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A b s tra c t

The ca rb o n -1 3, t in -1 1 9  and d eu te riu m  MR s p e c t r a  o f  a  number o f 
organo t i n  compounds have been  d e te c te d  by  d i r e c t  o b s e rv a t io n .  The 
compounds f a l l  in to  two main c la s s e s  c o n s i s t in g  o f  organo t i n  h y d rid e s  
and organo t i n  c h lo r id e s .  T in-119 s p i n - l a t t i c e  r e l a x a t io n  d a ta  f o r  
nPr^SnC l, nBu^SnCl, Sn^Me^ and nBu.Sn were m easured , th e  f i r s t  th r e e  
oveh a  te m p e ra tu re .r a n g e .  M easurem ents o f  t in -1 1 9  T^ v a lu e s  were 
c a r r i e d  out w ith  p ro to n  d e c o u p lin g  u s in g  th e  in v e rs io n - re c o v e ry  
te c h n iq u e .  EDE f a c t o r s  w ere m easured by  com paring s p e c t r a  r e s u l t i n g  
from co n tin u o u s  and g a te d  p ro to n  d e c o u p lin g . F o r th e  n - a lk y l  t i n  
compounds th e  T^ and EOE d a ta  in d ic a te d  c o n t r ib u t io n s  to  th e  t o t a l  
r a t e  a r i s i n g  from  th e  d ip o le - d ip o le  i n t e r a c t io n s  o f  t in -1 1 9  w ith  rem ote 
p ro to n s .  The com peting  mechanism was s p i n - r o t a t i o n .  T, v a lu e s  were 
t y p i c a l l y  l e s s  th a n  5 se c o n d s . M easurem ents o f  t in -1 1 9  T v a lu e s  in  
th e  h y d rid e s  were co m p lica ted  by  th e  m agnitude o f  _ _ t t  ( )1500 Hz)
and o n ly  f o r  nBu^SnH and Ph^SnH have T^ and EOE f a c t o r s  ^  
been  d e te rm in e d .

Carbon-13 T. m easurem ents have been  made f o r  Sn^Me^, nPr^SnH, 
nBu^SnH, nPr^SnC i, rtBu-SnCl and Ph^SnH. EOE f a c to r s  have been  
d e te rm in ed  f o r  th e  l a s t  fo u r  m o le c u le s . Segm ental m otion  was a p p a re n t 
in  th e  n - a lk y l  c h a in s .  F or Ph^SnH r o t a t i o n  o f  th e  pheny l groups abou t 
th e  t in - c a r b o n  bond was in d ic a te d  and th e  r a t i o  o f  D ^/d h as  been  
d e t e rm in ed . *

2
The s p i n - l a t t i c e  r e l a x a t i o n  tim e  o f  H in  nBu^jSnD over a  ran g e  

o f  te m p e ra tu re  was m easured and th e  q u ad ru p o le  c o u p lin g  c o n s ta n t o f  
d eu te riu m  i n  th e  ^^Sn-D bond was e s t im a te d  as  88 ± 10 kHz.

The v a r i a t i o n  o f  th e  t in -1 1 9  chem ical s h i f t  o f  nBUgSn(OAc)^ w ith  
te m p e ra tu re  and c o n c e n tra t io n  has been  in v e s t ig a te d  and th e  d a ta  can 
be a d e q u a te ly  e x p la in e d  i n  te rm s o f  a  monomer-dimer e q u i l ib r iu m . 
E q u ilib r iu m  c o n s ta n ts  and th e  e n th a lp y  f o r  th e  d i s s o c i a t i o n  o f  th e  
d im er have been  e v a lu a te d .  The t in -1 1 9  T  ̂ and EOE d a ta  f o r  t h i s  
m o lecu le  a t  1 .4  and 2 .3  T in d ic a te d  a  s ig n i f i c a n t  c o n t r ib u t io n  to  th e  
r e l a x a t i o n  from  a  f i e l d  dependent m echanism .
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S e c t io n  1

A. B as ic  P r in c ip le s

A c h a r a c t e r i s t i c  o f  a l l  n u c le i  i s  th e  p o s s e s s io n  o f  a  p o s i t i v e  

c h a rg e . E u c le i o f  odd mass number and odd a to m ic  number a ls o  

p o sse ss  a n g u la r  momentum, c h a r a c te r i s e d  by  th e  s p in  quantum number 

I  ( in  u n i t s  o f  h ) . F o r n u c le i  o f  t h i s  ty p e  I  = ^ .  The n u c le a r  s p in  

has a s s o c ia te d  w ith  i t  a  m agnetic  moment w hich a c t s  in  th e  d i r e c t i o n  

o f  th e  a x is  o f  r o t a t i o n .  In  th e  p re se n c e  o f  a  m ag n e tic  f i e l d  Bo, 

a p p l ie d  in  th e  z d i r e c t i o n  th e  m agnetic  moment has an  en erg y  E g iv e n  

by

E = - 4 1 . B = -  [l^So 1

w here \1^ i s  th e  z component o f  ^  . In  th e  ca se  o f  n u c le a r  s p in  

t h i s  component i s  d e f in e d  by  m^ g iv e n  by

Y hm̂

So e q u a tio n  1 becomes

E = -ybm^BQ 3

F or a  n u c leu s  o f  s p in  I  = -|- i n  th e  p re se n c e  o f  a  m agnetic  f i e l d  th e r e  

e x i s t  2 1 + 1  n o n -d e g e n e ra te  en erg y  le v e ls  w hich co rresp o n d  to  th e  

2 1 + 1  a llo w ed  v a lu e s  o f  m^. C le a r ly  th e  l e v e l s  a r e  s e p a ra te d  by  

yfiBom

In  p r in c i p l e ,  th e r e f o r e  to  in d u ce  t r a n s i t i o n s  betw een th e  l e v e l s  a l l  

t h a t  i s  r e q u ire d  i s  e le c tro m a g n e tic  r a d i a t i o n  o f  th e  a p p ro p r ia te  

f re q u e n c y . T his i s  th e  c o n d i t io n  o f  re so n a n c e . F o r a  s in g le  n u c le u s

YV = —  B<3> 4
2tC



w here v i s  known a s  th e  Lamor freq u en cy . I n  r a d ia n s  (jj ^ = «y

P u lse  ex p e rim en ts , w ith  w hich t h i s  t h e s i s  i s  m a in ly  concerned  

can he more r e a d i ly  a p p re c ia te d  in  te rm s o f  a  c l a s s i c a l  tr e a tm e n t 

co n ce rn in g  th e  e q u a tio n  o f  m otion  o f  th e  m agnetic  moments i n  a  

m agnetic  f i e l d .

B

The B loch E q u a tio n s

A n u c leu s  o f  s p in  I  and [1 = ^ 1  p la c e d  in  a  m agnetic  f i e l d  Bo 

( in  th e  z d i r e c t io n )  e x p e rie n c e s  a  to rq u e  w hich cau ses  i t  to  move in  

a  manner d e s c r ib e d  by

d t
( | i x  B)

where yi= (M -x+M -y+M -z) and B = ( 0 ,0 ,Bq)

i j k
|i X B =

M-x H-y l^z

E xpanding e q u a tio n  6 we may w r i te  

d i ix

d t

d M>y
d t

d M-z

d t

(M-y B'  ̂ -  M-z By) 

(M-z B-y. -  M-X B^)

( M-x B,y -  K y B̂ ;)

7a

7b

7c

S in ce  B \ = By = 0  and B^ = B^ e q u a tio n  7 can  be w r i t t e n  as

d M-

d t
= Y 8a
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d t

d  z

d t

= -  Y M-x B'ç

=  0

8b

8c

E q u a tio n  8 d e s c r ib e s  th e  p r e c e s s io n  o f  a  s in g le  m ag n e tic  moment 

abou t th e  z a x is  a t  an  a n g u la r  fre q u e n c y  tb^« In  a  sam ple o f  o n ly  

one c h e m ic a lly  s h i f t e d  n u c le u s  (se e  s e c t io n  3 ) th e r e  w i l l  be many

m agnetic  moments a l l  p ro c e s s in g  a t  w However th e  p h ase  o f  th e

p ro c e s s in g  n u c le i  w i l l  be random ly d i s t r i b u t e d  (F ig u re  l ) •

X

F ig u re  1

At e q u i lib r iu m  more n u c le i  a r e  a l ig n e d  in  th e  d i r e c t i o n  o f  th e  

m ag n e tic  f i e l d  th a n  a g a in s t  s in c e  th e  Boltzm ann d i s t r i b u t i o n  w i l l
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alw ays fa v o u r  th e  low er energy  s t a t e .  So a  n e t m acroscop ic  

m a g n e tis a t io n  M e x i s t s  h av in g  a  r e s u l t a n t  o n ly  in  th e  +ve z d i r e c t i o n .  

