h t  i s  p r o p o r t i o n a l  to

the line
w h ic h  m e a n s  w id th  m u s t  be  i n v e r s e l y  p r o p o r t i o n a l  to  T

or

6 V =

2

^ 2

1 & -  =
2
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S e c t io n  VI. 2 . T h e  C o r r e l a t i o n  F u n c t i o n .

In  th e  s tu d y  of t u r b u l e n t  m o t io n  an d  o t h e r  

p r o b l e m s  in  w h ic h  th e  q u a n t i ty  of i n t e r e s t  i s  a  s t a t i o n a r y  r a n d o m  

fu n c t io n  of s p a c e  a n d  t i m e  c o o r d i n a t e s ,  th e  s t a t i s t i c a l  d e s c r i p t i o n  

c a n  be e x p r e s s e d  in  t e r m s  of c o r r e l a t i o n  f u n c t io n s .  T h e y  a r e  

th e  p r o b a b i l i t y  d i s t r i b u t i o n  f o r  the  q u a n t i ty  f o r  a l l  p o in t s  in  

s p a c e - t i m e .

In  a  f lu id  due  to  m o t io n  of m o l e c u l e s ,  the  

p o s i t i o n  of a  m o l e c u l e  i s  a  v a r i a b l e  f u n c t io n  y (t) w h o s e  v a lu e  

d e p e n d s  on  low  p r o b a b i l i t y
. I I

P  (y, t)  , .

T h e  m e a n  p o s i t i o n  a t  i n s t a n t  t c a n  be o b ta in e d  by  i n t e g r a t i n g  o v e r  

th e  s p a c e

y (t) =  (y, t)  dy

D e f in e d  in  th e  s a m e  w a y  i s  th e  s a m e  f u n c t io n

p  ( y j ,  t j ,  y^ ,  t^ )

th e  p r o b a b i l i t y  th a t  a t  t i m e  t^ , y  =  y^ a n d  a t t ^  y  =  y ^ .  T h i s  

p r o b a b i l i t y  i s  e q u a l  to  one if y^ =  y^ (no m o v e m e n t )  an d  z e r o  i f  

t h e r e  i s  no r e l a t i o n s h i p  b e tw e e n  th e  p o s i t i o n .  T h e  a v e r a g e  v a lu e  

of th e  f lu c tu a t in g  f i e ld  ^  (y) a t  p o s i t i o n  y in  t h e  l a t t i c e  a t  t i m e  t 

i s  g iv e n  by

^ ( t )  =  ^  P  (y, t)  y  (y) dy
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N o w  w h a t  w e w a n t  to  k n o w  i s  th e  c o r r e l a t i o n  w h ic h  e x i s t s  b e tw e e n  

th e  v a l u e s  of th e  r a n d o m l y  v a r i a b l e  fu n c t io n s  f (y) a t  tw o i n s t a n t s  

tj  ̂ an d  t^ .  T h i s  i s  r e p r e s e n t e d  by the  c o r r e l a t i o n  fu n c t io n

G ( t j ,  t^) =  j  CtJ y

( -S i s  th e  c o m p le x  c o n ju g a te  of ^ a n d  th e  b a r  d e n o te s  th e
an

a v e r a g e  b e h a v io u r  o f j(en sem b le  of n u c le i ) .

o r

G (t^ t^ )  =

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

to  d e s c r i b e  th e  m o v e m e n t s  i n  s o lu t io n .  We s h a l l  s u p p o s e  th a t  w e 

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

u p o n  th e  o r i g i n  in  t i m e  b u t  o n ly  on  th e  d i f f e r e n c e  of t i m e ,  i .  e ,

=  ‘2 ■ ‘ 1 ,

a n d  th e  f u n c t io n  o f  a u t o c o r r e l a t i o n  b e c o m e s  . ,

G ). ) y (ŷ) y(y2> ^V2

T h e  c o r r e l a t i o n  fu n c t io n  G (t/) c a n  be r e l a t e d  to  a  c o r r e l a t i o n  t i m e  

w h ic h  i s  a  m e a s u r e  of th e  l e n g th  of t i m e  o v e r  w h ic h  s ig n i f i c a n t
I

c o r r e l a t i o n  p e r s i s t s .  In  th e  s i t u a t io n  w h e r e  r e o r i e n t a t i o n s  m a y  be 

t a k e n  a s  i s o t r o p i c ,  B . P . P .  h a v e  s h o w n  th a t  G (%T) c a n  be d e s c r i b e d  

by  a  u n iq u e  e x p o n e n t ia l

G ( ^  ) =  G (0 )  e x p  ( -  /w )



138

If th e  o r i e n t a t i o n s  a r e  a n i s o t r o p i c  th e  a u t o c o r r e l a t i o n  f u n c t io n  i s

e x p r e s s e d  a s  a  fu n c t io n  of t h r e e  d i f fu s io n  c o n s ta n t s  D D a n d  D
X y z

a n d  i s  no l o n g e r  a  s im p l e  e x p o n e n t ia l .

By th e  F o u r i e r  T r a n s f o r m a t i o n  of G ('C')we c a n

d e t e r m i n e  the  m o t io n a l  f r e q u e n c i e s  a n d  t h e i r  i n t e n s i t i e s
p  too

J  ( 60 ) =  j  G ( ) e x p  ( -  i  CO TT ) dTS

a n d  th e  i n v e r s e  t r a n s f o r m  g iv e s

G ( ^  I  J  (to  ) e x p  ( i  CO t) d  w

S e c t io n  V I .3 .  T h e  S p e c t r a l  D e n s i ty  F u n c t i o n  an d  C o r r e l a t i o n  t im e

F i g u r e  VI sh o w s  a  p lo t  of v a r i a t i o n  of s p e c t r a l  

d e n s i t y  fu n c t io n  J  (fij) of th e  r a n d o m  f lu c tu a t io n s  a g a i n s t  th e  

f r e q u e n c y  (6^) w h e r e  6 0 ^  i s  th e  n u c l e a r  r e s o n a n c e  f r e q u e n c y  a n d  i t  

w i l l  be s e e n  th a t  r e l a t i v e  m a g n i tu d e s  of OO  ̂ an d  1 / ^ ^
I '  '  .

d e t e r m i n e  th e  e f f i c i e n c y  of s p in  l a t t i c e  r e l a x a t i o n .

-3T h e  d o t t e d  l in e  i s  p lo t t e d  f o r  cO q *C c ^  10

T h e  s o l id  l in e  i s  f o r  1o c
I I

a n d  d a s h e d  l in e  f o r
I ' I

T h e  a r e a  u n d e r  t h e s e  c u r v e s  i s  e q u a l .  S ince th e  e n e r g y  a s s o c i a t e d

w i th  m o l e c u l a r  m o t io n  i s  c o n s ta n t .  C h a n g e s  in  ^  m e r e l y
i  .  '  ^

m o d i f y  th e  d i s t r i b u t i o n  of p o w e r  i n  th e  f r e q u e n c y  s p e c t r u m .

W h en  th e  v a lu e  of i s  lo n g ,  low  m o t io n a l

f r e q u e n c i e s  h a v e  a  v e r y  h ig h  p r o b a b i l i t y  an d  h ig h e r  f r e q u e n c i e s  w ill



Fig.  VI.

P l o t  of J tp e c t r a l  d e n s i t y  J(cu) v e r s u s  f r e q u e n c y  M  , 

H o r i z o n t a l  s c a l e  i s  l o g a r i t h m i c .

J ( w )

 » ong

^  i n t e r m e d i a t e  c

j

^  ^Cshort

log (txj)
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V a r i a t i o n  of w ith  th e  

c o r r e l a t i o n  t i m e ' t

s h o r t

i n t e r m e d i a t e
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be a l m o s t  t o t a l l y  a b s e n t .  T h e  s p e c t r a l  d e n s i t y  J  (CJ) w ill be v e r y  

s m a l l  n e a r  th e  L a r m o r  f r e q u e n c y  CO s p in  l a t t i c e  r e l a x a t i o n

w i l l  be i n e f f i c i e n t  an d  w i l l  be lo n g .  A s   ̂ b e c o m e s  s m a l l e r ,  

th e  s p e c t r a l  d e n s i t y  f u n c t io n  m o v e s  ou t to  h ig h e r  f r e q u e n c i e s ,  an d  

b e c o m e s  s h o r t e r .  In  th e  i n t e r m e d i a t e  r e g io n  w h e r e  

th e  m o t io n a l  c o m p o n e n ts  a t  w i l l  be th e  l a r g e s t .

W h e n  i s  v e r y  s h o r t ,  th e  s p e c t r a l  d e n s i t y  m o v e s  to  h ig h e r  

f r e q u e n c i e s  s u c h  th a t  J  ( 6J) i$ v e r y  s m a l l  n e a r  th e  L a r m o r  f r e q u e n c y -  

r e l a x a t i o n  i s  in e f f i c i e n t  an d  b e c o m e s  l o n g e r ,

, A p lo t  of v a r i a t i o n  of w i th  th e  c o r r e l a t i o n  

t i m e  i s  sh o w n  in  F i g u r e  VI. W ith  i n c r e a s i n g  t e m p e r a t u r e ,

b e c o m e s  s h o r t e r  ( m o r e  r a p i d  m o l e c u l a r  m o t io n ) .  D e p e n d in g  on  

th e  r e g i o n  of m a y  i n c r e a s e  o r  d e c r e a s e .  In the  n o r m a l

s i t u a t i o n  in  l iq u id s  w h e r e  <^1 and T ^ j^ e e n  to  i n c r e a s e  w i th

t e m p e r a t u r e .

S e c t io n  VT. 4 . E x t r e m e  N a r r o w i n g  ,

In  a  l iq u id  th e  f lu c tu a t in g  f i e ld  u s u a l l y  v a r i e s
the

r a p i d l y  c o m p a r e d  to  th e  p r e c e s s i o n a l  f r e q u e n c y  ofj[nucleus u n d e r  

o b s e r v a t i o n .  T y p i c a l  v a lu e s  f o r  a  s m a l l  m o l e c u le  a r e  c a ,  10 

f o r  7^  an d  10^ r a d s   ̂ f o r  CO so  th a t
C O i l ' ,

CA^ O ^  C 1 : 1

w h ic h  i s  th e  s o - c a l l e d  c a s e  of e x t r e m e  n a r r o w i n g .  T h i s  c o r r e s p o n d s

to  th e  s h o r t  ^  s i t u a t i o n  in  F i g u r e  V I .
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S e c t io n  VL 5 . 1 T h e  D e n s i ty  M a t r i x  O p e r a t o r
u n )

T h e  m a t h e m a t i c a l  d e v e lo p m e n t  of B . P . P .

t h e o r y  i s  b a s e d  on  B lo c h 's  p h e n o m e n o lo g ic a l  e q u a t io n s

a n d  th e  s y s t e m  i s  d e s c r i b e d  in  t e r m s  of p o p u la t io n s  of i t s  e n e r g y

l e v e l s .  A q u a n tu m  m e c h a n i c a l  t r e a t m e n t  of s p in s  i n  a  l a t t i c e ,

b a s e d  on  th e  a p p r o x im a t i o n  of th e  e q u a t io n  of m o t io n  of th e  d e n s i t y

1117 , 1 1 8 )
m a t r i x  w a s  d e v e lo p e d  by  B lo c h  an d  W a n g s n e s s  an d  e x te n d e d  by

Bloch^^^^^and R ed fie ld^  In  th e  l iq u id  s t a t e  N . M . R .  e x p e r i m e n t
I

th i s  t r e a t m e n t  i s  v e r y  u s e f u l ,  s in c e  th e  s p in  c o u p l in g s  w i th in  th e
I '

m o l e c u l e  a r e  s t r o n g e r  th a n  th e  c o u p l in g s  to  th e  l a t t i c e  an d  m o l e c u l e s
, I

m a y  be r e g a r d e d  a s  s e p a r a t e  u n i t s .

W e m a y  d e f in e  th e  d e n s i t y  m a t r i x  o p e r a t o r  a s  a
I , ■

s t a t i s t i c a l  o p e r a t o r  w h ic h  r e l a t e s  the  a v e r a g e  b e h a v io u r  o f  one 

m o l e c u le  to  th e  m e a s u r e d  v a lu e s  of a  p r o p e r t y  of a n  e n s e m b l e  of 

s y s t e m s .  I t  c o n ta in s  th e  i n f o r m a t i o n  n e c e s s a r y  to  d e s c r i b e  an  

e n s e m b l e  of i d e n t i c a l  s y s t e m s  a n d  i t s  t im e  d e p e n d e n c e .

T h e  a p p r o x im a t i o n  i s  r e s t r i c t e d  in  i t s  

a p p l i c a t i o n  to  l iq u id s  w h e r e  th e  c o r r e l a t i o n  t i m e  i s  v e r y  s h o r t  

a n d  m o l e c u l a r  c o l l i s i o n s  w e a k  in  th e  s e n s e  t h a t  th e y  do n o t  

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

In  a  s y s t e m  d e s c r i b e d  by  a  w a v e  fu n c t io n ,  

vp , a t  s o m e  i n s t a n t  of t i m e ,  th e  e x p e c t a t i o n  v a lu e  of a n  

o p e r a t o r  M , i s  g iv e n  by

< M >  =  M ---------- -------------------- 1
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(T he  e x p e c t a t i o n  v a lu e  o f  a  fu n c t io n  of v a r i a t e  i s  th e  m e a n  v a lu e  

i n  r e p e a t e d  s a m p l in g ) .  N ow , i f  w e  e x p a n d  v|; a s  a  l i n e a r  

c o m b in a t io n  of t i m e  in d e p e n d e n t  o r t h o n o r m a l  fu n c t io n s  , th e n

~  C <J>-n n  n

T h e  e x p e c t a t i o n  v a lu e  of M c a n  be w r i t t e n  a s

< M >  =  Z C ' < m  I M I n > .................... ;
m  n  ' 'n ,  m

. /  /
If w e  c o n s i d e r  w a v e  f u n c t io n  ' d i f f e r e n t  f r o m  vp , < M >  w i l l

be d i f f e r e n t  f r o m  < M >  b e c a u s e  of d i f f e r e n t  c o e f f i c i e n t s  bu t the
' J

m a t r i x  e l e m e n t s  w i l l  be th e  s a m e .  C o n v e r s e l y ,  th e  e x p e c t a t i o n

" *
v a lu e  of a n  o p e r a t o r  N i s  c a l c u l a t e d  w i th  th e  s a m e  C C b u t ^ m  n

d i f f e r e n t  m a t r i x  e l e m e n t s .

*
T h e  c o e f f i c i e n t s  C C c a n  c o n v e n ie n t ly  be

m  n

w r i t t e n  in  a  m a t r i x  f o r m ,  d e f in in g  a n  o p e r a t o r  P  a s

K- , /s
C C =  <  n |i P ------- m > -------------------------------- 4

m  n  ' ' I i

I t  i s  p o s s i b l e  now  to  w r i t e  e q u a t io n  3 in  th e  f o r m

< M >  =  Z < n  I p I I r n >  < m  | M |  n > ----------------
m ,  n  ^

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

s y s t e m s  d e s c r i b e d  by w a v e  f u n c t i o n s .  , T h e  a v e r a g e  v a lu e  of

th e  o p e r a t o r  M i s  o b ta in e d  by  f in d in g  th e  a v e r a g e  v a lu e  of th e
I. ' : • ' : /  !

o p e r a t o r  c a l c u l a t e d  for e a c h  in d iv id u a l  s y s t e m .
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If  w e  u s e  a  b a r  to  d e n o te  a n  e n s e m b l e  a v e r a g e ,  

e q u a t io n  5 c a n  be w r i t t e n  a s

< M >  =  Z <  n I p I m >  < m  | M  | n >    6
m ,  n

If w e d e f in e

w h e r e  p i s  the  d e n s i t y  m a t r i x  o p e r a t o r ,  w h ic h  i s  th e  a v e r a g e
A

of a v e r a g e  v a lu e  of th e  o p e r a t o r  P ,  we h a v e  th e n

< M > =  Z < n  P m > < m j M |  n >
m,  n

/V A-
=  T r  P M

T r  C  M P  □

1K».
( T r ,  d e n o te s j^ t ra c e ,  th e  s u m  of th e  d ia g o n a l  e l e m e n t s  of th e  m a t r i x  

I  M  P I ) .  This m e a n s  th a t  th e  a v e r a g e  of a v e r a g e  v a lu e  of th e  

o p e r a t o r  M a c t in g  on  th e  s y s t e m  i s  e q u a l  to  th e  t r a c e  of the  m a t r i x

I—  — Ip r o d u c t  I M P   I, In  t h e i r  u s e ,  w e s h a l l  o m i t  th e  b a r  i n d i c a t in g

a n  e n s e m b l e  a v e r a g e ,  k e e p in g  in  m in d  th a t  the  d e n s i t y  m a t r i x  

i s  an  a v e r a g e  of a v e r a g e  v a lu e s .
trx.

S e c t io n  VI.5 .  2 T he  T im e  D e p e n d e n c e  o f l P e n s i t y  M a t r i x

So f a r  w e h a v e  n e g l e c t e d  th e  t i m e  d e p e n d e n t  

p r o p e r t i e s  of th e  d e n s i t y  m a t r i x .  In  a  l iq u id  d u e  to  r a n d o m  

m o l e c u l a r  m o t io n ,  m o d u la t in g  n u c l e a r  i n t e r a c t i o n s ,  th e  s t a t e s  of 

n u c l e i  b e c o m e  t im e  d e p e n d e n t .  A n  e q u a t io n  i s  now  fo u n d  to



d e s c r i b e  th e  t i m e  d e p e n d e n c e  of th e  d e n s i t y  m a t r i x  w h e n  th e  

s y s t e m  i s  a c t e d  u p o n  by  a  t im e  d e p e n d e n t  p e r t u r b a t i o n .

In t r o d u c in g  t i m e  d e p e n d e n c e  in  e q u a t io n  2

w e c a n  w r i t e

vV(t) =  I  '  C (t)I n  nn

w h e r e  ^  a r e  th e  t i m e  in d e p e n d e n t  e ig e n fu n c t io n s  of th e  s y s t e m  

a n d  C (t) a r e  th e  c o m p le x  t i m e  d e p e n d e n t  c o n s t a n t s .  S u b s t i t u t in g  

in to  S c h r o d i n g e r ' s t i m e  d e p e n d e n t  e q u a t io n

( - 4 -  )

w e o b ta in

 ..

m u l t ip ly in g  by an d  in t e g r a t i n g ,  a n d  u s in g  th e  f a c t  th a t
m
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10

w h e r e  6 m n  i s  th e  K r o n e c k e r  d e l t a  f u n c t io n  w h ic h  i s  e q u a l  to  

one  w h e n  m  =  n an d  z e r o  w h e n  m ^  n . T h e  r e s u l t  c a n  be w r i t t e n  a s

-K 9  c ,'m
'L 9 t  "

W e h a v e  d e f in e d  a l r e a d y  th a t

=  I C ^ < m  \ f ( \ n  >   ..........   11

< m  I p n>  =  C C
m  n



145

o n  d i f f e r e n t i a t i o n

3
d b

< ^ m |  P I " / »  =  +
d b d t

m 12

s u b s t i t u t i n g  e q u a t io n  11 in to  12

?
--13

a n d  d e f i n i n g ^  a s  th e  s p in  H a m i l to n ia n  i t  c a n  be w r i t t e n  th a t

d t

w h e r e  i s  th e  c o m m u t a t o r  of tw o  o p e r a t o r s .  T h e  e q u a t io n

e x p r e s s e s  th e  t i m e  d e p e n d e n c e  of th e  d e n s i t y  m a t r i x  a n d  c a n  be 

s o lv e d  i f  th e  H a m i l to n i a n  i s  in d e p e n d e n t  of t i m e .  B y  u s in g  th e  

e x p o n e n t i a l  o p e r a t o r s  one c a n  o b ta in  th e  f o r m a l  s o lu t io n  to  th e  

e q u a t io n  of m o t io n .

-14

In  an  N , M j R .  e x p e r i m e n t ,  th e  H a m i l to n i a n
/V • , .

c o n s i s t s  of tw o p a r t s ,  th e  t im e  in d e p e n d e n t  w h ic h  r e p r e s e n t s

th e  i n t e r a c t i o n  of n u c l e i  w i th  th e  s t a t i c  m a g n e t i c  f i e ld ,  an d  t h e ( t )  

r e p r e s e n t s  th e  t i m e  d e p e n d e n t  p a r t  w h ic h  c a n  be s p l i t  in to  tw o p a r t s ,  

one d e s c r i b e s  th e  i n t e r a c t i o n  of n u c l e i  w i th  th e  r o t a t i n g  m a g n e t i c  

f i e ld ,  the  s e c o n d  p a r t  e x p r e s s e s  th e  i n t e r a c t i o n  a m o n g  n u c l e i  an d
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w i th  th e  s u r r o u n d i n g s ,  w h ic h  b e c o m e s  t i m e  d e p e n d e n t  du e  to 

m o l e c u l a r  m o t io n .

*
If  w e d e f in e  a  q u a n t i ty  P by th e  e q u a t io n  16 

P(t) =  e x p ( - i ^ ^ t )  P ( t ) e  . ............................. ig

a n d  r e w r i t i n g  th e  H a m i l to n i a n  in  e q u a t io n  14 w e h a v e

[ ^  i t ,  . n I

at
w h e r e  /s.

9 f _  _  _  i  I  ^  p

at I
y  J

^ t f c )  =  e e '  ■--------------------- IQ

♦  ^
T h i s  r e p r e s e n t a t i o n  of th e  o p e r a t o r s  P (t) an d  ^ 6  (t) i s  k n o w n  a s

I
th e  i n t e r a c t i o n  r e p r e s e n t a t i o n .  S u b s t i t u t in g  the  e q u a t io n  16 in to  

th e  l e f t - s i d e  of e q u a t io n  17 g iv e s  u s  th e  t i m e  d i f f e r e n t i a l  e q u a t io n  

o b e y e d  by  p
A ^

R e m o v in g  th e  c o m m u t a t o r  o f  P w i th  ^  f r o m
o

b o th  s id e s  an d  m u l t ip ly in g  th e  l e f t  h a n d  s id e  by e an d^ p c o t

R . H . S .  by e ^  ^ o ^  we get

f  f ^
=  > P  — 19

i n t e g r a t i n g  i t  by  s u c c e s s i v e  a p p r o x im a t i o n  up  to  th e  s e c o n d  o r d e r ,
t

t h e n  ta k in g  th e  t i m e  d e r i v a t i v e  ' , '

♦ *  t  , 6  t  $
^  =  -  i [  ^ 16, ,  p ,. ,  ] _ j  d , [  ,  P,o, ]   2 0
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T h i s  i s  th e  m a s t e r  e q u a t io n  f o r  th e  t i m e  d e p e n d e n c e  o f  th e  d e n s i t y  

m a t r i x  w h ic h  i s  e q u iv a le n t  to  o r d i n a r y  s e c o n d  o r d e r  t i m e  d e p e n d e n t  

p e r t u r b a t i o n  th e o r y .
I ;

T h e  a v e r a g e  e n s e m b l e  b e h a v io u r  of s p in s  c a n  

be d e s c r i b e d  by  an  a v e r a g e  d e n s i t y  o p e r a t o r ,  a s s u m i n g  th a t  the  

H a m i l to n i a n  d e s c r i b i n g  th e  s p in  l a t t i c e  i n t e r a c t i o n s  i s  r a n d o m  a n d  

i t s  a v e r a g e  v a lu e  i s  z e r o ,  L  e .  (t) = 0  . , an d  n e g le c t in g

•e la t io n  b e tw e e n  (t) an d  P.a n y  corr<  _

E x te n d in g  th e  u p p e r  l i m i t  of th e  i n t e g r a l  to  + 0 0 , th e  e q u a t io n  

of m o t io n  f o r  th e  a v e r a g e  d e n s i t y  m a t r i x  b e c o m e s

PC6;]]d«^  - - /  I - L  - w j , - - -----------------  21

S e c t io n  VI. . 3  T h e  O p e r a t o r  F o r m  of th e  M a s t e r  E q u a t io n
A.

T h e  r a n d o m l y  v a r i a b l e  H a m i l to n i a n  (t)

w h ic h  c o n ta in s  th e  s p in  v a r i a b l e s  a n d  th e  l a t t i c e  f u n c t io n s  c a n  be 

w r i t t e n  a s

^  (t) =  T ^y O l  ' ' Z F ( t )  A --------------------'  2 2
q ,

(q)
w h e r e  F  (t) a r e  t i m e  d e p e n d e n t  r a n d o m l y  v a r i a b l e  f u n c t io n s  of p o s i t i o n

a n d  A^^^ a r e  th e  s p in  o p e r a t o r s  a c t in g  on  th e  s y s t e m .  T h e  p r o d u c t  
(q) (q),.

F ( t )  A i s  h e r  m i  Li a n  b e c a u s e  th e  o p e r a t o r   ̂(t) i s  h e r m i t i a n ,  an  

a s s u m p t i o n  i s  m a d e  th a t  F^ =  (F  a n d  A^ =  (A ^

w h e r e  a s t e r i s k  a n d  ^  s ig n i f i e s  th e  c o m p le x  c o n ju g a te  an d  h e r m i t i a n  

c o n ju g a te  r e s p e c t i v e l y .
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As
4

^  T h e  H a m i l to n i a n  f o r m  of ^% (t)  i s  g iv e n  by  

^ j ( t )  =  e -  e

■— 23

w i th  =  6 0 ^

D e f in in g  a n  a u t o c o r r e l a t i o n  fu n c t io n

(q) (q')
êqqf — F  (t ) F  ( t — * ^ )  - - —    —-.- — 2 4

B y  s u b s t i t u t i n g  22 an d  2 3 in to  21 w e o b ta in  th e  m a s t e r  e q u a t io n  in  

th e  o p e r a t o r  f o r m  (4̂ j

-/ 0

=  - T ^  P W ] ]  ................................

w h e r e  J  (60)^^^ a r e  th e  s p e c t r a l  d e n s i t i e s  o b ta in e d  by  th e  F o u r i e r  

t r a n s f o r m a t i o n  o f | a u t o c o r r e l a t i o n  fu n c t io n  of F

S e c t io n  VI 5. 4 M a c r o s c o p i c  D i f f e r e n t i a l  E q u a t io n s .  '

A c c o r d in g  to  th e  p r o p e r t i e s  of th e  d e n s i t y  m a t r i x ,  

a s  d e f in e d  e a r l i e r ,  th e  a v e r a g e  v a lu e  of a n  o p e r a t o r  a c t in g  on  a  

m a c r o s c o p i c  s y s t e m  i s  g iv e n  by •

q  (t) =  < ^ M ^  =  T r  j^ M p j ' ‘ ,

o r  f  T
q  (t) =  < M >  =  T r  /  M P>

T h e  e q u a t io n  of m o t io n  of th e  a v e r a g e  d e n s i t y  M a t r i x  21 i s  m u l t i p l i e d
$

o n  b o th  s id e s  by  M an d  w e g e t  a n  e q u a t io n  of m o t io n  f o r  <^M%> as
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4>
_ ( b -  b ) 26

d t o

w h e r e  b =

b =  T rora n d  B =  / 

y o
/V

^ B ^  =  T r a c e  ^BP^

{ - » }

[  , M ] d X

e x p a n d in g  ^(t) a s  in  23 a n d  fo l lo w in g  i t  up  to  25 i t  i s  p o s s i b l e  to  

w r i t e

B =  i z  J .  ( t o  m D  □   ^ 7
q q

In  th e  c a s e  of e x t r e m e  n a r r o w in g  th e  e q u a t io n  i s  s i m p l i f i e d  a s

B =  2  I  J  (o) C  m D  — ..............2 8
 ̂ qe x t r e n r e

n a r r o w in g

D e f in in g  th e  B l o c h ’s lo n g i tu d in a l  r e l a x a t i o n  t i m e  e q u a t io n  26 c a n  be 

w r i t t e n  a s

d  < i  >  ^  ( < i >  -  i j

d t  T j

A' A
a n d  r e p l a c i n g  o p e r a t o r  M by a n  o p e r a t o r  I^ i n  th e  e q u a t io n  28, th e  

e x p r e s s i o n  c a n  b e  w r i t t e n  a s

i  =  i  z  3   2 9

q
A A

T ^ ,  i s  a l s o  o b ta in e d  f r o m  29 by r e p l a c i n g  I^  by  I^ .
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C H A P T E R  VI I

M ECH A N ISM S O F  R E L A X A T IO N  IN LIQUIDS



S e c t io n  VII. 1 D ip o le -d ip o le  r e l a x a t i o n

S e c t io n  V ll .  2 .1  S c a l a r  r e l a x a t i o n

V ll .  2. 2 S c a l a r  r e l a x a t i o n  of th e  s e c o n d  k in d

S e c t io n  V ll .  3 R e l a x a t i o n  v ia  c h e m i c a l  sh i f t  a n i s o t r o p y

S e c t io n  V ll .  4 S p in  r o t a t i o n  r e l a x a t i o n



152

In  g e n e r a l ,  a n y  m e c h a n i s m  c a p a b le  of p r o d u c in g  f lu c tu a t in g  

m a g n e t i c  f ie ld s  i s  a  p o s s i b l e  m e c h a n i s m  f o r  r e l a x a t i o n .  N u c l e a r  

m a g n e t i c  r e l a x a t i o n  m a y  be  c h a r a c t e r i s e d  by a  t im e  c o n s t a n t  T,

I
w h ic h  i s  r e l a t e d  to  the  m i c r o d y n a m i c  b e h a v io u r  of m o l e c u l e s  in  

l iq u id s  d e s c r i b e d  by  a  t im e  d e p e n d e n t  fu n c t io n  f (t). It i s  p o s s i b l e  

to  w r i t e

~  f (t)
1

w h e r e  E ,  i s  th e  e n e r g y  of the  p a r t i c u l a r  i n t e r a c t i o n .  T h e  p o s s i b l e  

m e c h a n i s m s  f o r  th e  r e l a x a t i o n  a r e  d i s c u s s e d  in  th e  fo l lo w in g  

s e c t i o n s .

T h e  t i m e  d e p e n d e n t  f u n c t io n  f (t) i s  a  c o m p le x  fu n c t io n  of

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

In  th e  g e n e r a l  c a s e ,  m o l e c u l a r  r e o r i e n t a t i o n s  a r e  a n i s o to p ic  an d

th e  f o r m  of f (t) d e p e n d s  on  th e  r e o r i e n t a t i o n a l  m o d e l  u s e d  to

d e s c r i b e  th e  m o l e c u l a r  m o t io n  ( e . g .  R o ta t io n a l  D if fu s io n ,

I n e r t i a l  R o ta t io n ,  c o n d i t io n a l  r o t a t i o n a l  d i f fu s io n  an d  c o n d i t io n a l

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

In  the  s i m p l e s t  c a s e  th a t  of i s o t r o p i c  m o t io n  f (t) r e p r e s e n t s

th e  c o r r e l a t i o n  t i m e  d e f in e d  a s  th e  " a v e r a g e " . t i m e  b e tw e e n

m o l e c u l a r  c o l l i s i o n s  f o r  a  m o l e c u le  in  s o m e  s t a t e  of m o t io n .

D ue to  r a n d o m  m o t io n  of m o l e c u l e s  in  a  l iq u id  s a m p l e ,  t h e r e

e x i s t s  a  s p e c t r u m  of m o l e c u l a r  m o t io n a l  f r e q u e n c i e s .  T he

12c o m p o n e n ts  of th i s  s p e c t r u m  v a r y  f r o m  z e r o  to  10 H z .  T h e  

i n t e n s i t y  of t h e s e  c o m p o n e n ts  a s  a  f u n c t io n  of f r e q u e n c y  i s  r e f e r r e d  

to  a s  th e  s p e c t r a l  d e n s i t y  J  (<o). I t  i s  th e  f lu c tu a t i n g  m a g n e t i c
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f i e l d s  a s s o c i a t e d  w i th  these m o t io n a l  f r e q u e n c i e s  th a t  p ro v id e  

th e  m e c h a n i s m s  f o r  n u c l e a r  s p in  r e l a x a t i o n .  F o r  s p in  l a t t i c e  

r e l a x a t i o n  the  c o m p o n e n ts  a t  th e  L a r m o r  f r e q u e n c y  an d  2 CÔ  

a r e  e f f e c t iv e  s in c e  f o r  a  s p in  l a t t i c e  r e l a x a t i o n  m e c h a n i s m  t h e r e  

m u s t  be a n  i n t e r c h a n g e  of e n e r g y  b e tw e e n  the  s p in  s y s t e m  a n d  the  

l a t t i c e .

S e c t io n  VII.1 . D ip o le  D ip o le  R e la x a t io n

C o n s i d e r  two sp in /^ n u c le i  I a n d  S a t  a  d i s t a n c e  r  a p a r t ,  in  

th e  s a m e  m o l e c u l e  an d  s u b j e c t e d  to  a  s t a t i c  m a g n e t i c  f i e ld .  T he  

n u c l e u s  I i s  n o t  o n ly  e x p e r i e n c in g  th e  a p p l ie d  f i e ld  bu t a l s o  a  s m a l l  

l o c a l  f i e ld  du e  to  th e  d ip o le  of n u c le u s  S. T he  m a g n i tu d e  of th i s  

lo c a l  f i e ld  d e p e n d s  on  th e  m a g n e t i c  m o m e n t  of n u c le u s  S, r ,  an d  

th e  a n g le  g , w h ic h  i s  the  a n g le  b e tw e e n  th e  a p p l ie d  f ie ld  and  

v e c t o r  jo in in g  I and  S, A s th e  m o le c u le  

m o v e s  a b o u t ,  0 b e c o m e s  a  t im e  

d e p e n d e n t  fu n c t io n  an d  g iv e s  r i s e  to  a  

f lu c tu a t i n g  m a g n e t i c  f i e ld  w h ic h  p r o v id e s  

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

T he  q u a n t i t a t iv e  d e r i v a t i o n  u s u a l l y  i s  b a s e d  on  s o m e
I

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

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

Cll6,l22) I
o p e r a t o r  te c h n iq u e  an d  th e  l i n e a r  r e s p o n s e  th e o r y  of K ubo

I
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a n d  T om ita i^^^^  In  t h e i r  c l a s s i c  p a p e r  on  n u c l e a r  m a g n e t i c  

r e l a x a t i o n  B . P ,  P .  ^ u se d  o r d i n a r y  t im e  d e p e n d e n t  p e r t u r b a t i o n  

t h e o r y .

T h e  e n e r g y  of i n t e r a c t i o n  b e tw e e n  two s p in s  I a n d  S 

c a n  be w r i t t e n  in  th e  f o r m  of th e  H a m i l to n i a n

J 0
r  r

I t  i s  c o n v e n ie n t  to  s p l i t  in to  i t s  v a r i o u s  p a r t s .  T h is  i s  d one

be e x p r e s s i n g  th e  ab o v e  e q u a t io n  in  s p h e r i c a l  c o o r d i n a t e s  an d  

r e w r i t i n g  the  o p e r a t o r s  1^,1 an d  in  t e r m s  of r a i s i n g  an d  lo w e r in g

o p e r a t o r s

DD 3
r

I  A + B  + C + D + E  + F

w h e r e
A =  ( 1 - 3  cos  0 ) 1  Sz z

1  2  I— '^  +  — I

B =  -  ( 1 - 3  cos  0 ) C  I S -  I S □

3 — I— 4 —I
C =  — s i n  0 cos  0 e [% I I + I S

2 z z
3 +id) I—  ̂ ^ ^ —1

D =  — s i n  0 cos  0 e [ H l S + I S _ J
2 z z

E =  -  j  s i n ^ e  e ' ^  l ’’’ s '* '

F =  - I  s i n ^  l '  S '

w h e r e  0 , <() an d  r  a r e  th e  u s u a l  s p h e r i c a l  c o o r d in a t e s  in

w h ic h  B q i s  a lo n g  th e  p o s i t i v e  z d i r e c t i o n .

T h e  t im e  d e p e n d e n t  H a m i l to n i a n  m a y  be w r i t t e n : -
/N

1..S JiS



155

w h e r e  a r e  r a n d o m l y  v a r i a b l e  th e  f u n c t io n  of p o s i t i o n  ( r ,  0 an d  (|) ),

a n d  t e r m s  a r e  s p in  o p e r a t o r s  a c t in g  on  s p in  v a r i a b l e s  g iv e n  by

(1) S in  0 C os  0 e
3

r

(2) S in^  e e " ^ ^ ^
3

r

,(0) 1 - 3 Cos^0
3

r

a n d 0 I— 2 ^ 1 / < A  ,
A == a [Z  I S  + 7  ( I  S + I S  ) Z]

j z z  b  +  -  T

n  ) I— A  ̂ A —
A =  = [ :  s +  + i + s ,  : ]

3 ,
w h e r e  c = - —

R e l a x a t i o n  t i m e s  a r e  r e l a t e d  to  th e  a v e r a g e  b e h a v io u r  of a n  e n s e m b l e  

of n u c l e i  an d  w e a r e  i n t e r e s t e d  in  th e  a v e r a g e  p e r s i s t e n c e  in  t im e  

of a n y  g iv e n  a r r a n g e m e n t  of n u c l e a r  m o m e n t s  r e l a t i v e  to  e a c h  o t h e r .  

T h e  c o r r e l a t i o n  f u n c t io n s  g ive  u s  th i s  i n f o r m a t io n .  In g e n e r a l  i t  

i s  a s s u m e d  th a t  th e  m o t io n  of m o le c u le s  in  f lu id s  i s  s t a t i s t i c a l l y  

s t a t i o n a r y .  T h i s  m e a n s  th a t  the  v a lu e  of a  p a r t i c u l a r  c o r r e l a t i o n  

f u n c t io n  d e p e n d s  on ly  on the  d i f f e r e n c e  b e tw e e n  t i m e  t an d  (t +'C ) 

an d  n o t  on  th e  a b s o lu t e  v a lu e  of t .  T h e  c o r r e l a t i o n  fu n c t io n  c a n  be

w r i t t e n  a s  ( s e e  s e c t i o n  V. 2. 1 ).
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G (-C) =  F  (t) F *  (t + T  )

G ( { )  =  F^ll^ F *  e x p (  -■^/tTc)

T h e  F o u r i e r  T r a n s f o r m  g iv e s  th e  s p e c t r a l  d e n s i ty  fu n c t io n
y  -f«0

J  ( (aJ ) =  /  G (u>) e x p  ( - i  ) d TJ  — oo

W e a r e  p a r t i c u l a r l y  i n t e r e s t e d  in  th e  a v e r a g e  w a y  in  w h ic h  n u c l e i

m o v e  a b o u t ,  the  c o r r e l a t i o n  func tions  G ( T / ), G. (VJ an d  G ( )o I 1 2

g iv e  th i s  in f o r m a t io n ,  c a n  be w r i t t e n  a s

G ( 'C )  =  G (o) ex p  ( - ^ / 'C ’ )
q q  c

w h e r e  :
G (o) =  F  ^ (t)  =  F  (q)

(q)
r  2TT f  2 n - _=  I I F

q
2 n  / ' 2 tt p  2 g d Q d<t>

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

= . ' • »  -  i t

G i(o )  =  ^

° 2  =  l i "

a s  d e s c r i b e d  p r e v i o u s l y  w e c a n  d e t e r m i n e  th e  m o t io n a l  f r e q u e n c i e s
I

a n d  t h e i r  i n t e n s i t i e s  p r e s e n t  in  th e  c o r r e l a t i o n  fu n c t io n .  T h a t  is

J ( CO ) =  I G i't)  ex p  (i Oj'tT ) dX.
q I q

J  - oo

r  +

J -

G ^(o) ex p  ( -  ^  e x p  (iw T^)d 'C------- 3

Oo
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B y  s u b s t i t u t i n g  e q u a t io n  (2) in to  e q u a t io n  (3) a n d  i n t e g r a t i n g

2 4 \
V “ > -

C

r c

"  ) =  ( l5 r&  ) ( 1 t u f  c  Z )

T h e  s p in  l a t t i c e  r e l a x a t i o n  t i m e  T^ i s  c a l c u l a t e d  by w r i t i n g  e q u a t io n  

(26) a s
d = - ( b  - b )

a n d  w e know  th a t  , i  ,

^ =  < B >  =  T r ^ B / ® !
•71 •7. V 71

b z

A c c o r d in g  to  e q u a t io n  (27), B ^  c a n  be w r i t t e n  f o r  tw o u n l ik e  s p in s  I 

a n d  S a s

=  - f —  W - w  ) □  I  S , C  I + S , Î  □  □  + h .  c .
z 72 I S - +  z

+ (ML C l  S , C  FS , Î  □  □  + h.c.  +I - z + z z

+ j —  (w  , +  ) C i  s  . C Î ,  s  . I  C C  + h . c .
4  l o  -  + + Z

If w e c o n s i d e r  th e  c a s e  of tw o l ik e  s p in s  i t  b e c o m e s  e a s i e r  to  d e r i v e

th e  e q u a t io n  of m o t io n  f o r  th e  q u a n t i t i e s  (Xf an d  t o g e t h e r ;  w e c a n

w r i t e

^  < 1 ^  + S z >  =  -  bo )

w h e r e  b^ =  T r  4 B^ ^  r

w r i t i n g  f o r  l ik e  s p in s

B = i  (W) C a ‘-i>. C a <*>. I + i ' c c  + h.c.+
Z  I Z  Z

+ i  i  ̂ + r  □ □  +h . c .
w h e r e  h .  c .  =  h e r m i t i a n  c o n ju g a te



W ith  th e  h e lp  of s t a n d a r d  c o m m u ta t io n  r e l a t i o n s ,  w e g e t

C a <^>, I + r  □ □
z z

=  2 I I'^ + 2 I '  (I . I '  + I  I'  ) (I +  I ),
z z  z z  z z
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C  A '" ^ '  C a ' " ' ,  I + r  □  □
z z

=  I ( r ^  + i ' ^  + r  ) + r  ( + I ^ + I )z x y z  2 X V z
^ 2

B ^  ^z 3

( 2 )

K i  + i )  +

T h e  m a c r o s c o p i c  e q u a t io n  f o r  h a s  the  f o r m

d t <  I  + 1' > >  j

w h e r e  1 =  3 a

T ,  —

I  (I + 1) T  j ( l )  + J < 2 )  I
\  ( + J ( 2  W )  j

3 4 2
=  —  y f i  1 ( 1 + 1 ) V " !  w . , ( 2 ) 

j )  + ^ 2 ^ ) 1
F o r  i n t e r  m o l e c u l a r  m o t io n  th e  v a lu e s  of a r e  g iv e n  by e q u a t io n

a r e  v a l id ,  w e c a n  w r i t e  

_ 1 __  _  3 I (I + 1)

10 r
+ 4 Tc

1 + W 2 < ^ 2  1 + 4 u ^  2
o c o . c

- 1  - 1
In  th e  c a s e  of e x t r e m e  n a r r o w in g  w h e n  T^ =  T ^  an d  th e  f r e q u e n c y

t e r m  in  the  d e n o m in a to r  c a n  be n e g l e c te d  

1 3

1 =  V  =  “

1
T.

4 2
1  b _  fT

6 ^  cr

F o l lo w in g  the  s a m e  p r o c e d u r e  f o r  tw o u n l ik e  s p in s  I a n d  S w e a r r i v e  a t  

a s i m i l a r  ;, e q u a t io n  f o r  th e  s p in  l a t t i c e  r e l a x a t i o n
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t i m e  of s p in  I, w e g e t

T j ^  =  Yi  Y s  S  (S + 1 ) [  i  ( 10 J -  t O g )  + |  J j  ( COj )  +

3 / 4  (COj + U ) g )  }

e v a lu a t in g  the  s p e c t r a l  d e n s i t i e s  a n d  a p p ly in g  th e  c o n d i t io n  of e x t r e m e

n a r r o w i n g  w e c a n  w r i t e

1 1 2 2 , 2

b  ^2 6 "=
r

c o m p a r i n g  th e  Tj  ̂ v a lu e s  in  c a s e  of l ik e  an d  u n l ik e  s p in s  i t  i s  found  th a t

_  i _
2

u n l ik e

T h i s  i s  k n o w n  a s  th e  3 /2  e f f e c t .