There i s  no m a g n e tis a t io n  in  th e  x o r  y  d i r e c t i o n  s in c e  th e  moments 

a re  random ly phased  in  th e  xy p la n e .

So we may w r i te

I  = (0 , 0 , M )̂

To o b serv e  th e  NMR spectrum  o f  such  a  system  i t  i s  n e c e s s a ry  to  

d i s tu r b  th e  system  by a  s m a lle r  tim e  dependent ra d io f re q u e n c y  

f i e l d  w hich i s  i t s e l f  r o t a t i n g  w ith  a n g u la r  fre q u e n c y , W in  th e  

same sen se  as  th e  p re c e s s in g  n u c l e i . Under such c o n d itio n s  th e  x

and y  components o f  th e  m a g n e tis a t io n  become non ze ro  a s  cj 

app roaches oj ^ .

The r o t a t i n g  f i e l d  i s  p ro v id ed  by a  l i n e a r  ra d io f re q u e n c y  i n  th e  

X d i r e c t i o n .  This f i e l d  can  be re s o lv e d  in to  two components 

r o t a t i n g  in  th e  xy p la n e  w ith  a n g u la r  fre q u e n c y  W in  o p p o s ite  s e n s e s .  

Only th e  component w ith  th e  c o r r e c t  sen se  o f  r o t a t i o n  in t e r a c t s  w ith  

th e  p re c e s s in g  n u c le i  to  a  d e te c ta b le  e x te n t .  The e q u a tio n  o f  m otion  

may now be w r i t t e n  i n  te rm s o f  th e  m acroscopic  m a g n e tis a t io n  M and 

th e  t o t a l  f i e l d  B.

—  = 7  (M X B) 9
d t

w here M = (]V^, My, M^) B = (B^ c o s c a t ,  -B^ s in  c a t ,  B^)

So

dPT = Y (My% + M^B. s in  cat) 10a 
d t
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= Y (^2 cosLD't -  iy^.3-) 10b

= - y  (My B . s in c ü t  + My B cosW t) 10c
dt  ̂ 1

These a r e  th e  B loch e q u a tio n s , a s  y e t in co m p le te  s in c e  to  d e s c r ib e

th e  system  c o r r e c t ly  te rm s must be added to  acco u n t f o r  th e  r e l a x a t io n

o f  th e  X, y  and z components o f  th e  m agn etisa tion  back to  t h e ir

e q u ilib r iu m  v a lu e s .  Two f i r s t  o rd e r  r a t e  c o n s ta n ts  a r e  r e q u ir e d  

1 1— and — , where T. d e s c r ib e s  th e  decay  o f  th e  lo n g i tu d fn a l
1 ^2

m a g n e tis a t io n  Mz and T^ th e  decay  o f  th e  t r a n s v e r s e  m a g n e tis a t io n  

Mx and My. So th e  B loch e q u a tio n s  in  f u l l  a r e

dMx
d t

d t

d t

= y (%^o + ®1 sinOJt) -  My/Tg 11a

= Y^^z ®1 -  Mî  B )̂ -  My/Tg 11b

= ~Y (M_x B  ̂ s in W t + My B  ̂ cosCOt) -

(M̂  -  %)/T^ 11c

The t r a n s v e r s e  r e l a x a t io n  p ro c e s se s  (T^ p ro c e s se s )  cause  d ep h as in g  

o f  th e  n u c le a r  s p in s  w hich become phased  as  CJ approaches d) o and th e  

reso n an ce  c o n d i t io n  i s  m e t. The d ep h as in g  r e s u l t s  from  th e  v a r i a t i o n  

o f  lo c a l  m agnetic  f i e l d s  o f  in d iv id u a l  n u c l e i .  The lo n g i tu d in a l  

r e la x a t io n  tim e , T  ̂ depends on how e f f e c t i v e l y  th e  s p in  system  i s  

coup led  w ith  th e  l a t t i c e .  T  ̂ p ro c e s se s  w i l l  be d is c u s s e d  in  more 

d e t a i l  in  C hapter 2 .
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The R otating" Frame

The above d e r iv a t io n  o f  th e  B loch  e q u a tio n  has been  c a r r i e d  out 

in  th e  la b o ra to r y  fram e o f  r e f e r e n c e .  T his f ix e d  c o o rd in a te  system  

may be re p la c e d  by a  c o o rd in a te  system  t h a t  r o t a t e s  abou t Bo in  th e  

d i r e c t i o n  o f  th e  m a g n e tis a t io n . In  such  a  system  c e r t a i n  p u ls e  

experim en ts  (s e e  SGCt’lOri’5 ) a r e  more r e a d i ly  u n d e rs to o d .

In  th e  r o t a t i n g  fram e U i s  d e f in e d  a s  th e  component o f  M a lo n g  

th e  B  ̂ d i r e c t io n  ( in  phase) and v  i s  th e  component o f  M p e rp e n d ic u la r  

to  B  ̂ (o u t o f  phase  by  90°) • I t  sh o u ld  be n o te d  t h a t  in  th e  r o t a t i n g  

fram e B  ̂ i s  s t a t i o n a r y  (se e  F ig u re  2 ) .

Mw

V

F ig u re  2

In  th e  r o t a t i n g  fram e th e  m agnetic  f i e l d  B i s  g iv e n  by

1  = (B ,, 0 , Bq) 12



u

and th e  m a g n e tis a t io n  hy

M = (u , -  V, M )̂ 13

A lso (jj ^ sh o u ld  he r e p la c e d  hy (<w So th e  Bloch e q u a tio n s

in  th e  la b o ra to r y  fram e may be r e w r i t t e n  in  th e  r o t a t i n g  fram e as

du

d t =-(jJ -<jj)v -  u/ t^ 14a

—  = (Wq- üj) u  -  y  -  V '^ 2  14b

^  -  (Mj -  M^)/T^ 140

E q u a tio n s  14a -  14c can be so lv e d  f o r  v a r io u s  l i m i t in g  c o n d itio n s

to  o b ta in  th e  f a m i l i a r  L o re n tz ia n  e q u a tio n  t h a t  d e s c r ib e s  th e  MR

l i n e  sh ap e , In  s e c t io n  2 th e  e f f e c t  o f  chem ical exchange on th e  

Bloch- e q u a tio n s  w i l l  be c o n s id e re d  and fo llo w in g  th e  tre a tm e n t o f  

S u th e r la n d  (s e e  refs.) th e  concep t o f  a  complex m a g n e tis a t io n  G in  th e  

xy p la n e  w i l l  be developed  h e re  to  f a c i l i t a t e  d is c u s s io n  l a t e r .

G = u + i v  and —  = —  + 15
d t d t  d t

where th e  im ag in ary  component o f  G d e s c r ib e s  th e  a b s o rp t io n  sp ec tru m . 

Combining e q u a tio n s  14 and 15 we may w r i te

^  = i  (üg - (B )  G -  i y  B^M; -  G /Tj 16a

= Y “  V / h  166

So th e  v a r i a t i o n  o f  th e  complex m a g n e tis a t io n  G may be o b ta in e d  from  

e q u a tio n  l6 a , th e  im ag in a ry  component o f  Which i s  th e  a b s o rp tio n  

i n t e n s i t y  a t  W . In  th e  cw experim ent th e  o b se rv in g  ra d io f re q u e n c y
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(RP) U) i s  swept s lo w ly  (so  c a l le d  s te a d y  s t a t e  c o n d itio n s )  so t h a t  • 

th e  tim e  d e r iv a t iv e s  above a re  s e t  to  z e ro . A lso  th e  RP i s  so 

sm all t h a t  th e  e q u ilib r iu m  v a lu e  o f th e  m a g n e tis a t io n  i s  u sed  as

th e  z com ponent. Thus e q u a tio n  l6 a  can be r e w r i t t e n  as

—  = i ( j  -(jü)G -  iC -  G/Tp = 0  IT
d t °

w here G = y  B^Mz

R earra n g in g  y ie ld s

°  = r i 2 ----------------  18
l / T j  -

We n o te  t h a t  G i s  o f  th e  form  (a  + i b ) / ( c  + id ) so i t  i s  a  s im p le  

s te p  to  e x t r a c t  th e  im ag in ary  p a r t  o f  G.