B o th  t r a n s l a t i o n a l  and  r o t a t i o n a l  m o t io n s  c o n t r i b u t e  to  th e  s p in  l a t t i c e  

r e l a x a t i o n ,  th e  f o r m e r  b e in g  m a in ly  r e s p o n s i b l e  f o r  th e  i n t e r a c t i o n s  

b e tw e e n  s p in s  in  d i f f e r e n t  m o l e c u l e s ,  th e  l a t t e r  f o r  the  i n t e r a c t i o n s  

b e tw e e n  s p in s  in  the  s a m e  m o l e c u le .  T he  t e r m  r o t a t i o n  c o r r e s p o n d s  

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

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

S e c t io n  V H 2 .  1 S c a l a r  R e l a x a t io n

In  the  c a s e  of s p i n - s p i n  c o u p l in g  of tw o  n u c l e i  I an d  S 

(w h e re  I =  J  an d  S ^  j )  i n s id e  a  m o l e c u le ,  th e  i n t e r a c t i o n  i s  d e s c r i b e d

^ s . c .  =

w h e r e  i s  a  s p in  c o u p l in g  i n t e r a c t i o n  t e n s o r .  In  l i q u id s  d u e  to  

i s o t r o p i c  m o t io n ,  th e  c o m p o n e n ts  of th e  t e n s o r  a r e  a v e r a g e d  o u t  an d
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w e c a n  w r i t e  th a t
fkA. A =  -  T r  [ Z . A  Z]

j.
N ow , H a m i l to n i a n  c a n  be  r e p r e s e n t e d  a s

^ S . C . Ü I . A . S

w h e r e  A i s  th e  c o u p l in g  c o n s t a n t  in  r a d  S \  S u p p o se  th a t  the  

m a g n i tu d e  of c o u p l in g  A i s  s u c h  th a t  I " "Vs 1 A .

In a  s t a t i c  m a g n e t i c  f i e ld  B o b o th  s p in s  a r e  q u a n t iz e d ,  i g n o r in g  a l l  

o t h e r  i n t e r a c t i o n s ,  th e  t o t a l  H a m i l to n i a n  f o r  t h e s e  tw o s p in s  i s  

g iv e n  by

=  -  h  Bo._I - h  y ^ . B o . S  - h  A . L  S (1)

=  -  h  y Bo I - fi y_ S. B o - h  A I S + I S  + I S  ID
I z 'S  x x y y z z

c h a n g in g  I^ =  +  ̂» th e  H a m i l to n i a n  b e c o m e s

=  - y h  (I - 1) B o  - y^  h S  B o A d i  S + I S + (I -1 )S  □  
I z * S z  x x y y z z

(2 )

th e  e n e r g y  c h a n g e  A E  of th e  s p in  I, i s  g iv e n  by

A E  =  h  y Bo + h  A S‘I z

S in c e  S^ i s  q u a n t i z e d  a s  w e l l  . t h e r e  a r e  (2S + 1) e n e r g y  l e v e l s  

s e p a r a t e d  by h  A ,

T h e  S c a l a r  c o u p l in g  b e c o m e s  a  m e c h a n i s m  of s p in  r e l a x a t i o n  w h e n  i t
tkt,

i s  m o d u la te d  a t  a  r a t e  g r e a t e r  th a n  A ,  T h is  o c c u r s ,  w h e n J [ re la x a t io n  

t i m e  of S i s  s h o r t  c o m p a r e d  w i th  th e  1 /A  th e n  th e  l o c a l  f lu c tu a t in g

5
f ie l d  a t  th e  n u c le u s  I by n u c le u s  S h a s  a  c o r r e l a t i o n  t i m e  e q u a l  to  T^ .

In  th i s  e v e n t  on ly  th e  a v e r a g e  v a lu e  of th e  s p in  co u p l in g  i n t e r a c t i o n

l i ;  I  I  ' I  . 'I i i i  i l  l l l l L i W  ' Î I
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i s  ’’s e e n ” by  n u c l e u s  I  a n d  i t s  s p e c t r u m  i s  a v e r a g e d  to  one  b r o a d  l in e  

i n s t e a d  of  e x p e c t e d  m u t ip le  s t r u c t u r e .

T h e  m o d u la t i o n  of  s c a l a r  c o u p l in g  c a n  o c c u r  by  e i t h e r  

of th e  fo l lo w in g  tw o  w a y s  F ig  (a) an d  (b).

1. S p in  S i s  t i m e  d e p e n d e n t  du e  to  c h e m i c a l  e x c h a n g e  ( s c a l a r  

r e l a x a t i o n  of th e  f i r s t  k in d )  s e e  f ig .  a .

2 .  A i s  t i m e  d e p e n d e n t ,  d u e  to  f a s t  r e l a x i n g  c o u p le d  n u c l e u s / n u c l e i ,  

( s c a l a r  r e l a x a t i o n  of th e  s e c o n d  k in d )  s e e  f ig .  b .

(b) One n u c le u s  r e l a x in g  v e r y  ( a ) R e la x a t io n  due  to  c h e m i c a l

r a p id l y .  e x c h a n g e .

In  th i s  w o r k  o n ly  th e  r e l a x a t i o n  o f  th e  s e c o n d  k in d  w i l l  be  d e a l t  w i th  

w h ic h  i s  d e s c r i b e d  b r i e f l y  h e r e .

S e c t io n  V I. 2 . 2  S c a l a r  R e l a x a t i o n  of th e  S e c o n d  K in d .

W r i t in g  th e  p e r t u r b i n g  H a m i l to n i a n  a s

t  I . A . S .
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i

i n  th i s  c a s e  th e  s p in  o p e r a t o r s  a r e  a s  fo l lo w s

a ‘° )  =  Î

a ‘^)  =  U

A '- : )  = î -

a n d  th e  r a n d o m l y  v a r i a b l e  fu n c t io n s  ( " l a t t i c e  o p e r a t o r s " )  a r e

=  AS z

F^^)  =  i  AS -

F ^ ' ^ ^  =  I  AS +

T he  m a c r o s c o p i c  e q u a t io n  f o r  lo n g i tu d in a l  r e l a x a t i o n  t i m e  i s  g iv e n  by

-  ! > }

a n d  f o r  t r a n s v e r s e  r e l a x a t i o n  t im e

=  i  < \ >
d t  ^2  *

A c c o r d in g  to  e q u a t io n  (29) of S e c t io n  VI.3. T^ c a n  be g iv e n  a s

q (q)
a3
I

q

^  =  2 j ( l )  ( W  )
2

an d  s i m i l a r l y  r e p l a c in g  I by  I w e g e t
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( ' C ' )  =  - J  A ^ s ^ ( o ) .  s j t )

a n d  f  ^
J °  ( t o  ) =  G<°> e d r  ,

( t )

g ' ° ’ ( "C ) =  A^ S (o) S CC) z z

I f  w e d e n o te  TTg* a-s the  r e l a x a t i o n  t i m e  of n u c le u s  S, w e m a y  w r i t e  

G*'*( r  ), =  - J  A ^ S (o) S (o) e '+ T

g . A^ s  (s + 1 ) r

a n d  in  th e  s a m e  w a y

6 e e “

g (o ) (t-) =  A ^ S ( S + 1) ^ / r .e s

r s

R e l a x a t i o n  t i m e s  a r e  g iv e n  a s  

1 2
Y i  = s  (s + i )  --------------------- p - y

1 1 + ( ( 0 j -  W g )  C g

=■ 4 “  s  ( s  + i )  j  1 + ( J  -  c j  )2 T  2
2 /  ̂ ^ S

S c a l a r  r e l a x a t i o n  c o n t r i b u t e s  to  w h e n  the  c o u p l in g  c o n s t a n t  i s  l a r g e  

a n d  c o r r e l a t i o n  t i m e  v e r y  s h o r t  o r  the  c o u p le d  n u c l e i  h a v e  v e r y  c lo s e  

r e s o n a n c e  f r e q u e n c i e s .
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S e c t io n  VIL3 R e l a x a t i o n  v ia  C h e m i c a l  S h if t  A n i s o t r o p y

A n u c l e u s  d o e s  n o t  e x p e r i e n c e  e x a c t ly  th e  s a m e  

a p p l i e d  m a g n e t i c  f i e ld ,  b e c a u s e  i t  i s  s h ie ld e d  by e l e c t r o n s .  T h e  

m a g n i tu d e  of th i s  s h ie ld in g  d e p e n d s  on  th e  o r i e n t a t i o n  of th e  m o l e c u le  

i n  th e  s t a t i c  m a g n e t i c  f i e ld .  In  l i q u id s  due  to  r a p i d  m o t io n  of 

m o l e c u l e s  t h e s e  n u c le i  e x p e r i e n c e  a n  a v e r a g e d  s h ie ld in g .  If the  

c h e m i c a l  s h ie ld in g  i s  n o t  i s o t r o p i c  i t  m e a n s  th a t  th e  n u c l e u s  i s  

s u b je c t e d  to  a  m a g n e t i c  f i e ld  w h ic h  i s  m o d u la te d  by the  m o l e c u l a r  

m o t io n .  T h i s  p r o v id e s  a  m e c h a n i s m  f o r  r e l a x a t i o n .

U n lik e  o th e r  m e c h a n i s m s  th e  v a lu e  of th e  s e c o n d a r y  

m a g n e t i c  f i e ld  d e p e n d s  on B ^ .  C o n s e q u e n t ly  th e  r e l a x a t i o n  r a t e  i s  

p r o p o r t i o n a l  to  B ^ .

In  th e  c a s e  of e x t r e m e  n a r r o w i n g  th e  fo l lo w in g  

e x p r e s s i o n s  a r e  found  f o r  a x i a l ly  s y m m e t r i c  s i t u a t io n s

=  Î T  c

= 4 5 c

W h e r e  an d  Oj_ a r e  th e  s h ie ld in g s  p a r a l l e l  an d  p e r p e n d i c u l a r

to  th e  s y m m e t r y  a x i s .  In  th e  a b s e n c e  of a x i a l  s y m m e t r y  the  

c a l c u l a t i o n s  b e c o m e  c o m p l i c a t e d .  I t ' i s  n o te w o r th y  th a t  e v e n  in  

th e  c a s e  of e x t r e m e  n a r r o w in g

T
T j  ^  T ^  in  f a c t  1 / T ^  =  6 / 7
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S e c t io n  V II. 4 S p in  R o ta t io n  R e la x a t io n

T h e  i n t e r a c t i o n  b e tw e e n  a  s p in  I an d  th e  r o t a t i o n  of 

th e  m o l e c u l e  c o n ta in in g  th e  s p in  i s  a  s o u r c e  f o r  r e l a x a t i o n  b e c a u s e  

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

f i e l d  a t  a  p o in t  f ix e d  in s id e  th e  m o l e c u le  i . e .  a t  a  n u c l e u s .  M o le c u le s  

p o s s e s s  e n e r g y  a s s o c i a t e d  w ith  t h e i r  r o t a t i o n a l  m o t io n .  In  the  

g a s e o u s  s t a t e  th i s  r o t a t i o n a l  e n e r g y  i s  q u a n t iz e d .  If w e d e n o te  the  

r o t a t i o n a l  q u a n tu m  n u m b e r  J  an d  m o m e n t  of i n e r t i a  of th e  m o l e c u le  

by I, th e  r o t a t i o n a l  f r e q u e n c y  CaJ i s  g iv e n  by

o o  =  A i

2TT X

If r o t a t i o n  i s  f r e e ,  T i s  c l e a r l y  a n  a n g u l a r  m o m e n tu m  o p e r a t o r .  

H o w e v e r ,  in  the  c a s e  of a  l iq u id  T  i s  h o t  a  good q u a n tu m  n u m b e r .
I

It i s  u n l ik e ly  th a t  a  m o le c u le  in  a  l iq u id  m a k e s  a t  l e a s t  one r e v o lu t io n  

w i th o u t  i n t e r r u p t i o n  an d  so  th e  f r e e  m o l e c u le  r o t a t i o n a l  l e v e l s  a r e  

b l u r r e d  ou t by  l i f e  t im e  b r o a d e n in g .  S in c e  th i s  e f f e c t  i s  p r o p o r t i o n a l  

to  th e  m o m e n t  of i n e r t i a  of th e  m o l e c u le ,  w e m a y  s a y  in  g e n e r a l  th a t  

th e  s m a l l e r  the  m o le c u le  the  m o r e  i m p o r t a n t  w i l l  be s p in  r o ta t io n .

H ubbard^^^^  h a s  d e r i v e d  th e  fo l lo w in g  f o r m u l a  f o r  

th e  r e l a x a t i o n  by  s p in  r o t a t i o n  of a  n u c l e a r  s p in  i n  a  m o l e c u l e  .

i  ^  I  K T h - ^ K Z C ^  :

w h e r e  k  i s  the  B o l t z m a n n 's  c o n s ta n t ,  T i s  a n  a b s o lu t e  t e m p e r a t u r e .

1 I
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C I a n d  a r e  th e  c o m p o n e n ts  of th e  s p in  r o t a t i o n  i n t e r a c t i o n

t e n s o r  ( p e r p e n d i c u l a r  a n d  p a r a l l e l  to  s y m m e t r y  a x i s  r e s p e c t iv e l y ) .

F o r  a  s p h e r i c a l  m o l e c u le  u n d e r g o in g  s m a l l  s te p  

d i f f u s io n a l  m o t io n  the  a n g u l a r  m o m e n tu m  c o r r e l a t i o n  t i m e  ^
s .  r ,

i s  r e l a t e d  to  th e  m o l e c u l a r  r e o r i e n t a t i o n  t i m e  ^  a s

s . r .  c 6 k  T

T h i s  e q u a t io n ,  o f te n  c a l l e d  H u b b a r d 's  r e l a t i o n ,  o n ly  h o ld s  a t  

t e m p e r a t u r e s  w e l l  b e lo w  th e  b o i l in g  p o in t  of a  l iq u id .  T h e  

o p p o s i te  t e m p e r a t u r e  b e h a v io u r  of ^ c o m p a r e d  to

h e lp s  to  s e p a r a t e  th e  s p in  r o t a t i o n  c o n t r i b u t i o n  f r o m  o th e r  

m e c h a n i s m s  a s  g b e c o m e s  lo n g e r  w i th  i n c r e a s i n g  

t e m p e r a t u r e  w h e r e a s  b e c o m e s  s h o r t e r .



C H A P T E R  V i n

G E N E R A L  T H E O R Y  F O R  T H E  M E A S U R E M E N T

O F  S P IN  L A T T IC E  R E L A X A T IO N  T IM E .

167



168

S e c t io n  V III. 1

S e c t io n  V II I .2

S e c t io n  V III.  3

S e c t io n  V III. 4

U se  of r o t a t i n g  c o o r d i n a t e s  

M a g n e t i z a t i o n  in  th e  r o t a t i n g  f r a m e  

F r e e  in d u c t io n  d e c a y  

M e a s u r e m e n t  of T^
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T h e r e  a r e  s e v e r a l  m e th o d s ,  in  p r i n c i p l e ,  by  w h ic h  

o n e  c a n  m e a s u r e  th e  s p in  l a t t i c e  r e l a x a t i o n  t i m e .  In  th i s  work'Ufuu 

i n v e r s i o n  r e c o v e r y  m e th o d  h a s  b e e n  u s e d ,  w h ic h  i s  d e s c r i b e d  

b r i e f l y  h e r e .

S e c t io n  VII.1 U se  of R o ta t in g  C o o r d in a t e s

M an y  N . M . R . e x p e r i m e n t s  a r e  c o n v e n ie n t ly  

d e s c r i b e d  in  t e r m s  of a  s y s t e m  of r o t a t i n g  c o o r d i n a t e s .  In  F i g u r e  a  

n u c l e a r  s p in s  a r e  sh o w n  by  a r r o w s  p r o c e s s i n g  a b o u t  th e  z a x i s  a t  th e  

L a r m o r  f r e q u e n c y .  S u p p o se  the  o b s e r v e r  now  im a g i n e s  h i m s e l f  to  

be in  a  s y s t e m  of c o o r d in a t e s  x ' , y* an d  z ' ,  z '  a lo n g  z an d  B ^ , but 

r o t a t i n g  in  th e  s a m e  s e n s e  an d  a t  th e  s a m e  f r e q u e n c y  a s  th e  n u c l e i ,  

a l l  th e  n u c l e i  w i l l  now  a p p e a r  to  be s t a t i o n a r y  a s  in  F i g u r e  b.

B

X

y

]

/

(a) (b)
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T h e  n u c l e i  w i l l  a p p e a r  to  be  in  z e r o  f i e l d  to  th e  r o t a t i n g  o b s e r v e r .

W e s h a l l  m a k e  u s e  of th i s  h e lp fu l  c o n c e p t  in  th e  d i s c u s s i o n  w h ic h  

fo l lo w s .

S e c t io n  V II .  2 M a g n e t i z a t io n  in  th e  R o ta t in g  f r a m e

C l a s s i c a l l y  th e  m o t io n  of m a g n e t i c  m o m e n t  M c a n  

be d e s c r i b e d  by  the  e q u a t io n

= y M x B  ( M =  y h l )   1

In  a  f r a m e  of r e f e r e n c e  r o t a t i n g  w i th  r e s p e c t  to  th e  l a b o r a t o r y  f r a m e

w ith  a n  a n g u l a r  v e l o c i ty  00 , A c c o r d in g  to  th e  g e n e r a l  la w  of

r e l a t i v e  m o t io n  a  r e l a t i o n  b e tw e e n  the  t i m e  d e r i v a t i v e  dM  of th i s
d t  g  ^

t i m e  d e p e n d e n t  v e c t o r  M (t) ,  and  i t s  p a r t i a l  t i m e  d e r i v a t i v e  ^   ̂

in  the  m o v in g  f r a m e ,  i s  g iv e n  by  a n  e q u a t io n

= ( | m ; + «  X m

f — — ) =  y M x B  + W % M  =  y M X (B + ^  }  2

rot

w hereJLtotal d e r i v a t i v e  r e p r e s e n t s  ̂ o v e r a l l  m o t io n  of M in  th e  f ix e d  

f r a m e  an d j^p ar t ia l  d e r i v a t i v e  r e p r e s e n t s  th e  e x p l i c i t  d e p e n d e n c e  of M 

on  t i m e  in  th e  r o t a t i n g  f r a m e .  T h e  t e r m  ^ / y  i s  c a l l e d  the  

" f i c t i t i o u s  f ie ld "  an d  h a s  th e  d i m e n s i o n s  of m a g n e t i c  f i e ld .  

A l t e r n a t i v e l y ,  th e  e q u a t io n  c a n  be  w r i t t e n  in  t e r m s  of " e f f e c t i v e "  

f i e ld ,  w h e r e  B^^^ =  B + ^ / y  a n d  in  a  r o t a t i n g  f r a m e  m a g n e t i z a t i o n  

p r o c e s s e s  a b o u t  B^^^. W h e n  th e  f r a m e  r o t a t e s  a t  a n  a n g u l a r



f r e q u e n c y  T =  - y  B , th e  L a r m o r  f r e q u e n c y ,  B i s  z e r o
eff

an d  th e  m a g n e t i c  m o m e n t  i s  a  f ix e d  v e c t o r .

N ow  in  a d d i t io n  to  th e  a p p l ie d  f i e ld  B a n  r . f ,
o

- 1f i e l d  B . r o t a t i n g  a t  L a r m o r  f r e q u e n c y  CO r a d  s  i s  a p p l ie d  

p e r p e n d i c u l a r  to  i t .  A t  r e s o n a n c e ,  th e  f i c t i t i o u s  f i e ld  c a n c e l s  B

a n d  B^ i s  l e f t  in  the  x '  a x i s

171

Bo

Z

Î

eff

XB.

Fig .Vll! . M a g n e t i c  f i e ld s  in  a  r o t a t i n g  f r a m e .  T h e  d i r e c t i o n  of 

B^^^ d e p e n d s  on  th e  r a t i o  of ^  th e  a p p l i e d  a n d  L a r m o r

a n g u l a r  f r e q u e n c i e s .
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P r e c e s s i o n  of M  a b o u t  x '  i s  a t  th e  L a r m o r  f r e q u e n c y  *Y 

In  p u l s e  e x p e r i m e n t s ,  w h e r e  th e  r . f ,  f i e ld  3^  i s  a p p l ie d  f o r  a  

s h o r t  t i m e  t^ ,  th e  a n g le  a ,  t h r o u g h  w h ic h  M p r o c e s s e s  i s  kn o w n  a s  

th e  f l ip  a n g le  an d  i s  g iv e n  by

-1
c =  y B ,  t  r a d  s e c‘ 1 a

S e c t io n  V II. 3 F r e e  In d u c t io n  D e c a y

oIf w e a p p ly  a  90 p u l s e  a lo n g  th e  x  ' a x i s  in  th e  

r o t a t i n g  f r a m e ,  th e  n u c l e a r  m a g n e t i z a t i o n  w i l l  t u r n  th r o u g h  a n  

a n g le  of 90*  ̂ an d  be d i r e c t e d  a lo n g  y*. W h e n  th e  p u l s e  i s  t u r n e d  off, 

th e  m a g n e t i z a t i o n  w i l l  be  l e f t  to  r o t a t e  in  th e  x y  p la n e .  T h i s  

m a g n e t i z a t i o n  in d u c e s  a  s ig n a l  ( f r e e  in d u c t io n  s ig n a l )  in  th e  d e t e c t o r  

c o i l ,  p l a c e d  a lo n g  th e  y '  a x i s .  T h e  m a g n e t i z a t i o n  in  th e  x ’y '  p la n e  

i s  due  to  th e  n u c l e i  w h ic h  a r e  no  lo n g e r  p r e c e s s i n g  a b o u t  B ^  w ith  

r a n d o m  p h a s e ,  b u t  th e y  h a v e  b e e n  d r a w n  t o g e th e r  to  p r o c e s s  a b o u t  B ^  

in  a  b u n c h .

A s  th e  t r a n s v e r s e  r e lc ix a t io n  o c c u r s ,  th e  s ig n a l  

d e c a y s  to  z e r o ,  s in c e  a t  t h e r m a l  e q u i l i b r i u m  in  a  s t a t i c  f i e ld  t h e r e  i s  

no  n e t  t r a n s v e r s e  m a g n e t i s a t i o n .  In  a  p e r f e c t l y  h o m o g e n e o u s  f ie ld ,  

th e  r a t e  c o n s t a n t  f o r  th i s  d e c a y  i s  l / T ^  w h e r e  T^ i s  th e  s p i n - s p i n  

r e l a x a t i o n  t i m e  w h ic h  in v o lv e s  th e  e x c h a n g e  of e n e r g y  a m o n g  t h e  s p in s  

t h e m s e l v e s .

In  a c t u a l  p r a c t i c e  th e  t r a n s v e r s e  m a g n e t i z a t i o n  d e c a y s  

w i th  a  t i m e  c o n s ta n t  T^ th a t  in c lu d e s  th e  e f f e c t s  of f i e l d  in h o m o g e n e i ty .



173

X

M

Y

(b) (c)

►I

(d)

X

(a) A  g f  p u i s e  i s  a p p l ie d  a lo n g  th e  x 

to  r o t a t e  M a lo n g  th e  y 'a x is

X a x i s

T im e

le )  F .  I. D a t  CO,

T i m ew

(f) F .  I. D f o r  s l ig h t ly  d i f f e r e n t  (i)<
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In  a n  in h o m o g e n e o u s  m a g n e t i c  f i e ld  t h e r e  i s  a  r a n g e  of p r e c e s s i o n  ' 74

f r e q u e n c i e s  d i s t r i b u t e d  on  e i t h e r  s id e  of th e  m e a n  f r e q u e n c y  60^.

H e n c e ,  th i s  p r o d u c e s  a n  a d d i t io n a l  m e a n s  by  w h ic h  n u c l e i  w i l l  l o s e

p h a s e  in  th e  x  y p la n e .  F i g u r e  S UIT a, b, c a n d  d a n d  F i g u r e ^ X . è ,

sh o w s  th e  e x p o n e n t ia l  d e c a y  of th i s  m a g n e t i z a t i o n  whCnj[rl f .  p u ls e

i s  p r e c i s e l y  a t  the  r e s o n a n c e  f r e q u e n c y  of a  s in g le  ty p e  of n u c l e u s .

W h en  a n  r . f .  p u l s e  i s  a p p l i e d  s l ig h t ly  off r e s o n a n c e ,

th e  d e t e c t o r  d i s p l a y s  n o t  o n ly  th e  e x p o n e n t i a l ly  d e c a y in g  v a lu e  of

Myy b u t  a l s o  i n t e r f e r e n c e  e f f e c t s  a s  Mj^y an d  th e  r e f e r e n c e

f r e q u e n c y  a l t e r n a t i v e l y  c o m e s  in  an d  o u t  of p h a s e  w i th  e a c h  o t h e r ,
llM-

A t y p i c a l  p a t t e r n  of suchj^F. I . D ,  i s  s h o w n  in  F i g u r e  VIII.I.f. In j[case 

of s e v e r a l  m a g n e t i c a l l y  n o n  e q u iv a le n t  n u c l e i  of th e  s a m e  s p e c ie s ,  

t h a t  h a v e  d i f f e r e n t  L a r m o r  f r e q u e n c i e s ,  th e  F . l . D ,  w i l l  be a  c o m p le x  

s ig n a l .

S e c t io n  V l l .  3 M e a s u r e m e n t  of

T h e  s p in  l a t t i c e  r e lc ix a t io n  t i m e  c h a r a c t e r i z e s  th e

d e c a y  of n u c l e a r  m a g n e t i z a t i o n  a lo n g  th e  z a x i s .  T h e r e  a r e

d i f f e r e n t  m e th o d s  b u t  a  c o n v e n ie n t  te c h n iq u e  in v o lv e s  th e  s e q u e n c e

of tw o p u l s e s ,  s u m m a r i z e d  a s

( P . D .  - P ,  -  t  -  P , -  A T )  
i 6 n

w h e r e  '
P D  =  A p u l s e  d e l a y  b e f o r e  th e  r . f .  p u l s e

a n d  a f t e r  th e  a c q u i s i t i o n  t im e
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=  f i r s t  r . f .  p u l s e  (180 p u ls e )

t  =  d e l a y  t i m e  b e tw e e n  p u l s e s

P ^  =  s e c o n d  o r  o b s e r v in g  p u ls e

A . T  =  a c q u i s i t i o n  t i m e ,  th e  t i m e  th a t  th e  f r e e  

in d u c t io n  d e c a y  i s  o b s e r v e d , a n d  

n =  th e  n u m b e r  of t i m e s  th i s  s e q u e n c e  i s  r e p e a t e d

T h is  i n v e r s i o n  r e c o v e r y  p u l s e  s e q u e n c e  i s  d e s c r i b e d  in  F i g u r e  VIII.II.

A t  t h e r m a l  e q u i l i b r i u m  th e  s a m p l e  h a s  a  n e t

i
m a c r o s c o p i c  m a g n e t i z a t i o n  in  th e  z d i r e c t i o n ,  w h ic h  c a n  be  r e p r e s e n t e d

t
b y  a  v e c t o r  a r r o w  w h o s e  le n g th  i n d i c a t e s  th e  a m o u n t  of th i s  m a g n e t i z a t i o n .  

B y  a p p ly in g  a  s u i t a b l e  a m o u n t  of r a d i o f r e q u e n c y  p o w e r  a t  an  a p p r o p r i a t e  

f r e q u e n c y ,  in  the  f o r m  of a  p u l s e ,  th e  o r i g i n a l  m a g n e t i z a t i o n  v e c t o r
I

i s  t ip p e d  th r o u g h  180 . A f t e r  th e  a p p l i c a t i o n  of a  180 p u l s e  the

s p in  s y s t e m  f in d s  i t s e l f  no lo n g e r  in  t h e r m a l  e q u i l i b r i u m  w i th  i t s
1 ' ...............

e n v i r o n m e n t  ( l a t t i c e ) ,  an d  i t  w i l l  s t a r t  to  r e l a x  b a c k  to  th e  e q u i l i b r i u m

v a l u e .  A 9 0 °  p u l s e  i s  now  a p p l ie d  w h ic h  t ip s  th e  r e s i d u a l  m a g n e t -
! ;

i z a t i o n  in to  th e  x  y p la n e  w h e r e  i t  in d u c e s  a  s ig n a l  in to  the  s p e c t r o m e t e r
! I .

r e c e i v e r .  T he  F ,  I . D . s ig n a l  so  o b ta in e d  i s  s t o r e d ,  fo l lo w in g
1 I  !  '

d ig i t i z a t i o n .  T h e  s y s t e m  i s  th e n  g iv e n  a  t i m e  ro u g h ly  e q u a l  to  5 T
i' : ^

to  e s t a b l i s h  e q u i l i b r i u m  an d  th e  s e q u e n c e  i s  r e p e a t e d  w i th  a  s l ig h t ly
I ]• : , . ■ ■ I . .

d i f f e r e n t  t .

T h e  F ,  I .  D 's  c o n s i s t  of a  s e r i e s  of o v e r la p p in g
I I : • ' C '

s i n e - w a v e s  a n d  c o n ta in  a l l  th e  i n f o r m a t i o n  c o n c e r n in g  th e  N . M . R.
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s p e c t r u m .  T h i s  i s  th e n  c o n v e r t e d  in to  th e  f r e q u e n c y  d o m a in  by 

th e  m a t h e m a t i c a l  m a n ip u la t io n  k n o w n  a s  F o u r i e r  T r a n s f o r m a t i o n .  

Q u a n t i t a t i v e ly ,  th e  d e c a y  of M i s  g iv e n  by th e  B lo c h  e q u a t io nz

dM (t) (M (t) - M  )z =  - z o
d t  T^

I
I n t e g r a t i o n  w i th  M  (t) =  - M a t  t =  0z o

M  ( t ) =  M ( 1 - 2 ex p  { - t / T . )  
z o 1

o r  In  (M - M (t) ) =  - In  2 M + “o z o i ,' 1

F r o m  th i s  e q u a t io n  one c a n  d e t e r m i n e  th e  v a lu e  of T^ b y  p lo t t in g  

- In  (M^ -  M ^(t)  v e r s u s  t .  T h e  r e s u l t a n t  s t r a i g h t  l in e  p lo t  w i l l  

h a v e  a  s lo p e  of 1 /T | an d  i n t e r p r e t  - I n  (2 M ^).

T he  t i m e  t, w h e r e  th e  m a g n e t i z a t i o n  v e c t o r  b e c o m e s  

z e r o  i s  e q u a l  to  Tjln 2.
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F o r  a  g iv e n  m o l e c u l e  in  th e  l iq u id  p h a s e ,  m e a s u r e m e n t s  

o f  n u c l e a r  r e l a x a t i o n  t i m e s  m a y  be e x p lo i te d  a s  a n  i m p o r t a n t  to o l  f o r  

th e  s tu d y  of m i c r o d y n a m i c  b e h a v io u r  of l iq u id s  A lth o u g h

th e  p r e c i s e  d e t a i l s  of the  m i c r o d y n a m i c  b e h a v io u r  of the  l i q u id  a r e  

n o t  a v a i l a b l e  f r o m  th e  r e l a x a t i o n  d a ta ,  the  r e s u l t s  do a l lo w  s e m i -  

q u a n t i t a t iv e  e v a lu a t io n  of the  m o l e c u l a r  m o t io n .  A m o d e l  f o r  the  

n u c l e a r  m o t io n  i s  r e q u i r e d .  T he  m o s t  e v id e n t  m a n i f e s ta t io n s  on
I

th e  m a c r o s c o p i c  l e v e l  of th e  m i c r o s c o p i c  m o v e m e n t  of th e  m o l e c u le s  

of a  l iq u id  a r e  th e  v i s c o s i t y  an d  B r o w n ia n  m o v e m e n t .  E a r l y  

w o r k e r s  a s s u m e d  i s o t r o p i c  r o t a t i o n a l  d i f fu s io n ,  b a s e d  on  a  m o d e l  

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

an d  the  p r o b l e m  t h e r e f o r e  i s  to  f in d  e x p r e s s i o n s  f o r  a n g u l a r  

d i s p l a c e m e n t s  a s  a  fu n c t io n  of t i m e .  U s in g  the  S t o k e - E i n s t e i n  

h y d r o d y n a m i c  m o d e l  i t  h a s  b e e n  shown^^^^ th a t  w h e n  a  m o l e c u l e  

c h a n g e s  i t s  o r i e n t a t i o n  by  A O  (O b e in g  a n  an g le  b e tw e e n  a  c h o s e n  a x i s  

on  the  m o l e c u le  a n d  a  f ix e d  a x i s )  d u r in g  a  t i m e  t, th e  fo l lo w in g  

r e l a t i o n s h i p  i s  v a l id

( A O =  2 Dt

w h e r e  D i s  th e  r o t a t i o n a l  d i f fu s io n  c o n s t a n t  an d  d e s c r i b e s  the  m o l e c u l a r

m o t io n  of th e  m o l e c u le  by  r a n d o m  in s t a n t a n e o u s  j u m p s .  If  th e  j u m p s

a r e  to o  l a r g e  th e  m o d e l  i s  n o t  a  good  a p p r o x im a t i o n .  In  the  p r e s e n t

m o d e l  th e  m o l e c u le  r o t a t e s  l ik e  a  m a c r o s c o p i c  s p h e r e  i m m e r s e d  in  a

^  D if fu s io n :  T h i s  t e r m  d e n o te s  th e  p r o c e s s  by w h ic h  m o l e c u le s  o r  o t h e r  
p a r t i c l e s  i n t e r m i n g l e  a s  a  r e s u l t  of t h e i r  r a n d o m  t h e r m a l  tn o t io n .  T h e  
d i f f u s io n  c o n s t a n t  i s  the  m e a s u r e  of the  r a t e  of d if fu s ion .  T h e  d i f f u s iv i ty  
h a s  th e  d i m e n s i o n s  of le n g th  t i m e s  a  v e lo c i ty ^  , ■
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v i s c o u s  l i q u id .  F o r  n o n - s p h e r i c a l  m o l e c u le s  a  d i f f e r e n t  s h a p e

f a c t o r  m u s t  be i n t r o d u c e d .  In  a n y  s y s t e m  w h ic h  o b e y s  th e

r o t a t i o n a l  d i f f u s io n a l  m o d e l ,  th e  r o t a t i o n a l  d i f fu s io n  c o n s t a n t  a n

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

(4 1 ,4 2 )It h a s  b e e n  sh o w n  ’ th a t  th i s  a s s u m p t i o n  l e a d s  to  c a l c u l a t e d

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

v a lu e s  - e v e n  f o r  r o u g h ly  s p h e r i c a l  m o l e c u l e s .

(4 2 -4 4 )
In  m o r e  r e c e n t  w o r k  m o l e c u l a r  m o t io n  w a s

d e s c r i b e d  in  t e r m s  of m i c r o v i s c o s i t y  w i th  a  f r i c t i o n  c o n s t a n t  a s  a  

p a r a m e t e r .  T he  m o d e l  i s  a p p l ie d  m o s t  r e a d i l y  to  th e  c a s e s  w h e r e  

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

u n d e r g o in g  i s o t r o p i c  r o t a t i o n a l  d i f fu s io n ,  w h e r e  th e  m o t io n  c a n  be

(47 49)
d e s c r i b e d  by  a  s in g le  d i f f u s io n  c o n s ta n t .  T h e  g r e a t

' !
d i s a d v a n t a g e  of th i s  a p p r o a c h  i s  th a t  i t  i s  e x t r e m e l y  d i f f i c u l t  to  

c a l c u l a t e  o r  to  m e a s u r e  th e  f r i c t i o n a l  c o n s ta n t .  In  a l l  th e  m o d e l s

th e  c o r r e l a t i o n  t i m e  i s  r e l a t e d  to  the  v i s c o s i t y  an d  t e m p e r a t u r e .
■ , 1

H o w e v e r ,  th e  v a r i o u s  m o d e l s  p r e d i c t  d i f f e r e n t  p r o p o r t i o n a l i t y  

c o n s t a n t s  b e tw e e n  th e  c o r r e l a t i o n  t i m e  a n d  If the

m o l e c u le  r e o r i e n t s  by  a  r o t a t i o n a l -d i f fu s  io n  m e c h a n i s m  an d  the  

s h a p e  of th e  m o le c u le  r e m a i n s  c o n s t a n t  th e  c o r r e l a t i o n  t im e  w o u ld  

be d i r e c t l y  p r o p o r t i o n a l  to  v i s c o s i t y  r e g a r d l e s s  of the  a c t u a l  s h a p e  

of th e  m o l e c u le .  T h i s  s h o u ld  o c c u r  b e c a u s e  th e  r o t a t i o n a l  d i f f u s io n  

c o e f f i c i e n t s  of th e  S t o k e s - E i n s t e i n  h y d r o d y n a m i c  m o d e l  f o r  

r e o r i e n t a t i o n  a b o u t  the  v a r i o u s  m o l e c u l a r  a x e s  a t  a  g iv e n  t e m p e r a t u r e  

a r e  d i r e c t l y  p r o p o r t i o n a l  to  th e  v i s c o s i t y  an d  a  fu n c t io n  of m o l e c u l a r
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(45)
s y m m e t r y .  T h e  c o r r e l a t i o n  t i m e  f o r  a  s p h e r i c a l  m o l e c u l e

i m m e r s e d  in  a  c o n t in u o u s  v i s c o u s  f lu id  i s  c a l c u l a t e d  f r o m  the  

fo l lo w in g  e x p r e s s i o n :

(V i s  th e  m o l e c u l a r  v o lu m e ) .

A n i s o t r o p i c  m o v e m e n t  (the s i m p l e s t  c a s e )  c a n  be  

r e p r e s e n t e d  by  a  c o r r e l a t i o n  t im e  T Z a  d y n a m ic  p a r a m e t e r  w h ic h  

d e s c r i b e s  the  t o t a l  r e o r i e n t a t i o n  of th e  m o l e c u le .  H o w e v e r ,  in  

g e n e r a l  the  m o l e c u l a r  m o t io n s  a r e  a n i s o t r o p i c  in  n o n - s y m m e t r i c  

m o l e c u l e s .  In  e x p la in in g  th e  r e s u l t s  o b ta in e d  h e r e  a  c r u d e  

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

In  th i s  w o r k  p r o to n  s p i n - l a t t i c e  r e l a x a t i o n  t i m e s  h a v e  

b e e n  m e a s u r e d  f o r  the  h y d r id e  f e a t u r e s  in  v a r i o u s  o r g a n o  t in  h y d r i d e s  

a n d  th e  c o r r e l a t i o n  t i m e s  a p p r o p r i a t e  to  th e  t i n - h y d r o g e n  v e c t o r  

w e r e  c a l c u l a t e d  f r o m  th e  s a t e l l i t e  s p e c t r a  a s  e x p la in e d  in  the  

f o r e g o in g  s t a t e m e n t .

I t  h a s  b e e n  show n^^^*^^^  p r e v i o u s l y  th a t  s a t e l l i t e s

in  p r o t o n  s p e c t r a  h a v e  s h o r t e r  r e l a x a t i o n  t i m e s  th a n  th e  c e n t r a l  

f e a t u r e  c o r r e s p o n d i n g  to  n o n - m a g n e t i c  c a r b o n  T h is  w a s

e x p la in e d  in  t e r m s  of th e  e x t r a  c o n t r i b u t i o n  f r o m  th e  i n t r a m o l e c u l a r  

d ip o l e - d ip o l e  i n t e r a c t i o n  f o r  the  s a t e l l i t e s .  T h i s  p r o m p t e d  the  

p r e s e n t  i n v e s t i g a t i o n  of th e  a n a lo g o u s  f e a t u r e s  i n  the  s p e c t r a  of 

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

th a t  th e  ^Sn an d   ̂ ^Sn s a t e l l i t e s  of h y d r id e  p r o to n s  do h a v e  s h o r t e r  

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

m a g n e t i c  t i n  n u c l e i .  T h e  r e s u l t s  of m e a s u r e m e n t s  of p r o to n
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s p i n - l a t t i c e  re la ix a t io n  t i m e s  f o r  th e  m a in  r e s o n a n c e  a n d  s a t e l l i t e s

a r e  s u m m a r i z e d  in  t a b le  X . 1.

A s  th e  d i f f e r e n c e  in  r e l a x a t i o n  r a t e s  b e tw e e n  the

c e n t r a l  f e a t u r e s  an d  s a t e l l i t e s  i s  d u e  to  the  a d d i t io n a l  c o n t r i b u t i o n  

119
f r o m  S n -H  d ip o le  d ip o le  c o u p l in g  in  the  l a t t e r  i t  i s  p o s s i b l e  to

w r i t e  th a t

( ) “  ( - ^ )  ( )
1 1 1

d ip o le  d ip o le  s a t e l l i t e  c e n t r a l  b a n d

w h e r e  ( ~  ) i s  g iv e n  by
 ̂ d ip o le  d ip o le

d ip o le  d ip o le  ^3 ^

S n -H

a n d  r  i s  th e  i n t e r n o c l e a r  d i s t a n c e .  Tak ing^^^^  a  v a lu e  of
o n - r l

1. 70 X th e  c o r r e l a t i o n  t i m e s ,  ^  , f o r  the  r o t a t i o n a l  m o t io n  of t h e s e
c

m o l e c u l e s  w e r e  c a l c u l a t e d  u s in g  th e  a b o v e  e q u a t io n  an d  a r e  l i s t e d  

in  T a b le  X . 1.

S e v e r a l  p o in t s  a r i s e  f r o m  th e  T^ d a t a  an d  th e  c a l c u l a t e d  

c o r r e l a t i o n  t i m e s  r e p o r t e d  in  T a b le  X . 1. O ne g e n e r a l  p o in t  n e e d s  

to  be m a d e  i s  a b o u t  th e  t r e n d s  o b s e r v e d  in  the  d i p o l a r  r e l a x a t i o n  t i m e s  

T h e s e  v a l u e s  a r e  c o n s i s t e n t  w i th  th e  s t r u c tu r a l  f e a t u r e s .  F r o m  th e  

g e o m e t r y  of th e  p h e n y l  s t a n n a n e s .  th e  m o l e c u l a r  m o t io n  i s  e x p e c te d  

to  be a n i s o t r o p i c .  T h e  e f f e c t  o f  i n c r e a s e d  m o m e n t  of i n e r t i a  i n  

g o in g  f r o m  d i -  to  t r i - s u b s t i t u t e d  s t a n n a n e s  o r  in  p a s s i n g  f r o m  m e th y l  

to  b u ty l  s t a n n a n e s  i s  a l s o  r e f l e c t e d  in  th e  d i p o l a r  r a t e s  a s  t h e s e
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c h a n g e s  s h o u ld  r e s u l t  i n  l o n g e r  c o r r e l a t i o n  t i m e s  a n d  m o r e  e f f i c i e n t  

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

s u b s t i t u t e d  s t a n n a n e s  i s  g r e a t e r  th a n  e x p e c te d  f r o m  th e  i n c r e a s e  in  

o v e r a l l  c o r r e l a t i o n  t i m e  due  to  i n c r e a s e d  m o l e c u l a r  s i z e  in  t r i ­

s u b s t i t u t e d  s t a n n a n e s .  T h i s  c a n  be a t t r i b u t e d  to  th e  p r e f e r r e d  

r o t a t i o n  of t r i - s u b s t i t u t e d  s t a n n a n e s  a b o u t  th e  a x i s  w h ic h  i s  

l e s s  e f f e c t iv e  in  a v e r a g in g  o u t the  d ip o l e - d ip o l e  c o n t r i b u t i o n  th a n  

m o t io n  a b o u t  th e  a x e s  of d i - s t a n n a n e s .  In  a l l  th e  a lk y l

t r i - s u b s t i t u t e d  s t a n n a n e s  l i s t e d  in  T a b le  X . 1, th e  c a l c u l a t e d  

c o r r e l a t i o n  t i m e s  l ie  b e tw e e n  2. 14 to  2 .8 4  x  10 s e c ,  a n d  a  

h i g h e r  v a lu e  of 13. 2 x  10 f o r  t r i - p h e n y l  s t a n n a n e  a l s o  te n d s  to

s u g g e s t  a n  a n i s o t r o p i c  tu m b l in g  of th e  m o l e c u l e s  r e s u l t i n g  in
■ 1

n o n - s y s t e m a t i c  v a r i a t i o n  of r e l a x a t i o n  t i m e .  ,

C o n t r ib u t io n s  o t h e r  th a n  th e  i n t r a m o l e c u l a r  S n -H  

d ip o le  d ip o le  m e c h a n i s m  o b v io u s ly  a r e  r e s p o n s i b l e  f o r  r e l a x a t i o n  

of th e  c e n t r a l  h y d r id e  f e a t u r e .  P o s s i b l e  m e c h a n i s m s  a r e  the  

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

c h e m i c a l  s h i f t  an d  i n t e r n u c l e a r  d ip o le  d ip o le  i n t e r a c t i o n .  S c a l a r  

c o u p l in g  c a n  be  i g n o r e d  a s  t h e r e  i s  no  r a p i d  e x c h a n g e  go ing  o n  in
I

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

f o r  p r o t o n s .  A s  the  m e a s u r e m e n t s  w e r e  m a d e  in  10% s o lu t io n  

in  b e n z e n e - d ^  the  i n t e r n u c l e a r  d ip o le  d ip o le  c o n t r i b u t i o n  i s  n o t  

e x p e c t e d  to  be i m p o r t a n t  a n d  s in c e  th e  m o l e c u l e s  a r e  s m a l l  a  

s i g n i f i c a n t  s p in  r o t a t i o n  c o n t r i b u t i o n  m i g h t  be  e x p e c te d .