= ______________

1 + -C ü)2

T his i s  th e  f a m i l i a r  L o re n tz ia n  l i n e  shape e q u a tio n  f o r  th e  

a b s o rp t io n  MR s ig n a l  c e n tre d  a th J ^ .

S e c tio n  2 

In tro d u c t io n

In  section  1 th e  d e r iv a t io n  o f  th e  Bloch e q u a tio n s  was d e sc r ib e d ,

F o r a  two s i t e  exchange w here s p in  c o u p lin g  i s  a b se n t th e  o r ig i n a l

e q u a tio n s  may be q u i te  s im p ly  m o d ified  to  accoun t f o r  t h i s  exchange.

F o r such a  s im p le  case  i t  i s  u n n e c e ssa ry  to  c a r ry  ou t a  f u l l  d e n s i ty  

1 2m a tr ix  t r e a tm e n t• ’

The e f f e c t  on th e  l i n e  shape o f  such  a  two s i t e  exchange 

p ro c e s se s  w i l l  now be c o n s id e re d  fo llo w in g  th e  approach  o f  Ifehn, 

Maxwell and McConnell
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A

The B loch E q u a tio n s  M od ified  by  Exchange

C on sid er th e  case  o f  a  n u c le u s  exchang ing  betw een two s i t e s  w hich 

we la b e l  A and B, th e  s i t e  p o p u la tio n s  b e in g  p^ and p^ r e s p e c t iv e ly .

The k in e t i c s  o f  th e  exchange p ro c e ss  a r e  d e s c r ib e d  by  two f i r s t  o rd e r  

r a t e  c o n s ta n ts  and k^ w here k^ i s  th e  t r a n s f e r  r a t e  from  s i t e  A to  

s i t e  B and k^ from s i t e  B to  s i t e  A. At e q u ilib r iu m  th e n

^A^A "  ^ ^ B

The s im p l ify in g  assu m p tio n  t h a t  exchange o f  s i t e s  i s  in s ta n ta n e o u s

i s  made. In  o th e r  words a  n u c leu s  "jum ping" from  s i t e  A to  s i t e  B

does so in  a  tim e s h o r t  enough t h a t  n u c le a r  p re c e s s io n  does n o t

o c c u r . The e f f e c t  o f  a  n u c leu s  jum ping from  s i t e  A to  s i t e  B w i l l

be a  d e c re a se  in  th e  t r a n s v e r s e  m a g n e tis a t io n  a t  s i t e  A which o ccu rs  a t

a  r a t e  k^G^ and an  in c re a s e  o f  th e  m a g n e tis a t io n  a t  s i t e  B a t  th e

same r a t e .  F o r jumps from  s i t e  B to  A th e  m a g n e tis a t io n  a t  B

d e c re a se s  a t  a  r a t e  k_G_ and in c re a s e s  a t  A by th e  same am ount.B B

These changes in  th e  complex m a g n e tis a t io n  a t  th e  two s i t e s  can  be 

in c o rp o ra te d  in to  th e  B loch  e q u a tio n s  

W ritte n  s e p a r a te ly  f o r  s i t e s  A and B

“a°A = ®l“ 2A + -  k-G . 2a

w here

d t . -XX ^ ^ A A

dG

“  ^B^B "  ^ l^zB  ^A^A ”  ^B^B

“a =  : r  - V )
2 A

dg = —̂  -2  71 i ( V g  - V )  
^2B
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As d e s c r ib e d  in  s e c t io n  1 un d er s te a d y  s t a t e  c o n d i t io n s

th e  z components o f  th e  m a g n e tis a t io n , a r e  n o t a p p re c ia b ly  changed

from  t h e i r  e q u i lib r iu m  v a lu e  Mo, In  p a r t i c u l a r  we may w r i te

\ a = “ oA = Pa“ o

=  »'oB = P /o

A lso th e  tim e  d e r iv a t iv e s  in  e q u a tio n s  2a , 2b can  be s e t  to  z e ro , so 

th e y  may be r e w r i t t e n

“ a °a  = ® i Pa“ o +  *"b ° b  -  %

“b'^B = ®iPb®0 * ^A°A ”  V B

S e t t in g  Y = C and r e a r ra n g in g  y ie ld s

“a °A  +  %  -  %  = - iP A °  -

“b °B V s  ~ ' 'a^A '  “ ^Pb°

Hence th e  t o t a l  m a g n e tis a t io n  G = may be  o b ta in e d  from

eq u a tio n s  4a and 4 b . This may be more c o n v e n ie n tly  ex p re sse d  in

te rm s o f  th e  l i f e t i m e  T o f  a  p a r t i c u l a r  s i t e  where

A = ~  and

The m easured a b s o rp tio n  i n t e n s i t y  a t  a  fre q u e n c y  V i s  p ro p o r t io n a l  

to  th e  im ag in a ry  component o f  G g iv e n  by  th e  l i n e  shape e q u a tio n ^

G = G^+Gg = -tC lZ ^+ Z  g+T: ^(g^p^+g^T j ]  g

^^"‘■“a '̂  Â  B̂  “  ^

13from w hich th e  im ag in ary  component may be e x t r a c te d .
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E q u a tio n  5 may be s im p l i f ie d  f o r  p a r t i c u l a r  c a se s  d ep end ing  on 

th e  r a t i o  o f  th e  exchange r a t e  to  th e  chem ical s h i f t  d i f f e r e n c e  o f  

th e  two s i t e s  in  Hz ( V ^  -  V ^) • H orm ally th r e e  c a se s  a re  

c o n s id e re d

i)  when V ^) te rm ed  slow  exchange.

i i )  when k ^ ,k g  — V g) te rm ed  in te rm e d ia te  exchange.

i i i )  when k ^ fk ^  »  ( v ^ -  Vg)  te rm ed  f a s t  exchange.

In  th e  p a r t i c u l a r  case  o f  nBu^8n(0Ac)^ o n ly  case  ( i i i )  need  be  

c o n s id e re d  s in c e  o n ly  one s ig n a l  i s  observ ed  whose s h i f t  i s  te m p e ra tu re  

d ep en d en t. T his i s  in d ic a t iv e  o f  f a s t  exchange.

B

F a s t Exchange

In  th e  l i m i t  o f  f a s t  exchange th e  l i f e t im e s  a t  th e  two s i t e s  

and % g a r e  s h o r t .  So e q u a tio n  5 w i l l  red u ce  to  e q u a tio n  6 i f  

a l l  te rm s in v o lv in g  th e  p ro d u c ts  o f  and X ^  a r e  ig n o re d .

G = - iC (  X ^  + X g)

From which th e  im ag in ary  p a r t  may be e x t r a c te d  

ImG = -C

(^A'^ a"̂  Pb '^B

Comparison o f  t h i s  e q u a tio n  to  e q u a tio n  17 o f  C hap ter 1 shows th a t  

e q u a tio n  7 d e s c r ib e s  a  L o re n tz ia n  l i n e  a t  th e  w eig h ted  mean f re q u e n c y  

o f  V ^  and V ^  w ith  an  a p p a re n t w id th  w* g iv e n  by

= Pa”ao + Pb" bo

w here w^^, w^^ a r e  th e  l i n e  w id ths a t  h a l f  h e ig h t o f  th e  A and B 

reso n an ces  when th e  exchange r a t e  i s  z e ro .
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P i e t t e  and A nderson have shown t h a t  i f  X .  and X a r e  to oA ±5

l a r g e  to  ig n o re  th e  p ro d u c t te rm s h u t — V^) th e n  th e

r e s u l t i n g  l i n e  shape e q u a tio n  d e s c r ib e s  a  l i n e  o f  w id th  w, and

th a t k ^  and k^ a r e  g iv e n  hy  th e  sim p le  e x p re s s io n :

k i  = P ^ p /  4 tc ( v ^  -  

(w -  w*)

In  th e  ca se  o f  two e q u a l ly  p o p u la te d  s i t e s  t h i s  becomes