I - i

' I

1 . '
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13C a r b o n -1 3  N O E  an d  d a t a  f o r  { CH^ )^SnH^ :

13 1
T a b le  X . 2 s u m m a r i z e s  the  C -  H  ID N O E an d  

th e  s p i n - l a t t i c e  r e l a x a t i o n  t i m e s  u n d e r  d e c o u p le d  c o n d i t io n s  f o r

th e  m e th y l  c a r b o n s  of d im e th y l  t i n  d ih y d r id e  a t  2 5 °C  a n d  -40*^C.

A 10 m m  O D . N . M . R .  tu b e  c o n ta in in g  90% h y d r id e  in  w a s  u s e d .

T h e  e x p e r i m e n t s  w e r e  r u n  on a  V a r i a n  C E T -2 0  s p e c t r o m e t e r  d e s c r i b e d  

e l s e w h e r e  ( s e e  p a g e  37  ). T h e  e n h a n c e m e n t  f a c t o r  w a s  d e t e r m i n e d

f r o m  th e  r a t i o  of th e  i n t e g r a t e d  d e c o u p le d  p e a k  to  th a t  of th e  c o u p le d  

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

e x p e r i m e n t a l  q u a n t i ty  ^ , the  e n h a n c e m e n t  f a c t o r  an d  T^ b y  u s in g

th e  r e l a t i o n :

' h  y 2 Y i 3 ^  Y ' C - H

If th e  d i p o l a r  m e c h a n i s m  i s  th e  s o le  c o n t r i b u t o r  to  T ^ ,  th e  m a x i m u m  

v a lu e  of th e  [D ZD N O E b e c o m e s  1 + =  2. 988 ( =  1. 988).

W h ile  the  N O E d o e s  n o t  d i s t i n g u i s h  b e tw e e n  i n t e r  and  i n t r a m o l e c u l a r

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

13 -6  I
u n i m p o r t a n t  f o r  C n u c l e i  ow ing  to  th e  r  d i s t a n c e  d e p e n d e n c e

(6 9 .7 0 )
of th e  d i p o l a r  co u p l in g

I
T h e  l e s s  th a n  m a x i m u m  O v e r h a u s e r  e n h a n c e m e n t  

i n d i c a t e s  t h a t  o th e r  r e l a x a t i o n  m e c h a n i s m s  a r e  e f f e c t iv e ly  c o m p e t in g  

w i th  th e  d i p o l a r  m e c h a n i s m .  CSA c a n  be i g n o r e d  e s p e c i a l l y  f o r  

m e th y l  c a r b o n s .  T h e  r e d u c e d  n o n - d ip o la r  contribution at th e  lower
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t e m p e r a t u r e  s u g g e s t s  th e  p r e s e n c e  of s p in  r o t a t i o n  i n t e r a c t i o n

a s  m ig h t  be e x p e c te d  f o r  

s m a l l  m o l e c u l e s .  T h e r e  i s  no o th e r  m a j o r  i n t e r a c t i o n  p r e s e n t  in  

th e  s y s t e m ,  an y  s m a l l  c o n t r i b u t i o n  f r o m  c h e m i c a l  s h i f t  a n i s o t r o p y  ;

(if t h e r e  i s  any) c a n  s a f e ly  be ig n o r e d  in  the  p r e s e n c e  of two d o m in a n t

r e l a x a t i o n  m e c h a n i s m s  l ik e  d ip o l e - d ip o l e  an d  s p in  r o t a t i o n  i n t e r a c t i o n .

1 - 1  - 1
( /  )p)p) ~  0 .0 1 0 1  s e c  ou t of th e  t o t a l  r e l a x a t i o n  r a t e  of 0. 0576 s e c

a t  2 5 ° C ,  sh o w s  th a t  th e  d i p o l a r  c o n t r i b u t i o n  i s  s m a l l  an d  the  r e l a x a t i o n  

a t  th i s  t e m p e r a t u r e  i s  e v id e n ta l ly  d o m in a te d  by s p in  r o t a t i o n .  , ,

A t a  l o w e r  t e m p e r a t u r e ,  th e  lo n g e r  c o r r e l a t i o n  t i m e s  (s low  m o l e c u l a r  

m o t io n )  f o r  the  d ip o le - d ip o l e  m e c h a n i s m  i n c r e a s e  the  e f f i c i e n c y  of

th e  p r o c e s s .  F r o m  =  1 .5 6  a n d  th e  to t a l  r e l a x a t i o n  r a t e

1 — 1 o
(—  ) =  0. 0927 s e c  a t  -4 0  C one f in d s  th e  p r o to n  d i p o l a r  ,

1
1 -1 1 -1

c o n t r i b u t i o n  ( —  ) =  0 .0 7 2 7  s e c  w h i le  ( —  ) =  0. 0199 s e c  ,
1 1 o th e r  m e  ch .

in d i c a t e  s th a t  th e  r e l a x a t i o n  i s  d o m i n a te d  by  th e  d i p o l a r  c o n t r i b u t io n .
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C H A P T E R  X

BAND S H A P E  A N A LY SIS



S e c t io n  Xi 1 Q u a d r u p o le  e f f e c t s

X . 1 . 1  N . Q . R .

X . 1 . 2  M ic r o w a v e  s p e c t r u m

X . 1. 3 L iq u id  c r y s t a l  m e th o d

189

I I
X . 1. 5 M b s s b a u r

S e c t io n  X. 2 

S e c t io n  X . 3

X . 3 . 1

X . 3 . 2

S e c t io n  X. 4 

S e c t io n  X. 5

N u c l e a r  E l e c t r i c  Q u a d r u p o le  r e l a x a t i o n

B a n d  s h a p e  a n a l y s i s

I n t r o d u c t io n

E f f e c t  of q u a d r u p o le  r e l a x a t i o n  on  the  
p r o to n  l i n e s

C u r v e  f i t t in g  p r o g r a m m e  

R e s u l t s  an d  d i s c u s s i o n
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S e c t io n  X. 1 Q u a d r u p o le  E f f e c t s .  I n t e r a c t i o n  of E l e c t r o n s  w i th  

th e  N u c l e u s .

C l a s s i c a l l y ,  th e  e n e r g y  of i n t e r a c t i o n  of 

a n  e l e c t r o n i c  c lo u d  an d  th e  e l e c t r o s t a t i c  p o t e n t i a l  of th e  n u c le u s  

of f in i te  d im e n s io n s  i s  g iv e n  by

r  - re n

w h e r e  P , d'T' , an d  P d 'CT a r e  th e  n u c l e a r  an d  e l e c t r i c  c h a r g e  n  n  e e .

d e n s i t i e s ,  "r an d  r  a r e  sh o w n  in  F ig .  v  I n e  °  • *

q u a d ru p o la r  n u c le u sF i g .  X . I .

A n u c le u s  w i th  a  s p in  1 p o s s e s s e s  a n  e l e c t r i c  q u a d r u p o le  m o m e n t

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

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

f i e ld ,  i t  p o s s e s s e s  a  p o t e n t i a l  e n e r g y  th a t  d e p e n d s  u p o n  th e

o r i e n t a t i o n  of th e  q u a d r u p o le  m o m e n t  w i th  r e s p e c t  to  th e  e l e c t r i c

f i e l d .  T h e  t e r m  ,— ------- , i n  e q u a t io n  1 c a n  be w r i t t e n  in
| " e  -

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

=  - X  r '  z ,  C  '
e n  _ . /  ^1= o m  =  -1

w h e r e  ( 8 , (j) ) a r e  th e  s p h e r i c a l  h a r m o n i c s  of th e  e l e c t r i c  a n d
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n u c l e a r  c o o r d i n a t e s  a n d  r ^  , s ig n i fy  th e  s m a l l e r  an d

l a r g e r  of th e  tw o  r a d i u s  v e c t o r s  r e s p e c t i v e l y ,  r  o r  r  an d
e n

th e  l a r g e r  of th e  tw o  i s  d e n o m i n a t o r .

N e g le c t in g  th e  w e a k  p e r t u r b a t i o n  a r i s i n g

f r o m  th e  e l e c t r o n  p e n e t r a t i o n  of th e  n u c l e u s ,  b e c a u s e  o n ly  s

to the
e l e c t r o n s  p e n e t r a t e ,  th e y  do n o t  c o n t r ib u te ^ q u a d r u p o le  e f f e c t s

I : . •

s in c e  the  c h a r g e  d i s t r i b u t i o n  i s  s p h e r i c a l l y  s y m m e t r i c .  B y 

f a c t o r i z a t i o n  of th e  i n t e r a c t i o n  e n e r g y  w, w e c a n  s e p a r a t e  

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

(3)

m
w h e r e  =

1 
— 1 2

4 n

a n d  E
( - m )

2 1 + 1

4 TT 
2 1 1

'  0 n ’

9 e '  (5)

R e p la c in g  th e  c h a r g e s  by th e  a v e r a g e  v a lu e  ( e x p e c ta t i o n  v a lu e )  

of o p e r a t o r s  of c h a r g e  d e n s i t y  a t  the  p o in t  r ^ ,  t r a n s f o r m i n g  

th e  f u n c t io n  W, N an d  E  in to  o p e r a t o r s ,  w h e r e  th e  i n t e g r a l s  a r e  

r e p l a c e d  by  s u m s  on  a l l  th e  c h a r g e s ,  w e g e t

m

an d - m

i  -

4 n  
2 1 +1

4 n

Z
j

e. R? Y™ ( 0  . $  ) (6)
J J  ̂ j J

2 1 +1 I

k

- ( 1 + 1 )  I r m )
r
k

( 0 k ' (7)

w h e r e  R , O * d? » a n d  r ,  g , <j) a r e  th e  s p h e r i c a l  c o o r d i n a t e s

of n u c l e o n s  a n d  e l e c t r o n s .
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T h e  H a m i l to n i a n  of th e  q u a d r u p o le  

i n t e r a c t i o n  c a n  be  w r i t t e n  a s
(m) - m

Q ^  T T A /^W_ = I  I  J Y *

1 m l  1

T h e s e  o p e r a t o r s  a r e  t e n s o r s  of th e  o r d e r  1 an d  th e  e x p e c t a t i o n  v a lu e  

of th e  o p e r a t o r i s  c a l l e d  th e  n u c l e a r  m u l t ip o l e  m o m e n t  of 

o r d e r  1 an d  h a s  m  c o m p o n e n ts  w h e r e  m  =  2 1 + 1. T he  m u l t ip l e  

m o m e n t s  a r e  o n ly  o b s e r v e d  i f  1 ,^ 2  I.  If w e c o n s i d e r  s p in  1 = 1  

th e n  1 = 0 , 2  an d  t h e r e  w i l l  be f iv e  c o m p o n e n ts  of th i s  m o m e n t .

A p p ly in g j jV ig n e r  E c k a r t  t h e o r e m  to  

e q u a t io n  6 of s p h e r i c a l  h a r m o n i c s  of o r d e r  tw o , th e  c o m p o n e n ts  of

q u a d r u p o le  m o m e n t  b e c o m e

« °  =  i  n r f r i ,  c  3

E x p r e s s i n g  in  th e  s a m e  w a y  th e  e l e c t r o n i c

t e n s o r  c o m p o n e n ts  a r e

=  f  ‘’ zz

-  j r  <^xz - \ z )  ^

""xx - V  -  2 1 ^ ’

If  w e d e n o te  V a s  th e  e l e c t r o s t a t i c  p o t e n t i a l  

a t  th e  n u c l e u s  w h ic h  i s  in  f a c t  th e  e l e c t r i c  f i e l d  g r a d i e n t ,  d e n o te d  by
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q , a t  th e  n u c l e u s  p r o d u c e d  by  e l e c t r o n s .  T h i s  g r a d i e n t  i s  a  t e n s o r  

q u a n t i ty  a n d  th e  c o o r d in a t e  a x e s  a r e  s e l e c t e d  s u c h  th a t  i t s  off 

d i a g o n a l  e l e m e n t s  a r e  z e r o ,  i . e .  c a n  be d i a g o n a l i z e d ,  th e  t e n s o r  

c o m p o n e n ts  a b o u t  x ,  y  an d  z a x e s  c a n  be w r i t t e n  a s

_  y  V _  y  V
-  3 z 2  ■ V  “  ^

T h e  s u m  of th e  c o m p o n e n ts  i s  z e r o  ( L a p l a c e ' s  e q u a t io n ) ,  so  t h a t

o n ly  tw o p a r a m e t e r s  a r e  r e q u i r e d  to  s p e c i f y  th e  f i e ld  g r a d i e n t

th é
t e n s o r .  B y  c o n v e n t io n  t h e s e  tw o  q u a n t i t i e s  a r e  q ^ ^  an d  a s y m m e t r y  

p a r a m e t e r  r| w h ic h  c a n  be d e f in e d  a s  

q  - q
1 w h e r e  O ^ ^ 1

W h e n  q =  q =  q , the  f i e l d  g r a d i e n t  i s  s p h e r i c a l l y  s y m m e t r i c a l  

a n d  t h e r e  i s  no e l e c t r i c a l  q u a d r u p o le  i n t e r a c t i o n .  In  th e  c a s e  of 

c y l i n d e r i c a l  s y m m e t r y  q ^ >  q ^ ^  =  q ^ ^ ,  i . e .  th e  m a x i m u m

c o m p o e n t  of f i e ld  g r a d i e n t  l i e s  a lo n g  th e  z a x i s .

B e f o r e  th e  e l e c t r i c  f i e l d  g r a d i e n t  c a n  be 

i n t e r p r e t e d  in  t e r m s  of m o l e c u l a r  e l e c t r o n i c  s t r u c t u r e ,  i t  i s  n e c e s s a r y  

to  know  th e  o r i e n t a t i o n  of th e  f i e l d  g r a d i e n t  in  th e  p r i n c i p a l  a x i s  s y s t e m  

in  th e  m o l e c u l a r  f r a m e w o r k .  T h i s  r e q u i r e s  f u r t h e r  t h r e e  v a l u e s  a , p  

a n d  y r e p r e s e n t i n g  E u l e r i a n  a n g le s  b e tw e e n  th e  tw o  a x i s  s y s t e m s .

In  th e  s y s t e m  of p r i n c i p a l  a x i s  th e  e l e c t r o n i c  t e n s o r  c o m p o n e n ts  w i l l  

be
=  i  e q

F - '  =  0 71

=  2 ^
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N ow , th e  g e n e r a l  f o r m  of th e  H a m i l to n i a n  of q u a d r u p o le  i n t e r a c t i o n

c a n  be  w r i t t e n  a s

3 ^  - I ( I  +  l )  +  i n  ( î l  +  f - )  □  12

2
T h e  q u a n t i ty  e q  Q /h  i s  k n o w n  a s  th e  q u a d r u p o le  c o u p l in g  c o n s t a n t

2 - 28 2 
h a s  the  u n i t s  of le n g th  (Q x  10 m  ), and  i s  m e a s u r e d  by

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

S e c t io n  X . 1 .1  N . Q . kS^^VQ^ ^

In  an  c L x i a l l y  s y m m e t r i c  f i e l d  ( q  =  0), th e

e n e r g y  o f  i n t e r a c t i o n  a r i s i n g  f r o m ^ q u a d r u p o le  m o m e n t  in  a f i e ld  q

i s  g iv e n  by  an  e q u a t io n  of type

A E  =  h V = e q O C I S m i -  I ( ! + ! ) □
4 I (2 I -  1

w h e r e  m  i s  th e  m a g n e t i c  q u a n tu m  n u m b e r  w h ic h  c a n  ta k e  (21 + 1) 

v a l u e s .  T r a n s i t i o n s  a r e  in d u c e d  by  a n  e l e c t r o m a g n e t i c  f i e l d  of 

f r e q u e n c y V  . P u r e  N . Q . R .  m e a s u r e s  the  q u a d r u p o le  r e s o n a n c e  

f r e q u e n c y  in  s o l id s  w h e r e  th e  e l e c t r i c  f i e ld  r e q u i r e d  to  r e m o v e  m^ 

d e g e n e r a c y  i s  p r o v id e d  by  th e  e l e c t r o n s  in  th e  m o l e c u l e .

S e c t io n  X . 1 .2  M ic ro w a v e  S p e c t r u m  ( l o s )

In  g a s e s  w h e r e  m o l e c u l e s  r o t a t e  f r e e l y ,  th e  

n u c l e a r  s p in  c o u p le s  w i th  th e  a n g u l a r  m o m e n t u m  of th e  m o l e c u le  

a n d  th e  q u a d r u p o le  c o u p l in g ’ e n e r g y  c a n  b e  o b ta in e d  f r o m  th e  f in e  

s t r u c t u r e  of th e  s p e c t r u m .
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(  1 3 3 - ^ 3 5 )
X . 1 .3  L iq u id  C r y s t a l  M e th o d

T h e  N . M . R ,  s p e c t r a  of p a r t i a l l y  o r i e n t e d  

m o l e c u l e s  c a n  c o n ta in  v a lu a b lè  i n f o r m a t i o n  a b o u t  th e  m o l e c u l a r  

s t r u c t u r e ,  a n i s o t r o p i e s  of th e  c h e m i c a l  s h i f t  an d  th e  s p i n - s p i n  

c o u p l in g  t e n s o r s .  " L iq u id  c r y s t a l s "  a r e  u s e d  f o r  s u c h  s t u d i e s .  

In  th e  c a s e  of q u a d r u p o l a r  n u c l e i  s u c h  a s  d e u t e r i u m  a  v a lu e  f o r  

the  q u a d r u p o le  c o u p l in g  c o n s ta n t  m a y  a l s o  be o b ta in e d .

T h e  s p e c t r u m  of a  d e u t e r o n  in  a  C -D  b ond  i s  

a  d o u b le t ,  th e  splitting (A) of w h ic h  i s

3A = T  ^  I ®C-D I

w h e r e  ^  i s  th e  d e g r e e  of r e o r i e n t a t i o n  of th e  a x i s  p a s s i n g  t h r o u g h

the
C an d  D . T h is  d e g r e e  of o r i e n t a t i o n  s a y  S.  ̂ a lo n g  a x i s  jo in in g  the  

tw o n u c l e i  i  a n d  j i s  g iv e n  by

1 J

w h e r e   ̂ i s  th e  d i r e c t  co^upling b e tw e e n  th e  tw o  n u c l e i  a t  a  d i s t a n c e

r  a p a r t .  ,

If S i s  d e t e r m i n e d  f r o m  th e  p r o t o n  s p e c t r u m

of th e  m o l e c u le ,  q  c a n  be d e t e r m i n e d  f r o m  th e  s p a c in g  of th e  D .M .  R .

s
s p e c t r u m  in  th e  n e m a t i c  p h a s e .  T h e  p r e c e s i o n  of th e  m e a s u r e m e n t

t • , ' .
of  th e  q u a d r u p o le  c o u p l in g  c o n s t a n t  i s  l i m i t e d  by th e  a c c u r a c y  to  w h ic h  

i n t e r p r o t o n  d i s t a n c e s  a r e  kn o w n .
I '
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106
S e c t io n  X . 1 . 4  M b s s b a u r  S p e c t r o s c o p y

M b 'a s b a u r  r e s o n a n c e  m e a s u r e s  th e  r e s o n a n t  

a b s o r p t i o n  of n u c l e a r  y r a y s  i n  c r y s t a l s .  'G a m m a  r a y s  a r e  e m i t t e d  

o r  r e s o n a n t l y  a b s o r b e d  v ia  t r a n s i t i o n s  b e tw e e n  a  n u c l e a r  excited , 

s t a t e  an d  th e  g ro u n d  s t a t e .  E v e n  in  th e  c a s e  of th e  m o s t  f a v o u r a b l e  

M b s s b a u r  i s o t o p e s  ( ^ ^ F e / ^ ^ S b )  n u c l e a r  q u a d r u p o le  c o u p l in g  c o n s ta n t s ,  

l o c a l  m a g n e t i c  f i e l d s ,  e t c . ,  c a n n o t  be  m e a s u r e d  p r e c i s e l y  a s  w i th  

N . Q . R .  a n d  N . M . R .