,  k = Tt . (Vj^ -

2(w -  w*)

S e c tio n  3

The Chem ical S h i f t

In  th e  p re c e d in g  s e c t io n  th e  d is c u s s io n  has assumed t h a t  a l l  

th e  n u c le i  o f  a  g iv e n  sp e c ie s  r e s o n a te  a t  th e  same f i e l d ;  th e  

a p p l ie d  la b o ra to r y  f i e l d ,  T his i s  n o t th e  c a s e .  The lo c a l

chem ica l environm ent m o d ifie s  t h i s  f i e l d  s l i g h t l y  so t h a t

=loc = (1 - g )

w here 0 i s  th e  s c re e n in g  c o n s ta n t .  T his c o n s ta n t i s  n o t g e n e r a l ly  

i s o t r o p i c  excep t i n  s p h e r ic a l  m o lecu les  so d d i f f e r s  a lo n g  th e  

d i f f e r e n t  m o le c u la r  a x e s .  I n  f a c t  it i s  a  te n s o r  q u a n t i ty  b u t th e  

r a p id  m o le c u la r  m otion  c h a r a c t e r i s t i c  o f  norm al f l u i d s  re n d e rs  o n ly  

th e  t r a c e  o b s e rv a b le .

0 =  1 /3  ( a ^  + O y y + 0 J

w here (J   a r e  th e  s c re e n in g  c o n s ta n ts  a lo n g  th e  x , y  and zx x ,y y ,z z  ® ^

m o lecu la r  ax es  r e s p e c t iv e ly .
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I t  i s  p ru d en t a t  t h i s  p o in t to  in q u i r e  a s  to  th e  o r ig in  o f  th e  

s c re e n in g  te rm .

When a  n u c leu s  i s  c h e m ic a lly  bound a  number o f  te rm s can  c o n t r ib u te  

to  0 • The most im p o rtan t f o r  sm all n u c le i  i s  th e  lo c a l  d ia m ag n e tic

te rm  and f o r  h e a v ie r  n u c le i  th e  lo c a l  p a ram ag n e tic  te rm  do m in â te s .

A

D iam agnetic Term 0^

C onsider a  n u c leu s  w ith  an  s e l e c t r o n .  I n  th e  a p p l ie d  m agnetic

f i e l d  th e  e le c t r o n  w i l l  p ro c e ss  a t  th e  a p p ro p r ia te  Larmor f re q u e n c y .

This c i r c u l a t i n g  c u r re n t  w i l l  g e n e ra te  a  m agnetic  f i e l d  opposed to

B ( in  acco rd an ce  w ith  L e n a 's  law) and hence th e  f i e l d  f e l t  a t  th e  o

n u c leu s  i s  d e c re a se d . G^ may be c a lc u la te d  from 

(J = — —  /  r p ( r ) d r
3M^ J  

0

where ( r )  d e s c r ib e s  th e  e l e c t r o n  d e n s i ty  as  a  fu n c t io n  o f  th e  

d is ta n c e  r .  T his is  the Lamb te rm .

S in ce  0 ^ depends on th e  m agnitude o f  th e  f i e l d  induced  (w hich 

i s  i t s e l f  dependent on th e  e le c t r o n  d e n s i ty  a t  th e  n u c leu s) any 

e le c t ro n e g a t iv e  group on a  m olecu le  w hich te n d s  to  w ithdraw  e le c t r o n  

d e n s i ty  from  th e  n u c leu s  w i l l  d e c re a se  th e  s h ie ld in g  and th e  

re so n an ce  w i l l  ap p e a r a t  low er f i e l d .

B

P aram agnetic  Term 0 ^

The lo c a l  param ag n e tic  te rm  a r i s e s  from th e  c i r c u l a t i o n  o f  

e le c tro n s  in  th e  bonds o f  th e  m o lecu le . I t  i s  a  much more co m p lica ted  

ta s k  to  c a lc u la te  t h i s  q u a n t i ty ,  b u t a  s im p l i f ie d  e x p re s s io n  due to  

Jam eson and Gutowsky^ i s  u s e fu l  f o r  s e m iq u a n ti ta t iv e  i n t e r p r e t a t i o n
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o f  s h i f t s  o f  heavy n u c le i :

Op = [ ( r ' ^ Q h P  + (  Qnd]
3AEm c P

where

AE i s  th e  mean e le c t r o n ic  e x c i ta t io n  en erg y . This d e te rm in es  

th e  e x te n t to  w hich th e  ground and e x c i te d  s t a t e s  a re  mixed hy  th e  

f i e l d  Qnp, Qnd a re  th e  amounts o f  e le c t r o n  im balance a s s o c ia te d  w ith

th e  v a len ce  p and d o r b i t a l s .

_-3 \  /  _-3
P

f u n c t io n s .

<^r""^^ , ^  ^ d th e  av erag e  v a lu e s  o f th e  a p p ro p r ia te  r a d ia l

F or a  s e r ie s  o f  r e l a t e d  t i n  compounds AE i s  n o rm ally  ta k e n  to  be 

c o n s ta n t

Qnp and Qnd depend on th e  o o o rd in a tio n  number a t  t i n ,  th e

12 "h y b r id i s a t io n  and th e  bond i o n i c i t y .  F or many fo u r  c o o rd in a te  

t i n  compounds Q^^ may be ig n o red  and Q^^ w i l l  dom inate th e  t i n  s h ie ld in g , 

F o r t i n  Qp has a  maximum v a lu e  when one p o r b i t a l  i s  f i l l e d  and th e  

o th e r  two a re  empty, o r v ic e  v e rs a  and a  minimum when a l l  a r e  f i l l e d  o r  

a l l  a re  empty.

The te rm  ^ r  in c re a s e s  w ith  in c re a s in g  atom ic number in  a

g iv en  group o f  th e  p e r io d ic  t a b l e . I t  i s  f o r  t h i s  re a so n  th a t  th e

119 29chem ical s h i f t  range  o f  Sn i s  much la r g e r  th a n  th a t  o f  S i o r

13c.

S e c tio n  4

S p in -S p in  C oupling

In  h ig h  r e s o lu t io n  MR s p e c tr a  more l i n e s  may be observed  th a n  

can be accoun ted  f o r  b y -c o n s id e ra t io n  o f  e q u iv a le n t groups o f  n u c le i .

13



22

The m agnitudes o f  th e s e  s p l i t t i n g s  a re  independen t o f  th e  a p p l ie d  

f i e l d  and a re  due to  in t e r a c t io n s  o f  th e  m agnetic  moments o f  

n e ig h b o u rin g  n o n -e q u iv a le n t n u c le i ;  th e  energy  o f  in t e r a c t io n  

i s  g iven  hy

E... = hJ|j [1 (1 )  • î ( j ) ]

where J i j  i s  th e  s p in - s p in  co u p lin g  c o n s ta n ts ,  in  h e r t z .  The

c o u p lin g  c o n s ta n t has s ig n  as  w e ll as  m agn itude. R e la t iv e  s ig n s

can he determ ined  hy  double reso n an ce  experim ents on s u i t a b le  s p in

sy stem s. D e ta ile d  s p e c t r a l  a n a ly s is  can a ls o  y ie ld  r e l a t i v e  s ig n s

o f  c o u p lin g  c o n s ta n ts  in  second o rd e r  s p e c t r a .  By d e f in i t i o n  J  i s

p o s i t iv e  when th e  a n t i p a r a l l e l  o r i e n t a t i o n  o f  two n u c le a r  sp in s

14-i s  a  more s ta b le  s t a t e  th a n  th e  p a r a l l e l  o r i e n t a t i o n .  Pople and 

15S a n try  have d e f in e d  a  reduced  co u p lin g  c o n s ta n t K ij

= J i j  — —

*‘Y i  Y j

to  e l im in a te  th e  c o n tr ib u t io n  o f  th e  m agnetic  moments to  J i j .

S e c tio n  5

Methods o f  MR d e te c t io n

Two main methods e x i s t  f o r  th e  d e te c t io n  o f MR s ig n a ls ;  th e  

most s t r i k i n g  d if f e re n c e s  b e in g  th e  domains in  which d e te c t io n  occurs  

and th e  mode o f  e x c i ta t io n  o f  th e  v a r io u s  reso n an ces  in  th e  spec trum .