S e c t io n  X . 2 N u c l e a r  E l e c t r i c  Q u a d r u p o le  R e l a x a t i o n

T h e  r e l a x a t i o n  o c c u r s  due  to  th e  m o d u la t i o n
IKjl

o f j | i n t e r a c t io n  b e tw e e n  th e  n u c l e a r  q u a d r u p o le  m o m e n t  an d  th e  e l e c t r i c  

f i e l d  g r a d i e n t  a t  th e  n u c le u s  by  m o l e c u l a r  m o t io n .  Q u a d r u p o l a r  

r e l a x a t i o n  d e p e n d s  o n ly  on  i n t r a m o l e c u l a r  m o t io n ,  s in c e  i n t e r n u c l e a r  

c o n t r i b u t i o n  to  l o c a l  e l e c t r i c  f i e ld  g r a d i e n t s  a r e  w e a k .  If a  n u c l e u s  

of s p in  I =  Y i s  c o u p le d  to  a  q u a d r u p o l a r  n u c l e u s ,  th e  e l e c t r i c  q u a d ­

r u p o le  m e c h a n i s m  o p e r a t e s  o n ly  on th e  h ig h  s p in  n u c l e u s  b u t a f f e c t s  

th e  m u l t i p l e t  s t r u c t u r e  of th e  s p in  j  n u c le u s  a s  w e l l ,  d e p e n d in g  on

th e  q u a d r u p o l a r  r e l a x a t i o n  t i m e  of h i g h e r  s p in  n u c l e u s .  Q u a d r u p o l a r
are dominant

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

i n t e r a c t i o n  i s  m u c h  s t r o n g e r  th a n  th e  d i p o l a r  i n t e r a c t i o n .
1116 )

F o l lo w in g  th e  t r e a t m e n t  of A b r a g a m ,  the  

H a m i l to n i a n  f o r  th e  q u a d r u p o l a r  i n t e r a c t i o n  c a n  be  w r i t t e n  i n  t e r m s  

of  s p in  o p e r a t o r s

A ^ ^ ^  an d  l a t t i c e  fu n c t io n s  F ^ ^ ^  a s

k  =  I  F  ’ ( n  )

m =-2
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w h e r e  Q s t a n d s  f o r  the  E u l e r i a n  a n g l e s  c , (3 , y a n d  d e s c r i b e  

t h e  o r i e n t a t i o n  of  th e  m o l e c u l e  w i th  r e s p e c t  to  th e  l a b o r a t o r y  

f r a m e .  A c c o r d i n g  to  th e  r e l a t i o n  9 of  s e c t i o n  X,1 we

c a n  w r i t e  t h a t

- C ' z i K i - i )  I 

A ± ‘ - c g D C ( , , ‘ . i ,  ) ( ÿ i  *  ! ±  1 ' 3

- l= ' T 3 C ( ^ Y â T T T i" ! l  ' 3

a n d  th e  f u n c t i o n s  a r e  g i v e n  by

F °  =  e q 41 ( 2 1 - 1 )

+2 q e g  eQ
aTT 4 I (21 -  1)

T h e  r e l a x a t i o n  t i m e  c a n  be  c a l c u l a t e d  by  w r i t i n g  th e  e q u a t i o n  27

i n  th e  f o r m

B =  7 ^  J  ( m c o  ) [Z A ^ ^ \  (A ^"^ \  ) Z]   3 0
m

B y  i n t r o d u c i n g  the  r e d u c e d  s p e c t r a l  d e n s i t i e s  J  (mCo ) w h i c h  i s  

the  F o u r i e r  T r a n s f o r m  of th e  r e d u c e d  c o r r e l a t i o n  f u n c t i o n  w e  c a n  

w r i t e  — 

B =  i  I2 
m

m
F ( 0 )

2

J ( m w ) C  A - “ , C  a <” ),

M a k in g  th e  a s s u m p t i o n  t h a t  the  c o r r e l a t i o n  f u n c t i o n  i s  of th e  s a m e  

f o r m  f o r  a l l  F ^ ^ ^  i .  e .  a n  e x p o n e n t i a l  f u n c t i o n  w i th  c h a r a c t e r i s t i c

17

' I



198

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

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

J  ( o o ) =  ^ "Cg

l + W o  t q "

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

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

l a b o r a t o r y  f r a m e   ̂ t h r o u g h

) =  Z a  i n  ) F<“ ')
, m m  m '

T h e  c o e f f i c i e n t  a  , i s  r a n d o m  due  to  m o l e c u l a r  m o t i o n  i n  a  l i q u id  -  m m '  ^

b e c a u s e  1 = 2

T h e  s p e c t r a l  d e n s i t y  i n  th e  l a b o r a t o r y  f r a m e  i s  t h e n  J ( m  Wo)
5

T h e  e q u a t i o n  3 0 c a n  be  w r i t t e n  a s

X J , ( m  W  ' ]o z
m '  I m

w h e r e   ̂ a r e  th e  l a t t i c e  f u n c t i o n s  i n  th e  m o l e c u l a r  f r a m e  an d
I I . ;

c a n  be w r i t t e n  ’

X I 2 = i  (ê  q Q)Z ( 1+ 1  ^ / 3 )
m  , . . I
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T h e  c o m m u t a t o r  [Z 1 A ^ ^ \  Z] i s  s o l v e d  by u s i n g

c o m m u t a t i o n  r e l a t i o n s  a n d  i s  e v a l u a t e d  by u s i n g  e x p r e s s i o n  of  

A ^ ^ ^  on  p a g e  197

Z ]  A, B Z ]  =  I  - B . A  I  

□  A, B + C Z ]  =  C  A , B Z ]

□ a . B c Z ] =  [ Z a , b D c  + b  C a , C □

□ a , C B , c Z ] Z ]  + C  B ,  C c , A Z ] Z ]  + C  c ,  E a , b  □  □  =  o

w e o b t a i n

C  A ° ,  E a ° ,  I □  □  =  0
Z

C a <-̂ >, C a <'>, ! □ □ =  | - C  16 1 ^ 1  [ I8 i ' ( i  + 1 ) - 2 D D
z  ^ z  z

C a' -^ ' .E a '^', I □  □ = ! -  [ Z - i 6 i ^ I Z i 6 i (i + i ) - 8 D  □
z  z

J -2 )  J— ^^(2)  ̂ —I —1___ Z_ I— 1  ̂ T  3

w e  c a n  w r i t e

^  =  i T o  ^  ) ( 7 ( W )  (16 - 1 C  81(1+1 ) - z 3  □

+ C  J  (2 w  ) ( .  161^ + 1 ^  + 1 c  16 I  ( I + 1 + - 8  □ □
z z z

3
In a  g e n e r a l  w a y  th e  t e r m  I^ is no t  e l i m i n a t e d  bu t  i f  w e  c o n s i d e r

3
a  p a r t i c u l a r  c a s e  w h e n  I =  1 , 1  = 1  t h e n  w e  h a v e

2 I '
 ̂ =  A  (1 +---- 1 ----  ) q Q)^  ( T(tO) + 4 J  (2 W )T j  8 0 '  3

A p p ly in g  the  e x t r e m e  n a r r o w i n g  c o n d i t i o n s  J  ( =  2 ^  q  » we

o b t a i n  a  g e n e r a l  f o r m u l a  w h i c h  i s  v a l i d  w h a t e v e r  th e  q) i n  i s

'  =  '  '  ( 1 + 4 ^  ) ( e q ^ Q ) 2  r ,
T i  4 0  , 2 , 2 1 - 1 )  ^ Q  ^

the
S i m i l a r l y  T^  i s  o b t a i n e d  by  r e p l a c i n g  by  T i i ^ c o m m u t a t i o n

r e l a t i o n s  an d  th e  a p p l i c a t i o n  o f  e x t r e m e  n a r r o w i n g  c o n d i t i o n  g iv e s  

2T_ =  T j  •
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S e c t i o n  X. 3 B a n d  s h a p e  a n a l y s i s  

X . 3 . 1  I n t r o d u c t i o n

In  n u c l e a r  m a g n e t i c  r e s o n a n c e  e x p e r i m e n t s  one 

o b s e r v e s  t r a n s i t i o n s  b e t w e e n  n u c l e a r  Z e e m a n  l e v e l s  of  n u c l e i .

In g e n e r a l ,  the  i n t e n s i t y  of th e  a b s o r p t i o n  l in e  d e p e n d s  on the 

d i f f e r e n c e  of p o p u l a t i o n s  in  the  u p p e r  and  l o w e r  s t a t e s .  T h i s  

s p e c t r a l  i n f o r m a t i o n  i n  N . M . R .  i s  r e c o r d e d  by a  p lo t  of s i g n a l  

i n t e n s i t y  v e r s u s  f r e q u e n c y .  In m a n y  a p p l i c a t i o n s  of h ig h  

r e s o l u t i o n  N. M. R.  s p e c t r o s c o p y ,  the  s h a p e s  of the  l i n e s  a r e  of 

s e c o n d a r y  i m p o r t a n c e .  B u t  s tu d y i n g  the  b r e a d t h  an d  s h a p e  of
I

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

of the  e n e r g y  s t a t e s  c a n  be s t u d i e d .

In  a c t u a l  p r a c t i c e ,  w e  a l w a y s  h a v e  a n  e n s e m b l e  of
I

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

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

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

A s  the  l ine  i s  o b t a i n e d  f r o m  the  p r e c e s s i o n  of m a g n e t i c  m o m e n t s ,  

n o n - m a g n e t i c  i n t e r a c t i o n s  p r e s e n t  i n  th e  s y s t e m  c a n n o t  a f f e c t  i t  

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

in  C h a p t e r  VII a r e  h o w e v e r ,  a f f e c t e d  by n o n - m a g n e t i c  i n t e r a c t i o n s .  

T h e  m o t i o n  of  m o l e c u l e s  i n  a  l i q u id  i s  a n  e x a m p l e  of  s u c h  n o n - m a g n e t i c
I ’

f a c t o r s  w h i c h  c o n t r o l  the  l i n e  s h a p e  by  the  p h e n o m e n o n  of n a r r o w i n g .

C o n s i d e r  a n  N . M . R .  s p e c t r u m  of a  s in g l e  " i s o l a t e d "  

n u c l e u s  w h i c h  w i l l  be a  s i n g l e  s h a r p  l i n e  a t  the  L a r m o r  f r e q u e n c y .
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I t  h a s  no  w id th  a t  a l l  b e c a u s e  e n e r g y  l e v e l s  a r e  e x a c t l y  d e f in e d ,  

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

w id th  due  to  a n  u n c e r t a i n t y  i n  the  e n e r g i e s  of t h e s e  s t a t e s .
I -

T h i s  u n c e r t a i n t y  c a n  be  e s t i m a t e d  a c c o r d i n g  to H e i s e n b e r g ' s  

u n c e r t a i n t y  p r i n c i p l e .

I n t e r a c t i o n ^ w i t h  the  n e i g h b o u r  s p in  ( d i p o l e - d i p o l e )  

a l s o  b r o a d e n  the  l i n e s .  If we r e s o l v e  the  p r e c e s s i n g  n u c l e a r  

m o m e n t  i n t o  i t s  c o m p o n e n t s ,  one a l o n g  the  d i r e c t i o n  of the  

a p p l i e d  f i e l d  and  the  o t h e r  r o t a t i n g  a t  the  r i g h t  a n g l e s  to  i t .
I ' , ,

T h i s  t r a n s v e r s e  c o m p o n e n t  c a n  in d u c e  t r a n s i t i o n s  in  the
' 1

n e i g h b o u r i n g  n u c l e u s .

T h i s  s p i n  e x c h a n g e  o r  f l i p  f lo p  d o e s  n o t  c h a n g e  the  

o v e r a l l  e n e r g y  bu t  s h o r t e n s  the  l i f e  t i m e  of the  s t a t e s  an d  e n e r g y  

l e v e l s  a r e  n o t  s h a r p l y  d e f i n e d  an d  s h o u ld  be p r o p e r l y  r e p r e s e n t e d

I k
AE ,

F i g .  X . l l .

I n h o m o g e n e i t y  of the  a p p l i e d  m a g n e t i c  f i e l d  a l s o  

b r o a d e n s  the  N . M . R .  s p e c t r u m  l i n e s .  In a n  i n h o m o g e n e o u s  

m a g n e t i c  f i e l d ,  the  n u c l e i  in  d i f f e r e n t  p a r t s  of a  s a m p l e  e x p e r i e n c e  

d i f f e r e n t  i n t e n s i t i e s  of  the  f i e l d ,  t h e r e f o r e ,  t h e r e  w i l l  be a  s p r e a d  

of  L a r m o r  f r e q u e n c i e s  o v e r  a  s m a l l  r e g i o n  of  f r e q u e n c i e s  a n d  the
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o v e r a l l  s i g n a l  w i l l  be a  c o l l e c t i o n  of  s i g n a l s  f r o m  the  s a m e  k i n d  of  ' 

e n s e m b l e  of  n u c l e i .

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

c h a n g e s  g r e a t l y  a s  the  r a t e  of  r e l a x a t i o n  of a  n u c l e a r  s p i n  to  w h ic h  

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

w i t h  q u a d r u p o l e  m o m e n t s ,  the  e f f e c t s  of q u a d r u p o l a r  r e l a x a t i o n  a r e
1

a l s o  o b s e r v e d  in  the  p r o t o n  s p e c t r a .  T h e  o r i g i n  of t h e s e  e f f e c t s  

is d i s c u s s e d  in  d e t a i l  i n  the  f o l lo w in g  s e c t i o n .

X. 3. 2 T h e  e f f e c t  of q u a d r u p o l e  r e l a x a t i o n  on  th e  p r o t o n  l i n e  s h a p e s

C o n s i d e r  tw o s p i n s  I an d  S w h e r e  S i s  a  q u a d r u p o l a r

n u c le u s ,  c o u p l e d  t o g e t h e r  by a s c a l a r  i n t e r a c t i o n  of type  l(i I. J . S .

In a  m a g n e t i c  f i e l d  b o th  s p i n s  a r e  q u a n t i z e d  an d  th e  p r o t o n  s p e c t r u m

c o n s i s t s  of a  m u l t i p l e t  of l i n e s  c o r r e s p o n d i n g  to the  (2S + 1) s t a t e s

of the  q u a d r u p o l a r  s p in .  T h e  f r e q u e n c y  of the  c o m p o n e n t s  b e i n g

CJ y m  =  W  + C/J m  ( m  =  - I  . . .  I)
I s  o s s

w h e r e  ^  =  u n p e r t u r b e d  a n g u l a r  r e s o n a n c e  f r e q u e n c y  
of th e  p r o t o n

CA)m^= s h i f t  a r i s i n g  f r o m  p e r t u r b a t i o n

D u e  to  r e l a x a t i o n ,  the  s p i n  S c a n  j u m p  f r o m  a  s t a t e  | to  a  s t a t e

I m ^  c a u s i n g  r a n d o m  j u m p s  of a n  e f f e c t i v e  f i e l d  J S ^  =  a c t i n g
s

on th e  p r o t o n .  T h e  f r e q u e n c y  of t h e s e  j u m p s  d e p e n d s  on  th e  l i f e  

t i m e  of the  s p i n  s t a t e s .  W h e n  th e  r e l a x a t i o n  t i m e  i s  long ,  the  

p r o t o n  s i g n a l  s p l i t s  up  in t o  a  m u l t i p l e t ,  a s  the  r e l a x a t i o n  t i m e  d e c r e a s e s ,  

th e  l i f e  t i m e  of  the  s p i n  s t a t e s  d e c r e a s e s  a n d  th e  l i n e s  of  the  m u l t i p l e t
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' I

b r o a d e n .  A s  th e  r e l a x a t i o n  t i m e  c o n t i n u e s  to d e c r e a s e ,  th e  p r o t o n

s p e c t r u m  c o a l e s c e s  in to  a  s i n g l e  b r o a d  l i n e  c e n t r e d  on  the  L a r m o r

f r e q u e n c y .  F i n a l l y ,  w h e n  the  r e l a x a t i o n  t i m e  i s  v e r y  s h o r t  so  t h a t

i t  b e c o m e s  c o m p a r a b l e  w i th  the  L a r m o r  f r e q u e n c y  of  the  p r o t o n ,  the

q u a d r u p o l a r  r e l a x a t i o n  of s p i n  S a c t s  a s  a  r e l a x a t i o n  m e c h a n i s m  of th e

p r o t o n ( s )  v i a  s c a l a r  c o u p l in g  an d  the  p r o t o n  l i n e  w i l l  s h a r p e n  an d

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

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

a s  a  f u n c t i o n  of t r a n s i t i o n  f r e q u e n c y  f^let u s  f i r s t  c o n s i d e r  the  c a s e

w h e n  r  J ,  i .  e .  long  r e l a x a t i o n  t i m e .

T h e  t r a n s i t i o n  b e t w e e n  tw o  s p i n  s t a t e s  of a  p r o t o n  a r e

| a ^  =  to

c o r r e s p o n d i n g  to  a  f r e q u e n c y  ^  __ ^  ^ ^
ab  o m

s
a n d  the  l i n e  w i d th  a t  h a l f  h e i g h t  i s  g i v e n  by

+ i l Z  -  + -  □ -------------------1
2 2 a  b

w h e r e  1_ i s  the  b r o a d e n i n g  due  to  the  m a g n e t i c  f i e l d  i n h o m o g e n e i t y
T *2

(in f a c t ,  i t  i s  the  b r o a d e n i n g  due  to a n y  m e c h a n i s m  o t h e r  t h a n  the  

r e l a x a t i o n  of  s p i n  S), t^ ,  t ^  d e n o t e  th e  l i f e  t i m e s  of s p i n  s t a t e s  a  a n d  b 

r e s p e c t i v e l y ,  w h i c h  i s  e q u a l  to  the  l i f e  t i m e  of  the  s p i n  s t a t e  m ^  an d
Î i

w e  c a n  w r i t e  t h a t
‘a  =  ‘b =  , ,s

T h is ! ' l i f e  t i m e ' '  b r o a d e n i n g  i s  th e  n a t u r a l  l i n e  w id th  an d  a c c o r d i n g  to
-  .  I

the  H e i s e n b e r g  u n c e r t a i n t y  p r i n c i p l e ,  th e  w id th  of  the t r a n s i t i o n

i s  g iv e n  by  ^  ~  ^
^ m '  I . !s
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T h e  i n v e r s e  l i f e  of a  s t a t e  m '  due  to r e l a x a t i o n ,  d e n o t i n g  P  , ,,
2 m m ”

a s  the  t r a n s i t i o n  p r o b a b i l i t y  b e t w e e n  t h e s e  two s t a t e s  w e  c a n  w r i t e

T /  m '
I P  m ' m '

m '

If  i s  the  H a m i l i t o n i a n  r e s p o n s i b l e  f o r  the  t r a n s i t i o n  b e t w e e n  

s t a t e  I iry ^  an d  ^ m ”^  the  p r o b a b i l i t y  of the  t r a n s i t i o n  c a n  be

w r i t t e n  a s

m ' m '

b u t jw e  a r e  c o n s i d e r i n g  h e r e  the  p e r t u r b a t i o n  H a m i l t o n i a n  of the  type

^ 1 =  z  a ' i ’

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

j: <” ' s  ■
m  m '

----------- 4

a s  w e  a r e  d e a l i n g  h e r e  w i t h  the  q u a d r u p o l a r  r e l a x a t i o n  m e c h a n i s m ,  

the  a l l o w e d  t r a n s i t i o n s  w i l l  be  w h e r e  A m  =  + 1, + 2.  F o r  s i m p l i c i t y ,  

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

of  e x t r e m e  n a r r o w i n g ,  w e  h a v e

P m ; , + 2 =  g—

and

P m ' ^ ,  m '  + 1 =  —

eT q Q  
S (2S-1)

e^ q Q 
S (2S-1)

(1 +-  3
m 's I XI

(1 +

c a l c u l a t i n g  the  i n t e g r a l s  a c c o r d i n g  to  th e  p r o p e r t i e s  of  a n g u l a r  m o m e n t s  

a n d  i n t r o d u c i n g  the  q u a d r u p o l e  r e l a x a t i o n  t ipae Tq,  the  p r o b a b i l i t i e s  

a r e  g iv e n  by
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-D ^ _ _ i ( 2 m + l ) ^ ( S  + m + l ) ( S + p a )  1
" ^ ± 1  =  2 ----------------------------------------------------- 7 -  ---------------

(2 S - 1) (2 S + 3) q

1 O _  i  (S 4- m)  (S + m -  l ) ( S  + m +  l ) ( S  + m +  2) 1IT , m  X Ù — 2 — ——— ——
^  (2 S - 1 ) (2 S + 3) T

q

A c c o r d i n g  to e q u a t i o n s  1 and  2 we c a n  c a l c u l a t e  the  l i n e  

w id th s  of the  m u l t i p l e t  c o m p o n e n t s  a s

1 1 9
Tp  =  —  + I  P  m ' m "

2 z

W h e n  i s  l o n g e r  a s  c o m p a r e d  to T | ,  w e  c a n  i g n o r e  T | ,  we  c a n  

w r i t e  t h a t  the  r e s p e c t i v e  w id th  of the  m u l t i p l e t  c o m p o n e n t s  i s  

p r o p o r t i o n a l  to P  m ' m " ,  we h a v e

m '  T 2 (4 S (S + l ) -3 )  
s q

+

I 2 2
J ( 2 m + 1 )  (&+m+l ) ( S - m ) ( 2 m - 1 ) ( S - m + l ) S  + m )

(S -m )  ( S - m - 1 )  ( S - m + l  )(S+m+2) (S + m )(S + m - l  ) ^ - m + 1  ) ( S - m + 2 )

w h e n  S =  1 we ge t

1 1 3  1 ' 10
: r  ^  z  ^  ~  f  ------------"b m ,  m  . q

1 - 1  I

j _  _  A .  i _
r -  “  5 T ---------------

T h e  s p e c t r u m  of the  p r o t o n  c o u p l e d  to  the  s p i n  S i s  a  t r i p l e t  w i th  the

2 1 3 1
c e n t r a l  l i n e  w id th  — { —  ) a n d  the  s i d e  l i n e s  — ( —  ), i . e .

D i  5 1
q q

t h e s e  w i d t h s  a r e  in  the  r a t i o  of 3 :2 :3 .

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

b a n d  s h a p e  of  a  s p i n  j  n u c l e u s  c o u p l e d  to a  q u a d r u p o l a r  n u c l e u s .
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T h e  t h e o r y  u n d e r l y i n g  the  s h a p e  of  th e  a b s o r p t i o n  b a n d  w a s  d e v e l o p e d

by P op le^^^^  fo l l o w in g  the  t r e a t m e n t  of  e x c h a n g e  p r o c e s s e s  d e s c r i b e d

by S a c k ^ ^ ^ \  T he  P o p l e  e x p r e s s i o n  i s  g iv e n  by

45 + T)̂  { 5 x^ + 1 )

 ̂ 225 %Z + - 2 xZ + 4) +  ̂ (x^ - 2 + x^)

w h e r e  the  i n t e n s i t y  of a b s o r p t i o n  of th e  s p i n  j  s p e c t r u m  I(x) i s  g iv e n  

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

X  =  ^ ' ’ / J

T]  =  10 TT Tj J

w h e r e  A v i s  th e  d i s t a n c e  f r o m  the  c e n t r e  of th e  b and ,  T^ i s  th e  

q u a d r u p o l a r  r e l a x a t i o n  t i m e  a n d  J  i s  the  c o u p l in g  c o n s t a n t  b e t w e e n  the 

s p i n  J an d  the  q u a d r u p o l a r  n u c l e u s .

T h e s e  a u t h o r s  d id  n o t  t a k e  in to  a c c o u n t  the  n a t u r a l
. I

l i n e  w id t h  of the  p r o t o n  s i g n a l  i n  the  a b s e n c e  of  q u a d r u p o l a r  r e l a x a t i o n .