A

Continuous Wave (CW)

The CW experim ent i s  done in  th e  freq u en cy  domain. I t  i s  a  

te c h n ic a l ly  s im ple  ex p erim en t. . The f re q u e n c ie s  o f  i n t e r e s t  in  th e
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spectrum  a re  swept from th e  low er to  th e  u pper l im i t  (o r  v ic e  

v e r s a ) ; e s s e n t i a l l y  o n ly  one freq u en cy  a t  a  tim e can he e x c i te d .

One d isad v an tag e  i s  th a t  th e  ex p erim en te r spends tim e s e a rc h in g  

in  re g io n s  where th e r e  i s  no s ig n a l  ; A lso slow  sweep tim es a re  

n o rm ally  used  so t h a t  th e  so c a l le d  s te a d y  s t a t e  c o n d itio n s  a p p ly .

For n u c le i  o th e r  th a n  p ro to n s  th e  range o f  chem ical s h i f t s  i s  

much l a r g e r  and in c re a s e s  w ith  atom ic  w eight ( e .g .  20 ppm;

200 ppm; ^^^8n, 2000 ppm). Many o f  th e s e  o th e r  n u c le i  have low 

s e n s i t i v i t y  r e s u l t i n g  from low m agnetic  moments a n d /o r  low n a tu r a l  

abundance. In  th e  l e a s t  fa v o u ra b le  cases  th e  CW method may n o t be 

p r a c t ic a b le  even w ith  s ig n a l  a v e ra g in g . In  more fa v o u ra b le  cases  

th e  p u lse d  o p e ra t io n  i s  a lm ost alw ays more advantageous in  te rm s o f  

s ig n a l  to  n o is e  ach iev ed  in  a  g iv e n  t im e .

B

P u lse  F o u r ie r  Transform

The p u ls e  method u t i l i s e s  a  s h o r t  b u r s t  o f  ra d io fre q u e n c y  to  t i p  

th e  m a g n e tisa tio n  away from th e  z * d i r e c t io n .  The an g le  th rough  

w hich th e  m a g n e tisa tio n  i s  d is p la c e d  i s  g iv e n  by

e  = y B ^  t p

w here X ^ i s  th e  le n g th  o f  th e  RF p u ls e .  B  ̂ i s  n o rm ally  kep t 

c o n s ta n t and 9  i s  c o n t ro l le d  by  v a ry in g  I  With 0  = 90^ th e

so c a l le d  " 90° p u ls e "  i s  o b ta in e d  and in  th e  above case  th e  

m a g n e tisa tio n  im m ediate ly  a f t e r  th e  p u ls e  i s  in  th e  x 'y *  p la n e .
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T his p u lse  i s  n o rm ally  sh o r t enough (sa y  10 -  100 |i  s) so t h a t  no 

r e la x a t io n  occu rs  d u rin g  th e  p u ls e .  F ig u re  3 shows th e  e f f e c t  

o f a  90° p u lse  a t  reso n an ce  a lo n g  x*- on th e  m a g n e tis a t io n . When 

th e  p u ls e  i s  sw itch ed  o f f  r e la x a t io n  b eg in s  and d ep h asin g  in  th e  

x*y* p la n e  o ccu rs  and th e  m a g n e tisa tio n  r e tu r n s  to  i t s  e q u ilib r iu m  

v a lu e  over a  p e r io d  o f  t im e . The s ig n a l  i s  d e te c te d  a s  a  decay 

(no rm ally  ex p o n e n tia l)  a lo n g  y* and i s  term ed th e  f r e e  in d u c tio n  

decay  (F.I.D.) F ig u re  3 .  This s ig n a l  i s  in  th e  tim e  domain and, 

except in  th e  s im p le s t cases  i s  n o t conducive to  i n t e r p r e t a t i o n  by  

ey e . The requ irem en t i s  f o r  a  freq u en cy  spectrum . H appily  th e  

two domains a re  r e l a t e d  by a  s ta n d a rd  m athem atica l r e la t io n s h ip  

th e  F o u r ie r  tra n s fo rm  (FT)

rF(w) = y  f  ( t )  e x p (-iw t) d t 

The sp e c tro m e te r  i s  in te r f a c e d  to  a  com puter t h a t  d e te c ts  th e  F ..I .D . 

and c a r r i e s  out th e  F o u r ie r  tra n s fo rm .

A p u ls e  o f  RF l a s t i n g l y  seconds a t  a -fre q u e n c y  e x c i te s  no t 

o n ly  V q bu t a  range o f  f re q u e n c ie s  d e f in e d  by  T F ig u re  4 shows

th e  F o u r ie r  tra n s fo rm  o f  a  p u ls e  to  have th e  form  s in  x /x .  I f  th e  

u sa b le  freq u en cy  range i s  + ^ ^ t h e n  in  p r in c ip le  a  10 jj. s p u ls e  

e x c i te s  V ^ + 25 kHz. H erein  l i e s  th e  i n t r i n s i c  advan tage o f  th e  

p u ls e  method in  t h a t  a l l  f re q u e n c ie s  o f  i n t e r e s t  can be e x c i te d  a t  th e  

same tim e . The CW an a lo g y  o f  t h i s  would be m u ltip le  r e c e iv e r s  (and 

o b v io u s ly  m u lt ip le  t r a n s m i t t e r s ) . H ard ly  a  p r a c t i c a l  p ro p o s i t io n .

E rn s t and Anderson^^ have o b ta in e d  a  s ig n a l  to  n o is e  

improvement o f  t e n  f o r  p ro g e s te ro n e  u s in g  th e  p u ls e  method compared 

to  CW. This seems to  be a  ty p i c a l  im provem ent. S ince  th e  s ig n a l
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to  n o is e  r a t i o  (s /IT) ' im proves a c c o rd in g  to  aJîT, where n  i s  th e

number o f s p e c tr a  ta k e n  th e  same s / f  can be o b ta in e d  in  one hund re th ,

of th e  tim e u s in g  pu lsed  e x c i ta t io n .  A more d e ta i le d  d iscu ss io n
17o f  t h i s  to p ic  i s  g iv en  by D. Shaw in  h is  book.
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S e c tio n  1 

In tro d u c t io n

In  g e n e ra l MR has been used  v e ry  s u c c e s s fu l ly  as  a  pow erfu l

a n a ly t ic a l  to o l  and to  t h i s  end  th e  chem ist has been  most in te r e s te d

in  chem ical s h i f t  d e te rm in a tio n s  and m agnitude (and sometimes s ig n s)

o f  co u p lin g  c o n s ta n ts  (C hap ter l ) • R e la x a tio n  tim e s(C h a p te r  1)

have to  an e x te n t been  ig n o red  and o n ly  s in c e  th e  advent o f  h ig h

r e s o lu t io n  p u lse  sp e c tro m e te rs , where i s  e a s i l y  m easured has

i n t e r e s t  grown. Much o f th e  a v a i la b le  d a ta  i s  f o r  ^^C where

r e la x a t io n  a r i s e s  alm ost e x c lu s iv e ly  from in tra m o le c u la r  in t e r a c t io n s

and i s  f u r th e r  s im p l if ie d  by th e  absence o f  hom onuclear c o u p lin g s .

13The i n t e r e s t  in  r e la x a t io n  d a ta  o f  n u c le i  o th e r  th a n  C h a s , to

13an e x te n t grown in  p a r a l l e l  w ith  th a t  shown in  C a lth o u g h  th e

13amount o f d a ta  p u b lish e d  i s  s t i l l  q u i te  sm all com pared"to th a t  on C.

The appearance o f  commercial m u ltin u c le a r  p u lse d  MR sp ec tro m e te rs  

w i l l  no doubt f u r th e r  s t im u la te  work in  t h i s  f i e l d .

A

M olecular Motion

In  a l iq u id  sample th e  f re q u e n c ie s  o f  m otions cover a  la rg e

ra n g e . The ensemble o b v io u s ly  c o n ta in s  some m olecu les which a re

moving v e ry  f a s t  and o th e rs  moving much more s lo w ly . We may c o n s id e r

on th e  average a  m olecule to  rem ain in  a  g iv en  s t a t e  o f m otion  f o r  10"^^8
12and hence expect freq u en cy  components o f  th e  m otion up to  10 Hz.