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

: -1
t h e o r y  w a s  l a t e r  m o d i f i e d  to i n c l u d e  the  n a t u r a l  l i n e  w id th  ( TT T^)

(81)
by  K i n t z i n g e r  e t  a l  who o b t a i n e d  q u a d r u p o l a r  r e l a tx a t io n  t i m e s  of

d e u t e r i u m  a n d  n i t r o g e n  by  f i t t i n g  the  e x p e r i m e n t a l  d a t a  to c o m p u t e r

c a l c u l a t e d  b a n d  s h a p e s .  R e c e n t l y  P y p e r ^ ^ ^ ’ ^^^ h a s  sh o w n

( 8 8 )
u s i n g  a  m o r e  jr.igorous a p p r o a c h  b a s e d  on R e d f i e l d ' s  r e l a x a t i o n  

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

m a g n e t i c a l l y  e q u i v a l e n t  s p i n  7 n u c l e u s c o u p l e d  to  one  a n o t h e r  a n d  to a  

s i n g l e  q u a d r u p o l a r  n u c l e u s ,  the  s p e c t r u m  of t h e  s p i n  j  n u c l e i  c o n s i s t s  ' 

of  o v e r l a p p i n g  b a n d s  c e n t r e d  a t  the  n o r m a l  f i r s t  o r d e r  p o s i t i o n s  an d
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w i t h  n o r m a l  i n t e n s i t i e s .  T h e  o r i g i n s  of  the  i n d i v i d u a l  b a n d s  i n  the
t

m u l t i p l e t  a r e  to  be t a k e n  a t  the  f r e q u e n c i e s  of the  m u l t i p l e t  c o m p o n e n t s  

c a l c u l a t e d  i n  the  a b s e n c e  of  s p l i t t i n g  f r o m  the  q u a d r u p o l a r  n u c l e u s .

T h e  l i n e  s h a p e  f u n c t i o n  i s  g iv e n  by

L (  V)  = I  ( I I  g . g  ) I  <q- .  |M ^| P ( V , E )

E i ^ q  c . p . t .
!

w h e r e  g^^  i s  the  d e g e n e r a c y  of t h e  c o m p o s i t e  p a r t i c l e  s t a t e  of  the  i  th

m a g n e t i c a l l y  e q u i v a l e n t  g r o u p  i n  th e  w a v e  f u n c t i o n s  . an d  ^ . P (  v , E )
1 J

i s  j u s t  a  P o p l e  ty p e  f u n c t i o n  c e n t r e d  a t  E  w h i c h  i s  th e  t r a n s i t i o n  f r e q u e n c y

f r o m  I 4 * ^   ^  the  a b s e n c e  of s p l i t t i n g  f r o m  the  q u a d r u p o l a r

n u c l e u s .  T h e  s u m m a t i o n  o v e r  a l l  the  c o m p o s i t e  p a r t i c l e  t r a n s i t i o n s  

( c . p . t .  ) of ^ 4 ' .  j j 4̂ . ^  i s  a  c o n s t a n t  f o r  a l l  E .  T he  e q u a t i o n

s h o w s  t h a t  th e  l i n e  s h a p e ^ c o m p o s e d  o f ja  n u m b e r  of p a r t i c l e s  of t o t a l

s p i n  I , c o r r e s p o n d i n g  to a l l  the  p o s s i b l e  t o t a l  s p in s  of the  q t h  g r o u p
q •

e x e c u t i n g  s t a t i o n a r y  r a n d o m  M a r k o v i a n  j u m p s  b e t w e e n  t h r e e  s i t e s  of

d i f f e r e n t  p r e c e s s i o n a l  f r e q u e n c i e s .  In  q u a l i t a t i v e  t e r m s  th i s  b e h a v i o u r

3 2
c a n  b e s t  be  u n d e r s t o o d  by c o n s i d e r i n g  a  A X  s y s t e m  ( e . g .  the  HD 

s u b  s p i n  s y s t e m  f o r  the n o n  m a g n e t i c  t i n  s p e c i e s  i s  (C^H ^)^SnH D ) .

T h e  s i x  e i g e n s t a t e s  of the  s p i n  s y s t e m  a n d  the  c o r r e s p o n d i n g  t h r e e  

t r a n s i t i o n s  a r e  sh o w n  i n  F i g .  X.  I l l ,  T h e  r e l a x a t i o n  of  the  A s p i n  

c a u s e s  the  X s p i n  to  j u m p  b e t w e e n  s i t e s  of  d i f f e r e n t  r e s o n a n c e  

f r e q u e n c y  c o r r e s p o n d i n g  to  d i f f e r e n t  s p i n  s t a t e s  of  A.  A s  the  r a t e  of

^  M a r k o v  P r o c e s s :  A s t o c h a s t i c  p r o c e s s  ( r a n d o m l y  v a r i a b l e )  s u c h  t h a t  

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

g iv e n  the  p r e s e n t  s t a t e  i s  u n a f f e c t e d  by  a n y  a d d i t i o n a l  k n o w le d g e  of the  

p a s t  h i s t o r y  s y s t e m .
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r e l a x a t i o n  of A i n c r e a s e s ,  the  X t r a n s i t i o n s  b r o a d e n  a n d  t h e n  c o l l a p s e  

i n t o  one  t r a n s i t i o n  c e n t r e d  a t  V  , w h i c h  i s  t h e n  f u r t h e r  n a r r o w e d
X

f o r  m o r e  r a p i d  r e l a x a t i o n  of  A.

S e c t i o n  X. 4 C u r v e  f i t t i n g  p r o g r a m .

T h e  c u r v e  f i t t in g  of  th e  e x p e r i m e n t a l  b a n d  s h a p e  w a s  

d o n e  w i th  a  c o m p u t e r  p r o g r a m  Q U A D R U C A L C .  T h i s  p r o g r a m  w a s  

w r i t t e n  by  N. C.  P y p e r \  of the  U n i v e r s i t y  of  E a s t  A n g l i a ,  to 

i t e r a t i v e l y  f i t  b a n d  s h a p e s  of  f i r s t  o r d e r  N M R  s p e c t r a  of s p i n - j  

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

n u m b e r  of  s p i n - j  n u c l e i  i s  s e v e n .  T h e  p r o g r a m  a c c e p t s  a s  in p u t  

(on p u n c h e d  c a r d s )  the  e x p e r i m e n t a l  b a n d  s h a p e  ( in c lu d in g  b a s e l i n e  

i n f o r m a t i o n )  a n  e s t i m a t e d  v a l u e  f o r  the  c o u p l in g  c o n s t a n t  to  the  

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

f i t  of j— j.

L  (V) =  I  ( g ) J. A  1 M I + \ P  (v , E )
E  Y q  i  E  c . p . t . A *  •’/

i s  p e r f o r m e d  by  the  c o m p u t e r .  In  o r d e r  to  o b t a i n  a  " s m o o t h "

b a s e l i n e  a n  a r b i t r a r y  r e f e r e n c e  p o in t  i s  t a k e n  on  the  l e f t  h a n d  s id e
II

a n d  a l l  the  i n t e n s i t i e s  of e x p e r i m e n t a l  c u r v e  a r e  m e a s u r e d  f r o m  i t .

T h i s  p r o g r a m  d e a l s  on ly  w i t h  th e  i n t e n s i t y  d i f f e r e n c e s .  T h e  d a t a  

w a s  p r o c e s s e d  on  a CD C 6600 c o m p u t e r  v i a  a  200 u s e r  t e r m i n a l .

T h e  d a t a  i s  r e a d  in  a s  b e lo w .

NN N a m e  NN i s  the  n u m b e r  of  s p i n  % n u c l e i  a n d  n a m e  of  the  f i l e .

NW A NT n u m b e r  of  n u c l e i  b e i n g  o b s e r v e d .
I '

I R T  the  t r i a l  l o n g i t u d i n a l  r e l a x a t i o n  t i m e  T^ of  th e  q u a d r u p o l a r

n u c l e u s ,  i s  v a r i a b l e .
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N I T I T

CQ

R M F I

E P R

C O R IT

i s  the  n u m b e r  of  i t e r a t i o n s  r e q u i r e d

i s  the  c o u p l in g  c o n s t a n t  (J )
r i J - )

the  l i n e  w i d th  a t  h a l f  h e i g h t  of a  s t a n d a r d  l i n e  to w h ic h  

no q u a d r u p o l a r  n u c l e u s  i s  a t t a c h e d ,  

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

i s  the  f r a c t i o n  of  c o r r e c t i o n

(B o th  E P R  an d  CO R IT  h a v e  s t a n d a r d  v a l u e s  0. 05 a n d  0. 08 r e s p e c t i v e l y )  

R T  i s  the  i n i t i a l  v a l u e  of q u a d r u p o l a r  r e l a x a t i o n  t i m e

C E N T  a n  a r b i t r a r y  o r i g i n ,  i s  t a k e n  on  the  e x t r e m e  l e f t  of the

c h a r t  and  the  d i s t a n c e  of the  c e n t r e  of  the  m u l t i p l e t  

f r o m  t h a t  a r b i t r a r y  o r i g i n  

R T C E N T  i s  the  h e i g h t  of the  c e n t r a l  f e a t u r e  of  t h e  m u l t i p l e t

f r o m  th e  o r i g i n  of the  p a p e r  

V ST the  h o r i z o n t a l  d i s t a n c e  of  a n y  p o in t  on  the  e x p e r i m e n t a l

m u l t i p l e t  f r o m  the  a r b i t r a r y  p o in t  on  the  l e f t  h a n d  

R S T  i s  the  h e i g h t  of th e  r e f e r e n c e  p o in t  f r o m  the  l e f t  h a n d

o r i g i n  of the  p a p e r  

SW an d  P W  a r e  the  s w e e p  w id th  an d  p a p e r  w id t h s  r e s p e c t i v e l y

V C M S  d i s t a n c e  of  p o in t s  i n  c m  f r o m  the  o r i g i n  (98 n u m b e r s

t a k e n  in  t h i s  c a s e )

R IN T  i s  the  h e i g h t  of  a  p o in t  on  th e  c u r v e  f r o m  th e  s a m e

o r i g i n  a s  R T C E N T  

F i g . x .  IV.  s h o w s  the  c a l i b r a t i o n  of  th e  e x p e r i m e n t a l  c u r v e  a c c o r d i n g  

to th e  a b o v e  p r o g r a m .



212

T h e  p r o g r a m  p r i n t s  r e l a x a t i o n  t i m e s  j. s c a l i n g  f a c t o r  a n d  t h e i r  

c a l c u l a t e d  c o r r e c t i o n s .  A t  the  l a s t  i t e r a t i o n ,  the  r o o t  m e a n  

s q u a r e  e r r o r s  a r e  p r i n t e d  w i th  th e  f i n a l  v a l u e s  of q u a d r u p o l a r  

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

E r r o r s * T h e  c o m p u t e r  p r o g r a m  c a l c u l a t e s  the  o r t h o g o n a l i z e d

r o o t - m e a n - s q u a r e  e r r o r s  on  p a r a m e t e r  tw o ( r e l a x a t i o n  t i m e  of 

q u a d r u p o l a r  n u c l e u s ) .  T h e s e  e r r o r s  a c t u a l l y  i n d i c a t e  the  d e g r e e  

to  w h i c h  the  o b s e r v e d  l i n e  s h a p e  c a n  be  f i t t e d  to a  t h e o r e t i c a l  m o d e l ,  

so  t h e y  do n o t  r e f l e c t  the  t r u e  e r r o r  w h e r e  l e s s  t h a n  0. 1 p e r  c e n t .  

A n o t h e r  s o u r c e  of  e r r o r  i s  the  v a r i a t i o n  of  i t e r a t e d  p a r a m e t e r s  f r o m  

one  s p e c t r u m  to  a n o t h e r  an d  u n c e r t a i n t y  a s  to the  c o r r e c t  v a l u e  f o r  

the  m a g n e t i c  f i e l d  i n h o m o g e n e i t y .  T h e  m a g n e t i c  f i e l d  i n h o m o g e n e i t y  

w a s  m e a s u r e d  in  e v e r y  c a s e  f r o m  the  l in e  w id th  of u n d e u t e r a t e d  s p e c i e s  

to  m i n i m i s e  the  ab o v e  m e n t i o n e d  e r r o r .
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S e c t i o n  X . 5 R e s u l t s  an d  d i s c u s s i o n

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

h y d r i d e  (C^H^)^SnH D  I c a n  r e l a x  by  q u a d r u p o l a r  and  d i p o l e - d i p o l e  

m e c h a n i s m s  (The  spec trum of  t h i s  c o m p o u n d  h a s  b e e n  d e s c r i b e d  in  

C h a p t e r  III).  I t s  r e l a x a t i o n  t i m e  b e i n g

( - i -  ) =  + —\ rp / m T
1 t o t a l  q H - D  ( d i p o l e - d ip o le )

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

of a  q u a d r u p o l e  n u c l e u s  an d  m u c h  m o r e  e f f e c t i v e  t h a n  th e  d i p o l a r  

r e l a x a t i o n  of  H - D .  In a d d i t i o n  q u a d r u p o l e  r e l a x a t i o n  d e p e n d s  o n ly  on  

i n t r a m o l e c u l a r  m o t i o n .  I n t e r  m o l e c u l a r  c o n t r i b u t i o n s  to  the  l o c a l  

e l e c t r i c  f i e l d  g r a d i e n t s  a r e  v e r y  w e a k ,  t h e r e f o r e  no s e p a r a t i o n  i s  

n e c e s s a r y .  W e w i l l  c o n s i d e r  t h a t  th e  r e l a x a t i o n  of d e u t e r i u m  i s  d u e  

to a p u r e l y  q u a d r u p o l e  m e c h a n i s m .

A v a l u e  of 0. 488 s e c  f o r  th e  q u a d r u p o l e  r e l a x a t i o n  t i m e  

w a s  o b t a i n e d  by  b a n d  s h a p e  a n a l y s i s  a t  r o o m  t e m p e r a t u r e  oF tKa- f̂ roton rtsonawcs.. 

T o  c h e c k  t h e  a b o v e  v a l u e ,  f u r t h e r  m e a s u r e m e n t s  on  th e  h a l f  w id t h s  of 

l i n e s  of th e  t r i p l e t  w e r e  e v a l u a t e d .  T a k i n g  in to  a c c o u n t  the  " n a t u r a l "  

l i n e  w i d th  i n  the  a b s e n c e  of  q u a d r u p o l a r  r e l a x a t i o n ,  the  " p u r e "  

q u a d r u p o l e  b r o a d e n i n g  A v ^  c a n  be  o b t a i n e d  f o r  th e  c e n t r a l  a n d  3 / 2

( 7 6 )
i s  g i v e n  D v

q

1

A V f o r  th e  o u t e r  p e a k s .  T h e  b r o a d e n i n g  A v i s  g i v e n  by

w h e r e  i s  the  l i f e  t i m e  of  the  n o n  m a g n e t i c  s p i n  s t a t e  ( m  =  o)

of d e u t e r i u m .  T h e  i n v e r s e  l i f e  t i m e  ( p r o b a b i l i t y  of  t r a n s i t i o n  p e r
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u n i t  t i m e )  i s  g i v e n  by

i / t o  =  i F  ( )
6 , e “ .q Q .2 ^
40  & ' c

T h e  q u a d r u p o l e  r e l a x a t i o n  t i m e  T ^  c a n  be w r i t t e n  a s

1

q
F  =  Po ■1 ± = I  <

( w h e r e  p.  ̂ i s  t h e  t r a n s i t i o n  p r o b a b i l i t y  b e t w e e n  the  two s t a t e s )

T h e r e f o r e
1 3 40 1

'^q ^ ^  ^ ^  t o

5=    TT A V
2 q

s i m i l a r l y  f o r  th e  o u t e r  p e a k s  the  e x p r e s s i o n  c a n  be w r i t t e n  a s

I T  =  T tt A V 
T q  3 q

C o m p a r i s o n  of  T ^  v a l u e s  gav e  the  f o l l o w in g  r e s u l t s

(C ^ H s j^ S nH D

L i n e  s h a p e  a n a l y s i s L i n e  w id th  m e a s u r e m e n t s

0 . 4 8 8  s e c 0 , 4 5 4  s e c  ( c e n t r a l  p e a k )  

^  0 . 4 7 7  s e c  ( o u t e r  p e a k s )

^  c a l c u l a t e d  f r o m  th e  a v e r a g e  w id th .

T h e  a g r e e m e n t  b e t w e e n  t h e s e  T ^  v a l u e s  i s  f a i r l y  good .  I t  i s  i n t e r e s t i n g

to  c o m p a r e  the  r e s u l t s  o b t a i n e d  h e r e  f o r  T ^  w i t h  s i m i l a r  m o l e c u l e s .

(94)
A s u i t a b l e  e x a m p l e  i s  t h a t  of  ( C , H  ) CD w h e r e  th e  d e u t e r i u m

b  5  2  2

q u a d r u p o l e  r e l a x a t i o n  t i m e  h a s  b e e n  m e a s u r e d  a s  0, 19 s e c  by  t h e  d i r e c t  

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

i n  t e r m s  of a  l o w e r  q u a d r u p o l e  c o u p l in g  c o n s t a n t  f o r  S n - D  i n  (C^H^)^SnHD
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a s  c o m p a r e d  to  C - D  in  (C ^ H ^ )^C D ^  (the r e p o r t e d  v a l u e s  f o r  the

q u a d r u p o l e  c o u p l in g  c o n s t a n t  C - D  a r e  b e t w e e n  170 an d  350 k H z

d e p e n d i n g  on  th e  c o m p o u n d s ) .

S i m i l a r  m e a s u r e m e n t s  on  the  l i n e  s h a p e  of

d e u t e r a t e d  d i m e t h y l  t i n  h y d r i d e  y i e l d e d  the  fo l lo w in g  v a l u e s

2 . 2 1  s e c  ( c e n t r a l  p e a k )

2 . 3 8  s e c  ( o u t e r  p e a k s )

T h e  e x a c t  v a l u e  of the  S n - D  q u a d r u p o l e  co u p l in g
I

c o n s t a n t  i s  n o t  kno w n .  S in c e  bo th  p r o t o n  an d  d e u t e r o n  r e l a x a t i o n
I

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

i n t r a m o l e c u l a r  i n t e r a c t i o n  (fo r  'H  r e l a x a t i o n  t i m e ,  s e e  C h a p t e r l X ) ,

a  c a l c u l a t e d  v a l u e  of  f r o m  th e  i n t r a m o l e c u l a r  d i p o l e - d i p o l e

r e l a x a t i o n  t i m e  c a n  be  u s e d  to e s t i m a t e  th e  q u a d r u p o l e  co u p l in g

c o n s t a n t  f r o m  the  e x p r e s s i o n  (A), by  s u b s t i t u t i n g  a  v a l u e  of T ^ .

(89 -91 )
P r e v i o u s  s u c h  a t t e m p t s  to d e t e r m i n e  the  q u a d r u p o l e  co u p l in g

c o n s t a n t  gave  p o o r  r e s u l t s  b e c a u s e  of  d i f f i c u l ty  i n  s e p a r a t i n g  v a r i o u s

i n t r a m o l e c u l a r  c o n t r i b u t i o n s .  M o l e c u l e s  i n  the  l i q u id  s t a t e  t u m b l e

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

r e l a x a t i o n  t i m e  on  th i s  a n i s o t r o p i c  m o t i o n  i s  the  s a m e  a s  t h a t  of p r o t o n .

T h e  a n g u l a r  d e p e n d e n c e  of S n - H  d i p o l e - d i p o l e  r e l a x a t i o n  i s  e x a c t l y  the

- 12s a m e  a s  t h a t  of  S n -D  q u a d r u p o l e  r e l a x a t i o n .  T a k i n g  9 . 3 7  x  10 s e c

a s  a  c o r r e l a t i o n  t i m e  (T a b le  X. 1) and  T ^  =  0 . 4 8 8  s e c  and  s u b s t i t u t i n g

2
t h e s e  v a l u e s  i n  e q u a t i o n  (A), a  v a l u e  of  ( e q Q /J i  ) w a s  found  to be

I

1 2 1 . 5  k H z .  T h i s  v a l u e  c a n  be  c o m p a r e d  w i th  t h a t  of  m o  n o - p h e n y l
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s i l a n e  - d ^  (91 + 2 k H z )  c a l c u l a t e d  f r o m  th e  p r o t o n  d e u t e r i u m  m a g n e t i c

(93)
r e s o n a n c e  s t u d i e s  i n  l i q u i d  c r y s t a l  s o l u t i o n s  by  F u n g  e t  a l .  S in c e  

th e  q u a d r u p o l e  c o u p l in g  c o n s t a n t  d o e s  n o t  c h a n g e  m u c h  i f  the  bond 

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

T a k i n g  a v a l u e  of 12 l  k H z  an d  T ^  = 2 . 1 2  s e c  f o r  d e u t e r a t e d  d i m e t h y l  

t i n  h y d r i d e  one  o b t a i n s

=  2 . 1 8 x 1 0  s e c
c

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

_ 12
of 2 , 4 0  x  10 s e c  ( T a b le  X. 1) c a l c u l a t e d  f r o m  th e  m e a s u r e m e n t  of 

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

h y d r i d e .  H o w e v e r ,  one i s  t e m p t e d  to  s u g g e s t  t h a t  the  v a l u e  of 

the  q u a d r u p o l e  c o u p l in g  c o n s t a n t  f o r  th e  s y s t e m s  s t u d i e d  h e r e  i s  ' 

c l o s e  to  the  r e a l  v a l u e  of  the  S n -D  q u a d r u p o l e  co u p l in g  c o n s t a n t s  i n  

t h e s e  c o m p o u n d s ,

A s u g g e s t i o n  f o r  f u r t h e r  w o r k  i n  t h i s  a r e a  w o u ld  be  

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

an d  m e a s u r e  q u a d r u p o l e  r e l a x a t i o n  t i m e s ,  f r o m  w h i c h  c o r r e l a t i o n  

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

d e p e n d e n c e  of  T ^  l e a d s  to the  c a l c u l a t i o n  of a c t i v a t i o n  p a r a m e t e r s  

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



217

R E F E R E N C E S



218

R E F E R E N C E S

1. H. C.  C l a r k ,  J .  T . K w o n ,  L .  W. R e e v e s  an d  E .  J .  W e l l s ,

C a n .  J .  C h e m .  , 41, 3005 (1963)

2.  J e a n i n e  D u f e r m o n t  e t  J .  C.  M a i r e ,  J .  O r g a n o m e t a l .  C h e m . ,

2_, 415 ,  (1967).

3. P .  E .  P o t t e r ,  L .  P r a t t ,  and  G. W i lk in s o n ,  J .  C h e m .  S o c . , 5 2 4 (1 9 6 4 )

4.  N.  F l i t c r o f t  an d  H. D. K a e s z ,  J .  A m e r .  C h e m .  S o c . , 8 5 , 1377 ,  (1963) .

5.  E b e r h a r d  A m b e r g e r ,  H e i n z  P .  F r i t z ,  C o r n e l i u s  G. K r e i t e r  und  

M a r i a - R e g i n a  K u la ,  C h e m .  B e r . , 9 6 , 3270,  (1963).