S p in -sp in  and s p in  l a t t i c e  r e la x a t io n  occur by  th e  in t e r a c t io n  o f  

th e  n u c le a r  s p in  system  w ith  f lu c tu a t in g  lo c a l  m agnetic f i e l d s .
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These m icroscopic f ie ld s  a re  generated  hy in d iv id u a l m agnetic moments 

on molecules as th ey  move about in  s o lu t io n . They behave in  much 

the  same way as th e  ap p lied  I f  th e  m acroscopic m agnetisa tion ,

M is  pe rtu rb ed  from i t s  equ ilib rium  p o s it io n  so th a t  i t  has components 

along th e  x*,y* and z' axes th en  th e  in te ra c t io n  o f th e  m icroscopic 

f i e ld  b w ith  M is  given by

From th i s  equation  i t  i s  apparent th a t  in  th e  ro ta t in g  frame b^, f ie ld s

provide re la x a tio n  mechanisms fo r  M , and M , ,  b , f ie ld s  fo r  M , andy* z* y* X*
M , .  The b , component however in te r a c t s  only  w ith  M , and M z '  z '  ^ 2C» y*

That i s , t h e  x ’ and y* components o f th e  f lu c tu a t in g  m icroscopic f i e ld  

a re  e f f ic ie n t  fo r  s p in - la t t i c e  (T^) and sp in -sp in  (T^) re la x a tio n  

whereas b^, is  e f fe c t iv e  fo r  T  ̂ re la x a tio n  on ly .

. A s t a t i c  component of b in  th e  z* d ire c t io n  i s  s t a t i c  in  th e  

la b o ra to ry  frame a ls o . Consequently in  th e  la b o ra to ry  frame th e re  i s  

a zero frequency c o n tr ib u tio n  to  T^. However a s t a t i c  component o f 

b in  th e  x* or y* d ire c t io n  n e c e s sa r ily  corresponds to  a  h igh  frequency 

(Wo) component o f b in  th e  la b o ra to ry  frame so th a t  only h igh  

freq uencies (o f th e  o rder of th e  resonance frequency) w il l  a f f e c t  T^.

I f  th e  m icroscopic f ie ld s  have components a t  th e  a p p ro p ria te  

freq uencies  th ey  can cause sp in  re la x a tio n  and th e  la rg e r  such 

components a re  th e  more e f f ic ie n t  in  th e  re la x a tio n  and th e  s h o r te r  a re  

th e  re la x a tio n  tim es . The range o f re le v an t freq u en cies  fo r  s p in -  

l a t t i c e  re la x a tio n  i s  in  th e  MHz reg io n  so motions th a t  a re  im portant 

a re  ro ta t io n  and d if fu s io n . E le c tro n ic  and v ib ra t io n a l  motions occur 

on much s h o r te r  tim esca le s  and a re  thus unim portant when co n sid erin g  

magnetic r e la x a tio n .
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A u s e fu l  concept to  d e s c r ib e  random m o lecu la r m otion i s  th a t  o f

th e  c o r r e la t io n  tim e which can be d e f in e d  in  a  number o f ways

a c c o rd in g  to  th e  m otion to  which i t  r e l a t e s .  For t r a n s l a t i o n a l  m otion

I  ^ is  th e  average tim e between m olecular c o l l is io n s  and fo r

r o t a t i o n a l  m otion i t  i s  th e  average  tim e f o r  th e  m olecule to  r o t a t e

13one r a d ia n .  F o r n u c le i  such as  C where th e  in te rm o le c u la r  

c o n t r ib u t io n  to  r e la x a t io n  i s  sm a ll, th e  c o r r e l a t i o n  tim es  d e r iv e d  

from r e la x a t io n  d a ta  a re  r o t a t i o n a l .

B

S p ec tra l D ensity  Functions

F or a more q u a n t i t a t iv e  u n d e rs ta n d in g  o f  r e la x a t io n  b eh av io u r we 

need to  in tro d u c e  th e  c o r r e la t io n  fu n c tio n , K$jü) and th e  s p e c t r a l  

d e n s i ty  fu n c tio n  J(cü) . These fu n c tio n s  a r e  r e l a t e d  by th e  F o u r ie r  

tra n s fo rm ;

k(x ) exp(-iüJT ) dT 1

In  f a c t  th e  s p e c t r a l  d e n s i ty  fu n c tio n  r e l a t e s  th e  i n t e n s i t i e s  o f  th e  

freq u en cy  components o f  th e  m o lecu la r m otion . I t  i s  analogous to  

th e  F o u r ie r  tra n s fo rm  o f  th e  F .I . D .analysing  th e  i n t e n s i t i e s  a t  

d i f f e r e n t  f re q u e n c ie s .

I t  can be shown"* th a t  th e  c o r r e l a t i o n  fu n c tio n s  K _ (i= 0 ,1 ,2 ) have 

th e  form

) = K .(0 )exp  ( - I I I  /T c  ) 2

A lso f o r  th e  case  o f  d ip o le -d ip o le  r e la x a t io n

Kgfo) = —  r  ^ K .(0) = —  r  ^ Kp(o) = —  r  ^ 3
15 13 15
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E q u a tio n  2 m ere ly  s t a t e s  th a t  a  system  c h a ra c te r i s e d  hy s h o r t  lo s e s  

phase coherence in  s. sh o r t  t im e . S u b s t i tu t in g  e q u a tio n  3 in to  1 

and in te g r a t in g  y ie ld s  th e  s p e c t r a l  d e n s i ty  fu n c tio n s  a t  zero  

freq u en cy , s in g le  freq u en cy  and double freq u en cy

I  o
Jn(w ) = f c r

C

A -6  ^ c

16 —6 c

15 14Ŵ  1: g2

In  F ig u re  1 i t  i s  seen  how depends o n c j^ x  Three cu rves a re

shown, f o r  ^<C 1, W p i  1 and T 1. They a re  drawn f o r

c o n s ta n t B so th e  d i f f e r e n t  curves a r i s e  from d i f f e r e n t  T • o 0

I f  X Q i s  s h o r t  a l l  m o tional f re q u e n c ie s  (O toT^^- "*) have a  sm all

bu t equal p r o b a b i l i t y  o f  o c c u r r in g . F o r lo n g  X ^ low f re q u e n c ie s

have la rg e  F o u r ie r  components w hereas h ig h  f re q u e n c ie s  a re  a lm o s t•

e n t i r e l y  a b s e n t.  In  b o th  cases  th e  components a t  th e  resonance

freq u en cy  a re  s m a l le s t .  F o rco ^ X ç  —1 th e  component a t  w ^ i s

la r g e s t  and most e f f i c i e n t  r e la x a t io n  occurs  when t h i s  c o n d itio n  h o ld s .

The tim e s c a le s  f o r  m o lecu la r m otion and p re c e s s io n  a re  m atched. This
2

was dem onstra ted  by Bioembergen P u rc e l l  and Pound f o r  g ly c e r in e .  The 

a re a  under th e  curves in  F ig u re  1 i s  c o n s ta n t ,  r e f l e c t i n g  th e  f a c t  th a t  

th e  power a v a i la b le  f o r  m o lecu la r m otion i s  co n s ta n t and th a t  changing  

X ^ o n ly  a l t e r s  th e  freq u en cy  d i s t r i b u t i o n  o f  t h i s  pow er.

When X 1 a l l  f re q u e n c ie s  have an  equal p r o b a b i l i ty  o f  o c c u rr in g . 

This i s  term ed th e  extrem e narrow ing  c o n d it io n . When t h i s  c o n d itio n  

h o ld s  th e  m easured T ^ 's  a re  f i e l d  in d e p en d en t. However i f  X ^ i s  lo n g
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enough, a n d /o r  w ^ i s  la rg e  (due to  th e  u se  o f  a h ig h  a p p l ie d  f i e ld )  th e  

extrem e narrow ing  c o n d itio n  no lo n g e r  h o ld s  and and any ITOE

become f i e l d  dependent w ith  a minimum in  a t  i  — 1 •

S e c tio n  2

S pin  L a t t i c e  R e la x a tio n  Mechanism

A number o f  d i f f e r e n t  mechanisms e x i s t  th a t  enab le  th e  s p in  

system  and th e  l a t t i c e  to  exchange energy , a llo w in g  excess Zeeman 

energy  to  be d is s ip a t e d .  These a r e :

a) M agnetic d ip o le -d ip o le

b) S p in - ro ta t io n

c) Chemical s h i f t  a n is o tro p y

d) S c a la r  Coupling

e) E l e c t r i c  quadrupole

A

D ipo le -D ip o le  R e la x a tio n

This i s  th e  most im p o rtan t r e la x a t io n  mechanism f o r  n u c le i  o f  

s p in  I  = -g- in  th e  l i q u id  s t a t e .

C onsider two n u c le i  I  and S on th e  same m o lecu le . I f  th e  

m olecule i s  s ta t io n a r y  th e n  th e  n u c leu s  I  w i l l  have two c o n tr ib u tio n s  

to  th e  t o t a l  m agnetic  f i e l d  i t  e x p e r ie n c e s . The f i r s t  i s  from th e  

a p p lie d  la b o ra to ry  f i e l d ,  B^ and th e  second a  lo c a l  f i e l d  B^^  ̂ from 

th e  m agnetic moment o f  n u c leu s  S . The energy  o f i n t e r a c t io n  o f  two 

m agnetic  moments | i d e p e n d s  on t h e i r  s e p a ra t io n ,  r  and t h e i r  

r e l a t i v e  o r i e n t a t i o n  0  , to  th e  m agnetic  f i e l d  B (see  F ig u re  2 ) .
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The lo c a l  f i e l d  a t  n uc leus  I  i s  g iv e n  "by

B = -  (3 cos^G  -1 )=  — (3 cos^G  - 1)
r  r

I f  th e  m olecule  i s  now allow ed  to  move a b o u t, G becomes tim e 

dependen t. I f  th e  m otion i s  f a s t  enough th e  lo c a l  f i e l d  averag es  

to  zero  and th e  d ip o la r  co u p lin g  w i l l  v a n ish  r e s u l t i n g  in  narrow  l in e s  

in  th e  spectrum . S ince  G i s  tim e dependent th e n  th e  lo c a l  f i e l d  i s  

a ls o  tim e dependent and co n seq u en tly  a  p o te n t i a l  r e la x a t io n  m echanism.- 

' F o r a n u c le a r  s p in  I  i n t e r a c t in g  w ith  some o th e r  p h y s ic a l 

q u a n t i ty  d e sc r ib e d  by  th e  o p e ra to r  0 th e  H am ilton ian  may be w r i t t e n  as

= -  h l.T .O

where T i s  th e  te n s o r  which d e s c r ib e s  th e  in t e r a c t io n .  As th e  

m olecule  moves in  s o lu t io n  th e  elem ents t^ ^  o f  T become tim e depen d en t. 

F or a  s p in  I  in t e r a c t in g  w ith  a  s p in  S we may w r i te

= -h J .T .S

F or a  two s p in  system  o f  th e  same sp e c ie s  Abragam^ has shown th a t

and Rg = Y ^ fi^ l( l+ l)  ^ 3 /8 J „ ( o )  + 3 /8  J g (a u ^ ) j  6

The im p o rtan t p o in t to  n o te  h e re  i s  th a t  has a  term  a t  zero  

freq u en cy  w hereas i s  on ly  a f f e c te d  by  f re q u e n c ie s  in  th e  re g io n  

o f  th e  resonance  fre q u e n c y . F o r a  h e te ro n u c le a r  s p in  system  o f  sp in s
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I  and S , and R^^ a re  g iv e n  by

1̂̂  = V; ^ 1 ( 1 + 1 ) + 1  J iK)+ |  J2̂ “i +(̂ s) r 

V  "  \  ^1(1+1) J^ (o )

F or in tra m o le c u la r  d ip o le -d ip o le  in t e r a c t io n s ,  we need o n ly  c o n s id e r  

r o ta t io n a l  m otion . The s p e c t r a l  d e n s i t i e s  a t  th e  re le v a n t  f re q u e n c ie s  

f o r  l i k e  s p in s ,  a r e  g iv en  by e q u a tio n  4» S u b s t i tu t io n  in to  eq u a tio n s  

5 and 6 y ie ld s

Rot

5 r

T:o

P 2 P 2
140)^-c^ 1+4w %c

5 x  2X
3x« +

7

c  P 2 2 2
1-w l+4w X,

F o r m obile l iq u id s  a)^ ^  1 and e q u a tio n s  7 and 8 reduce  to

% Rot _ Rot _ 2 y ^  h ^ l ( l+ l )
1 °  2 =  S  X ^

r

T his i s  known as  th e  extrem e narrow ing  c o n d it io n . F or v isc o u s  l iq u id s

o r a t  v e ry  low te m p era tu re  OJ ^ ^ ^  1 and /  R^^°^.. From th e

eq u a tio n s  i t  can be seen  th a t  under such c o n d itio n  th e  r e la x a t io n
2

tim es  a re  freq u en cy  dependen t.

The dependence o f  th e  d ip o le -d ip o le  mechanism on th e  in v e rs e  s ix th  

power o f  th e  s e p a ra t io n  o f  th e  n u c le i  in d ic a te s  th a t  i t  i s  on ly  

e f f e c t iv e  over v e ry  s h o r t d is ta n c e s .  The d ip o le -d ip o le  mechanism can 

be in te rm o le c u la r  as w ell a s  in t r a m o le c u la r .  That i s  th e  I  and S 

n u c le i  a r e  on s e p a ra te  m o lecu le s . In  such a  case  eq u a tio n s  7 and 8 

s t i l l  h o ld  except t h a t  X ^ i s  no t a  r o ta t io n a l  c o r r e la t io n  tim e .
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-6r a th e r  i t  i s  a t r a n s la t io n a l  c o r re la t io n  tim e . Due to  th e  r  

dependence o f th e  d ip o la r  mechanism th e  in te rm o lecu la r mechanism i s  

norm ally in e f fe c t iv e  in  re la x in g  th e  I  nucleus e s p e c ia lly  of th e  S 

nucleus i s  d i r e c t ly  a tta ch ed  to  I  th e reb y  making th e  in tram o lecu la r 

mechanism dom inant.

B

Spin R o ta tion

This mechanism is  th e  next most im portant mode o f re la x a tio n  fo r

sp in  n u c le i .  This i s  e sp e c ia lly  so fo r  n u c le i of la rg e  chemical

s h i f t  range in  sm all symmetric m olecules. Even in
d Smuch la rg e r m olecules ’ sp in  r o ta t io n  has been shown to  be im p o rtan t.

The in te ra c t io n  a r is e s  from th e  magnetic f i e ld s  generated  a t  a 

nucleus by th e  motion of a m olecular magnetic moment a r i s in g  from th e  

d is t r ib u t io n  o f e le c tro n s  in  th e  m olecule. As th e  molecule ro ta te s  a 

p a r t ic u la r  e le c tro n  w il l  r o ta te  about a nucleus a t  some rad iu s  R, th e  

ro ta t io n a l  frequency being  given by

V = h j / 2 TC I

where J  i s  th e  ro ta t io n a l  s t a t e  of th e  m olecule and I  i t s  moment o f 

i n e r t i a .  The m agnetic moment [ I j  generated  by th e  r e s u l t in g  cu rren t

i s  given by

7 7 t

where M i s  th e  n u c lea r mass and |d ^  th e  n u c lea r magneton. This 

magnetic moment produces a lo c a l  magnetic f i e ld  a t  th e  nucleus which 

i s  modulated by c o l l is io n s  causing  changes in  both  d ire c t io n  and r o ta t io n



40

th u s  e n a b lin g  i t  to  be an  e f f e c t iv e  r e la x a t io n  pathw ay. The 

H am ilton ian  f o r  th e  i n t e r a c t io n  i s  g iv en  by

= - h I 'C 'J

where J  i s  th e  a n g u la r  momentum o p e ra to r  and C th e  s p in  r o t a t i o n  te n s o r .  

For l iq u id s  undergo ing  i s o t r o p ic  r e o r i e n ta t io n  th e  r e la x a t io n  r a t e  i s  

g iv en  by
R = ( 2 T t  H cT /î i 2 ) i / 3 ( 2 c2  +  C,̂  )  x .

where % . i s  th e  a n g u la r  momentum c o r r e l a t i o n  tim e and C th e  
0

6 1a p p ro p r ia te  s p in - r o ta t io n  c o n s ta n ts .  . Hubbard and McClung have 

shown th a t  %  ̂ i s  in v e r s e ly  p ro p o r tio n a l  to

 ̂ 6kT

where k i s  th e  Boltzmann co n s ta n t and T th e  a b s o lu te  te m p e ra tu re .