6. M .  T .  R y a n  an d  W. L .  L e h n ,  J .  O r g a n o m e t a l .  C h e m .  , 4,  455 ,  (1 965).

7. C.  S c h u m a n n  an d  H. D r e e s k a m p ,  J ' .  M a g n .  R e s o n a n c e , 204,  (1970).

8.  J .  C.  M a i r e  an d  J .  D u f e r m o n t ,  J .  O r g a n o m e t a l .  C h e m . , 1 0 , 369,  (1967).

9. M .  L .  M a d d o x ,  N.  F l i t c r o f t  and  H. D. K a e s z ,  J .  O r g a n o m e t a l .  C h e m .  ,

10.  H.  J ,  B e r n s t e i n ,  and  N, J .  S h e p p a r d ,  J .  C h e m .  P h y s . , 3 7 , 3012 (1 962)

11.  J .  D.  K e n n e d y ,  a n d  W. M c F a r l a n e ,  R e y s . Si,  Ge,  Sn an d  P b , 1 . ( 3 ) ,

235,  (1974).

12. D . G . G i l l i e s ,  R .  W a i d e r  an d  M .  A .  W a r d ,  u n p u b l i s h e d  r e s u l t s

ch
13. Y. K a n a z a r y a ,  J .  D.  B a l d e s j w i e l e r  a n d  N. C .  C r a i g ,  J .  M o l .  S p e c . ,

16,  325,  (1965).

14.  G.  F r a e n k e l ,  Y . A s a h i ,  H.  B a t i z - H e r n a n d e z  and  R .  A.  B e r n h e i m ,
I

J .  C h e m .  P h y s . , 4 4 , 4647  (1966).

15.  D.  G.  G i l l i e s  and  I. D.  C r e s s h u l l ,  u n p u b l i s h e d  r e s u l t s .

16.  C.  S. P e t e r s ,  R .  C o d r i n g t o n ,  H.  C.  W a l s h  and  P .  D .  E l l i s ,  J .  M a g n .  

R e s o n a n c e ,  1 1 , 431 ,  (1973).



219

17. J .  J .  B u r k e  an d  P .  C. L a u t e r b e r ,  J .  A m e r .  C h e m .  S o c . . 8 3 , 325,  (1961 )

18.  B .  K.  H u n t e r  and  W. R e e v e s ,  C an .  J .  C h e m . , 4 6 , 1399,  (1968).

19. D.  Li. A l l e s t o n ,  A . G . D a v i e s ,  M. H a n c o c k  and  R.  P . M .  W h i te ,

J .  C h e m .  Soc .  , 5469 (1 963).

20.  W . J .  C o n s i d i n e ,  G.  A.  B a u m  and  R .  C.  J o n e s , J .  O r g a n o m e t a l .

C h e m . , 3, 308,  (1965)

21 .  A lw  yn  G. D a v i e s ,  P .  G. H a r r i s o n ,  J ,  D.  K e n n e d y ,  T.  N.  M i tc h e lL

R.  J .  P u d d e p h a t t  a n d  W. M c F a r l a n e ,  J .  C h e m .  Soc .  (C), 1 1 3 6 ,  (1 969).

22 .  P .  G. H a r r i s o n ,  S.  E .  U l r i c h  an d  J .  J .  Z u c k e r m a n ,  J .  A m e r .  C h e m .

S o c .  , 93 :21 ,  5398 (1971).

23.  P .  J .  B a n n e y ,  D.  C.  M e W i l l i a m  an d  P e t e r  R .  W e l l s ,  J .  M a g n .

R e s o n a n c e ,  2, 235,  (1970).

24.  E .  V .  V a n  d e r  B e r g h e  an d  G. P .  V a n  d e r  K e le n ,  J .  O r g a n o m e t a l .

C h e m . , 2^, 207,  (1971).

25.  G . M . F o r d ,  L .  G.  R o b i n s o n  an d  G. B .  S a v i t s k y ,  J .  M agn .  R e s o n a n c e ,

4,  109, (19701

2 6 . N.  F .  R a m s e y ,  P h y s . R e v . , 8 7 , 1075,  (1952).

27.  H.  B a i t z - H e r n a n d e z  an d  R.  A.  B e r n h e i m ,  P r o g .  N.  M. R.  S p e c t r o s c o p y ,

3, 63, (1967).

28.  R.  A.  B e r n h e i m  an d  H. B .  H e r n a n d e z ,  J .  C h e m .  P h y s . , 4 5 , 2261 ,  

(1966)

29.  A .  S a i k a  and  H. N a r u m i ,  C an .  J .  P h y s . , 4 2 , 1481,  (1964).

30.  R . G .  G i l l e s p i e  a n d  J .  W. Q u a i l ,  J .  C h e m .  P h y s . , 3^ .  2555,  (1963) .

31.  R.  K.  H a r r i s ,  J .  M o l .  S p e c t r y . , 1 0 , 309,  (1963).

32.  R .  A.  B e r n h e i m  and  H. B a i t z - H e r n a n d e z ,  J .  C h e m .  P h y s . , 4 0 .

3446,  (1964).



220

33.  A .  T u p c i a u s k a s ,  N .  M .  S e r g e y e v  a n d  Yu. A .  U s ty n k ,  M ol .  P h y s .  , 

n ,  1, 179 (1971)

34 .  W . M c F a r l a n e ,  J .  M a g n .  R e s o n a n c e ,  1 0 , 9, 98 (1 973)

35 .  A.  A .  B o r i s e n k o ,  N . M .  S e r g e y e v  an d  Yu. A. U s t y n k ,  M ol .  P h y s .  , 22,  

715,  1971

36.  C . N . B a n w e l l ,  J .  N.  M u r r e l l  an d  M .  A. T u r p i n ,  C h e m .  C o m m .  1466,  

(1968) .

37.  G.  F  r a e n k e l  a n d  W. B u r l a n t ,  J .  C h e m .  P h y s . , 4 2 , 3724,  (1965).

38 .  P f i s t e r r e r  and  H. D r e e s k a m p ,  B e r ,  B u n g s e n g e s ,  P h y s .  C h e m .

73,  6 5 4  (1969).

39.  M. M u r r a y ,  J .  M a g n .  R e s o n a n c e , % 326,  (1973).

40 .  N.  M. S e r g e y e y  an d  V. N. S o lk an ,  J .  C h e m .  Soc .  C o m m . , 1 7 , 1975.

41 .  W . B . M o n i z ,  W. A. S t e e l e  a n d  J .  A.  D ixon ,  J .  C h e m .  P h y s .  , 3 8 ,

2418 ,  (1963).

42 .  D.  E.  W o e s s n e r ,  J .  C h e m .  P h y s .  , 3 7 , 647,  (1 962).

43 .  H.  S h i m i z u ,  J .  C h e m .  P h y s . , 3 7 , 765,  (1962).

4 4 .  W. A .  S t e e l e ,  J .  C h e m .  P h y s .  , 38, 2404,  (1 963).

45 .  F .  P e r r i n ,  J .  P h y s .  R a d i u m ,  5, 497 ,  (1934).

46 .  P .  D e b y e  " P o l a r  M o l e c u l e s " ,  D o v e r  p u b l i c a t i o n s .  I n c . ,  N ew  Y o rk ,  

(1954).

47 .  A .  G i e r n e r  an d  K .  W i r t z ,  Z .  N a t u r f o r s c h , 8 a , 532,  (1953).

48 .  W. J .  T a y l o r ,  D . D . W a g m a n ,  M .  G. W i l l i a m s ,  K .  S. P i t z e r  a n d  

F .  D.  R o s s i n i ,  J .  R e s .  N a t .  B u r .  S ta n d .  3 7 , 95, (1946),

49 .  N.  F .  H i l l ,  P r o c .  P h y s .  Soc .  L o n d o n ,  6 7 B , 149, (195-^).

I . !



221

50 .  N.  B l o e m b e r g e n ,  E .  M .  P u r c e l l  a n d  R.  V .  P o u n d ,  P h y s . R e v . ,

73,  679 ,  ( 1 9 4 8 ) .

51 .  H i n d e r m a n n ,  D . K . ,  a n d  C o r n w e l l ,  C . D . ,  J .  C h e m .  P h y s . , 4 8 ,

2017 ,  (1968).

52.  L i t c h m a n ,  W. M. , A l e i  A .  a n d  F l o r i n  A. E ,  , J .  C h e m .  P h y s . , 8 0 ,

1897 (1969). I

53.  H.  S. G u to w sk y ,  V.  D.  M o c h e l  an d  B .  G.  S o m m e r s ,  J .  C h e m .  P h y s .  , 

36,  1153 (1962).

54 .  E .  A .  V.  E b s w o r t h  a n d  J .  J .  T u r n e r ,  J .  C h e m .  P h y s . , 3 6 , 2628 

(1962).

55.  P .  P i e h l  an d  T h .  L i e p e r t ,  H e lv .  C h im .  A c ta ,  4 7 , 545,  (1 964).

56.  H . W a n t a b e ,  T .  T o t a n i  an d  M. O h t s u r u ,  M ol .  P h y s . , 367 (1968)

57 .  G.  F r a e n k e l  an d  W. B u r l a n t ,  J .  C h e m .  P h y s . , 42,  3724 ,  (1 963).

58.  H.  C o l i ,  V.  Gold  and  J .  P e a r s o n ,  J .  C. S . C h e m .  C o m m .  , 408 (1973)

59 .  H .  S c h m i d b a u r  a n d  W. S i e b e r t ,  Z . N a t u r f o r s c h  2 0 b , 596,  (1965).

60.  E .  D a y a n ,  G.  W i d e n l o c h e r  an d  M. C h a i g n e a u ,  C o m p t .  R e n d . 2 7 5 , 

2255 (1963).

61.  G e o r g e  V a n  D yke  T i e r s ,  J .  A m .  C h e m . S o c .  , 7 9 , 5585 (1957).

62.  M .  M c F a r l a n e ,  A nn .  R e y .  N.  M. R.  S p e c t r o s c o p y ,  1, 135,  (1968) .

63.  A .  S a i k a  an d  C.  P .  S l i c h t e r ,  J .  C h e m .  P h y s . , 22,  26 (1 954).

64.  H.  J .  J a k o b s e n  an d  T.  B u n d g a a r d .  J .  M a g n .  R e s o n a n c e  ; _18 »

209,  (1975) .

65 .  P .  S.  H u b b a r d ,  P h y s .  R e v .  141,  1155 (1963).



222

66 .  R.  E .  D.  M c C l u n g ,  J .  C h e m .  P h y s . , 5 1 , 3842 (1969) .

67 .  A . B r i g u e t ,  J .  C,  D u p h a n  an d  J ,  D e l m a n ,  M ol .  P h y s . , 2 9 ,

3, 837 (1975).

68.  F r a n k  H e a t l y ,  J .  C h e m .  Soc .  F a r .  T r a n s .  II. , 70,  148, (1974).

6 9 .  J . J .  J o n e s ,  D. M .  G r a n t  a n d  K .  F . K u h l m a n n ,  J .  A m .  C h e m .  S o c . ,

91, 5013,  (1962).

70. K .  F .  K u h l m a n n ,  D.  M. G r a n t  an d  R .  K.  H a r r i s ,  J .  C h e m .  P h y s . ,

52,  3439,  (1970).

71.  R .  C.  P o l l e r ,  " T h e  C h e m i s t r y  of  o r g a n o - t i n  c o m p o u n d s " ,

L o g o s  P r e s s  L t d . ,  L o n d o n  1970.

72 .  J .  N.  S h o o l e r y ,  T e c h n .  I n f o r m a t i o n  B u l l .  V a r i a n  A s s o c i a t e s ,

P a l o  A l to ,  C a l i .  No.  3 (1959) .

73.  E b s w o r t h  an d  T u r n e r ,  J .  C h e m .  P h y s . , 3 6 , 2628 ,  (1962).
I

74 .  S c h n e i d e r  an d  B u c k i n g h a m ,  D i s c u s s .  F a r a d a y  S o c . , 3 4 , 154 (1 962) .

75.  H.  A.  B e n t ,  C h e m .  R e v . , 6 0 , 275 ,  1 960 an d  C a n a d .  J .  C h e m .  ,

38,  1235 ( I960 ) .
t

76.  J .  A.  P o p l e ,  M o l .  P h y s . ,  j_, 168 (1958).

77.  J . S . W a u g h ,  " M o l e c u l a r  R e l a x a t i o n  P r o c e s s "  A c a d e m i c  P r e s s ,  

L o n d o n  (1966).

78.  J .  B a c o n ,  R.  J .  G i l l e s p i e  an d  J ,  W, Q u a i l ,  C a n a d .  J .  C h e m .  , 4 1 ,

3663,  (1963).

79.  M. S u z u k i  and  R . K u b o ,  J .  M ol .  P h y s . , 7, 201,  (1963).

80 .  R .  A .  S a c k ,  M ol .  P h y s .  1, 163,  (1958).



223

81.  J .  P .  K i n t z i n g e r ,  J .  M. L e h n  a n d  R .  L .  W i l l i a m s ,  M o l .  P h y s . ,

1 7 ,  139 (1969).

82 .  Ch .  B r e v a r d ,  D o c t o r a t e  d ' E t a t  t h e s i s .  U n i v e r s i t y  of  S t r a s b o u r g ,  

(1971) .

83 .  J .  P .  K i n t z i n g e r ,  D o c t o r a t e  d ' E t a t  t h e s i s .  U n i v e r s i t y  of  S t r a s b o u r g ,  

(1970) .

84 .  Ch.  B r e v a r d ,  J .  P .  K i n t z i n g e r  a n d  J .  M .  L e h n ,  T e t r a h e d r o n . ,

28,  2429 (1972).

85 .  C.  M .  S h e p p a r d ,  T .  S c h a e f e r ,  B .  W. G o o d w in  an d  J . T r a a ,  C a n a d .
I

J .  C h e m .  , 49 ,  3158 (1971).

86 .  N . C . P y p e r ,  M .  Sc.  t h e s i s .  U n i v e r s i t y  of E a s t  A n g l i a  (1 968).

87 .  N . C . P y p e r ,  M o l .  P h y s .  , 19 ,  161 (1970)

88 .  A.  G.  R e d f i e ld ,  A dv .  M a g n .  R e s o n a n c e , 1 ,  1, (1965).

89 .  D.  W o e s s n e r ,  J .  C h e m .  P h y s . , 4 0 , 2341,  1964

90.  B o n e r a  a n d  A .  R i g a m o n t i ,  J .  A m e r .  C h e m .  S o c . , 4 2 , 1 7 5 , (1 9 6 5 ) .

91.  M .  Z e i d l e r ,  B e r .  B u n s e n g e s  P h y .  C h e m .  , 6 9 , 659 (1965).

92.  R . F i g g i n s  an d  M. R h o d e ,  M ol .  P h y s . , 1 7 , 669  (1970)

93.  B .  M.  F ung  an d  I. Y.  W e i ,  J .  A m e r .  C h e m .  Soc .  , 9 2 , 1497 (1970).

94 .  H.  M. M a u t s c h ,  H . S a i t o ,  L .  C.  L e i t c h ,  I , C . P .  S m i t h ,  J .  A m e r .  C h e m .

S o c .  , 9 6 H ,  285 (1974).

95.  W . P .  N e u m a n n  an d  N i e r m a n n ,  L i e b i g s . A nn .  C h e m . , 6 5 3 ; 164 (1 962).

9 6 . H.  G. K u iy i l a ,  A.  K.  S a w y e r  an d  A .  G. A r m o n t ,  J .  O r g .  C h e m .  , 2 6 , 

1426 ,  (1961).
I  '

9 7 . G. W, S c h a e f f e r  a n d  S r .  M. E m e l i u s ,  J .  A m e r . C h e m ,  S o c . , 7 6 ,

1203,  (1954) .



224

98.  C .  R.  D i l l a r d ,  E .  H o l m e s  M c N e i l l ,  D. E .  S i m m o n s  an d  J .  B.  

Y e ld e l l ,  J .  A m e r . C h e m .  Soc .  , 8 0 , 3607,  (1958).

99.  H.  G. K u i v i l a  and  A .  M. B e n n u a l ,  J .  A m e r .  C h e m .  S o c . , 8 3 ,

1246 ,  (1961).

100.  H.  J .  E m e l e u s  an d  S. F .  A.  K e t t l e ,  J .  C h e m .  S o c . , 2444  (1 958).

101.  A .  E .  F i n h o l t ,  A.  C.  B ond ,  K .  E .  W i l z b a c h  an d  H. I. S c h l e s i n g e r ,

J .  A m e r .  C h e m .  S o c . , 6 9 , 2692 (1947).

102.  G.  E .  C o a t e s ,  M. L .  H.  G r e e n  an d  K. W a d e ,  " O r g a n o m e t a l l i c  . 

C o m p o u n d s "  V ol .  I, M e t h u e n  an d  Co .  L t d .  L o n d o n  (1 969).

103.  E .  A .  C.  L u c k e n ,  " N u c l e a r  Q u a d r u p o l e  C o u p l in g  C o n s t a n t s "  

A c a d e m i c  P r e s s ,  N .  Y.  (1969).
I • •

104.  T . P . D a s  a n d  E .  L .  H a h n ,  " N u c l e a r  Q u a d r u p o l e  R e s o n a n c e  

S p e c t r o s c o p y " ,  A c a d e m i c  P r e s s ,  N.  Y.  (1 955).

105.  C.  H.  T o w n e s  and  A .  Z .  S ch aw lo w ,  " M i c r o w a v e  S p e c t r o s c o p y " ,
I

M c G r a w  H i l l ,  N .  Y.  (1955).

106.  G. K. W e r t h e i m  " M b s s b a u r  E f f e c t ,  P r i n c i p l e s  an d  A p p l i c a t i o n s " ,  

A c a d e m i c  P r e s s ,  N.  Y.  ( I960 ) .

107.  W. L ow ,  " P a r a m a g n e t i c  R e s o n a n c e  i n  S o l i d s "  A c a d e m i c  P r e s s ,  

N . Y .  ( I960 ) .

108.  F .  B lo c h ,  W. W. H a n s e n  an d  M .  E .  P a c k a r d ,  P h y s .  R e v . , 6 9 ,

127, (1946).

109.  E . M .  P u r c e l l ,  H.  C .  T o r r e y  an d  R .  V .  P o u n d ,  P h y s .  R e v . , 6 9 ,

37,  (1946).

110.  F .  B lo c h ,  P h y s .  R e v . , 70,  460 ,  (1946) .



225

111.  N .  B l o e m b e r g e n ,  E . M .  P u r c e l l  and  R . V .  P o u n d ,  P h y s .  R e v . ,

73,  679 (1948).

112.  P .  W. A n d e r s o n ,  J .  P h y s . S oc .  J a p a n ,  9, 316,  (1954).

113.  R . K u b o  an d  K. T o m i t a ,  J .  P h y s . Soc .  J a p a n ,  % 888 (1 954) .

114.  R . K u b o ,  J .  P h y s .  Soc .  J a p a n ,  % 935 (1954).

115.  R . K u b o ,  S u p p l . N uovo  C i m e n t o ,  6, 1 0 6 4 (1 9 5 7 ) .

116.  A .  A b r a g a m  " T h e  P r i n c i p l e s  of N u c l e a r  M a g n e t i s m "  O x f o r d  

U n i v e r s i t y  P r e s s  (1961).

117.  F .  B l o c h  an d  R .  K,  W a n g s n e s s ,  P h y s .  R e v . , 8 9 , 728 (1 953).

118.  F .  B lo c h ,  P h y s .  R e v . , 1 0 2 , 104,  (1956).

119.  F .  B lo c h ,  P h y s .  R e v .  , 1 0 5 , l 2 o 6 ,  (1957).

120.  A .  G. R e d f i e ld ,  I. B.  M. R e s .  D e v e l o p . 1, 19, (1957).

121.  P .  S. H u b b a r d ,  R e v .  M od.  P h y s . , 33,  349,  1961.

122.  C.  P .  S l i c h t e r ,  " P r i n c i p l e s  of M a g n e t i c  R e s o n a n c e "  H a r p e r  

a n d  Row ,  N . Y .  (1963).

123.  J .  A.  P o p l e ,  W. G. S c h n e i d e r  and  H. J .  B e r n s t e i n  " H i g h  

R e s o l u t i o n  N u c l e a r  M a g n e t i c  R e s o n a n c e " ,  M c G r a w  H i l l ,

N . Y .  (1959).

124.  P .  L .  C o r i o ,  C h e m .  R e v . , 6 0 , 363 (1960)

125.  J .  D.  R o b e r t s ,  " A n  I n t r o d u c t i o n  to the  a n a l y s i s  of  S p in  S p in

s p l i t t i n g  in  H igh  R e s o l u t i o n  N. M. R.  S p e c t r a " ,  W. A. B e n j a m i n ,  

N . Y .  (1961).

126.  L a m b ,  P h y s .  R e v . , 6 0 , 817 (1941).



22.6

127.  E .  F e r m i ,  Z . P h y s i k ,  320 (1930).

128.  J . A . P o p l e  an d  D. P .  S a n t r y ,  M ol .  P h y s . 8̂ , 1, (1964).

129.  S o lo m o n ,  P h y s . R e v .  , 9 9 , 559 (1955).

130.  K .  F . K u h l m a n n ,  D.  M. G r a n t  an d  R.  K.  H a r r i s ,  J .  C h e m .  P h y s .  ,

52,  3439,  (1970).

131 P .  S. P r e g o s i n  an d  E .  W,  R a n d a l l ,  " D e t e r m i n a t i o n  of O r g a n i c  

S t r u c t u r e  by P h y s i c a l  M e t h o d s "  (F .  C.  N a c h o d  an d  J .  J .

Z u c k e r m a n n  e d s .  V o l . 4 . )  A c a d e m i c  P r e s s ,  N . Y .  (1971).

132.  R .  F r e e m a n ,  H.  D. W. H i l l  an d  R.  K a p t e i n ,  J .  M a g n .  R e s . , ]7,

327 (1972).

133 J . W . E m s l e y  a n d  J . C . L i n d o n ,  "N .  M. R  S p e c t r o s c o p y  U s i n g

L i q u i d  c r y s t a l  s o l v e n t s " ,  P e r g a m o n  P r e s s  (1975)

134 P .  D i e h l  a n d  C. K he t rapaJ .  "N .  M. R  Bas ic  P r i n c i p l e s  a n d  P r o g r e s s  "

V o l .  I. S p r i n g e r - V e r l a g .

135 R.  A d e r  a n d  A. L o e w e n s t e i n  , M o l .  P h y s ;  30 , 199,  (1975) .

136 M .  E .  R o s e  " E l e m e n t r y  T h e o r y  of  A n g u l a r  M o t n e n t u m  "

J o h n  W i l  ey,  (1955)