The r e la t io n s h ip  o f  th e  s p in  r o t a t i o n  r e la x a t io n  r a t e  and th e  chem ical

s h i f t  range i s  due to  th e  f a c t  th a t  b o th  th e  chem ical s h i f t  and th e

s p in  r o t a t i o n  te n s o r  depend on th e  e le c t ro n  d i s t r i b u t io n  in  th e

8 9m olecu le . This p o in t i s  f u r th e r  d isc u sse d  by  M aryott and D ev e re lK  

Ç

Chemical S h if t  A n iso tro p y

In  C hap ter 1 ( s e c t io n  3 ) i t  was p o in te d  out th a t  th e  f i e l d  a t  

th e  n ucleus  i s  g iv en  by

^1 ■ ^^(1 -  o )

where 0 i s  th e  sc re e n in g  te n s o r .  In  m obile l iq u id s  th e  average  v a lu e  

o f th e  te n s o r  i s  observed

0 = V 3 ( 0 ^ +  + a j
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I f  th e  components o f  0 a re  no t equal th e  chem ical s h i f t  i s  s a id  to  

he a n is o t ro p ic  and m o lecu la r m otion produces a  f l u c tu a t in g  m agnetic  

f i e l d  a t  th e  n u c leu s  which can a c t  as  a  r e la x a t io n  mechanism. F o r
rio * riCA

th e  case  o f  a x ia l  symmetry and R^ a re  g iv en  hy

and

C S A ^ : L y \ 2  ( ) 2 | 8 x + =

2 - 90 ° "  ^  i  °  X

where CJ j j » (J a re  th e  s c re e n in g  c o n s ta n ts  p a r a l l e l  and

p e rp e n d ic u la r  to  th e  symmetry a x is  r e s p e c t iv e ly .  In  th e  extrem e' 

narrow ing  c o n d itio n  th e s e  eq u a tio n s  reduce to

and

RgCSA .  ^  ^  V (  « I I  - « f "  :  0

We see  th a t  = 6 /7  and a ls o  th a t  t h i s  mechanism i s  f i e l d

dependent •

Chemical s h i f t  a n is o tro p y  i s  an i n e f f i c i e n t  mechanism and i s

r a r e l y  observed  to  c o n tr ib u te  to  s p in  r e la x a t io n  excep t in  l i q u id
13 10c r y s ta l  s o lv e n ts .  I t  has been shown to  be e f f e c t iv e  in  CH  ̂ COOH,

1 "1 205 12
Ph-C= C-C=C-Ph and Me^ TIRO^. Due to  i t s  squ are  dependence on

th e  f i e l d  we may a n t i c ip a te  more examples o f  t h i s  mechanism now th a t

h ig h  f i e l d s  (up to  14.1 T ) a re  more g e n e ra l ly  a v a i la b le .
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D

S c a la r  R e la x a tio n

A nu c leu s  I  which i s  s p in  coupled  to  a  nu c leu s  S can he 

re la x e d  hy f lu c tu a t in g  m agnetic f i e l d s  v ia  s c a l a r  . in te r a c t io n  

in v o lv in g  th e  bonding e le c t r o n s .  The H am ilton ian  f o r  th e  in t e r a c t io n  

may be w r i t t e n  as

y {  = h I 'A 'S

where A i s  th e  s p in - s p in  co u p lin g  te n s o r .  I t  i s  ev id en t t h a t  th e

lo c a l  f i e l d  a t  nuc leus I  can become tim e dependent in  one o f  two ways;

th e  co u p lin g  co n s tan t A ( in  ra d  s"^ ) may be tim e  dependent o r  th e

e x c i te d  s t a t e  o f  S may be tim e d ependen t. The f i r s t  case  i s  term ed

s c a la r  r e la x a t io n  o f  th e  f i r s t  k in d  and th e  l a t t e r  i s  s c a la r

SC SCr e la x a t io n  o f  th e  second k in d . The eq u a tio n s  f o r  R.̂  and R^ 

a p p l ic a b le  f o r  th e  two ty p e s  a re  an a lo g o u s.

S c a la r  R e la x a tio n  o f  th e  f i r s t  k in d

The co u p lin g  co n s ta n t can become tim e dependent by chem ical 

exchange. The lo c a l  f i e l d  a t  I  i s  A S /y  j. when I  and S a re  c o v a le n tly

bound and zero  o th e rw ise  and i s  co n seq u en tly  f lu c t u a t i n g .  I f  th e
1 SC

r a t e  o f  exchange i s  la rg e  compared to  A o r  to  R  ̂ f o r  e i t h e r

nu c leu s  and th e  exchange i s  c h a ra c te r i s e d  by in s ta n ta n e o u s  jumps th e n

th e  m u l t ip le t  s t r u c tu r e  o f  th e  resonance  d isa p p e a rs  and a  s in g le  l i n e

i s  observ ed . I t  has been shown^ th a t  th e  eq u a tio n s  f o r  s c a la r

r e la x a t io n  o f  nu c leu s  I  a re  g iv en  by

=* I  A^S(S+1) (  "^0

and
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S c a la r  R e la x a tio n  o f ‘th e  second k in d

For s c a la r  r e la x a t io n  o f th e  second k in d  B, i s  m odulated
ICC

hy th e  r e la x a t io n  o f th e  8 n u c le u s . E quations 9 and 10 s t i l l  

a p p ly  hu t I  ^ i s  re p la c e d  hy

SCFrom th e  eq u a tio n s  i t  can he seen  th a t  to  he e f f e c t iv e  f o r  

th e  exchange r a t e  must he la rg e ,  in  f a c t  com parable to  th e  

d if f e re n c e  o f  th e  resonance f r e q u e n c ie s . This p ro v iso  i s  a ls o  

a p p l ic a b le  to  second k in d  r e la x a t io n  in  so f a r  a s  th e  r e la x a t io n  r a t e  

must be la r g e .  This i s  n o rm ally  th e  case  f o r  q u ad rupo la r 

n u c le i  and one on ly  expec ts  to  observe t h i s  mechanism f o r  a  n u c leu s  

coupled to  a s p in  S^ The c o n t r ib u t io n  to  R^ i s  more l i k e l y

s in c e  a  zero  freq u en cy  term  e x is t s  th a t  does n o t in v o lv e  t h i s  s t r in g e n t  

m atch ing  o f  tim e s c a le s  to  be e f f e c t iv e .

E

Q uadrupolar R e la x a tio n

The in t e r a c t io n  H am ilton ian  i s  g iv en  by

^  = I 'Q ' I

where Q, i s  th e  quadrupole co u p lin g  te n s o r .

So f a r  we have on ly  d isc u sse d  th e  mechanisms a v a i la b le  to  r e la x  

s p in  -g- n u c le i  and have l im ite d  o u rse lv e s  to  f lu c tu a t in g  m agnetic

f i e l d s .  For n u c le i  w ith  s p in  I  -J- an  a d d i t io n a l  mechanism i s

a v a i la b le  in v o lv in g  in te r a c t io n s  w ith  f lu c tu a t in g  e l e c t r i c  f i e l d s .

H uolei o f  s p in  -g- have a  s p h e r ic a l  n u c le a r  charge d i s t r i b u t i o n  

w hereas f o r  n u c le i  o f  s p in  l a r g e r  th a n  -g- th e  d i s t r i b u t i o n  i s  n o n - 

s p h e r ic a l  and a  quadrupole moment Q e x i s t s .  Such q u ad ru p o la r

n u c le i  do n o t have an e l e c t r i c  d ip o le  moment hence t h e i r  energy  i s
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independent o f  o r ie n ta t io n  in  a  un ifo rm  e l e c t r i c  f i e l d .  Where 

an  e l e c t r i c  f i e l d  g ra d ie n t e x i s t s  th e  n u c le i  p re c e ss  about th e  n e t 

e l e c t r i c  f i e l d .  As th e  m olecule r e o r ie n t s  th e  elem ents o f  Q 

become random fu n c tio n s  o f  tim e th e re b y  p ro v id in g  a  r e la x a t io n  

pathw ay. In  th e  l im i t  o f  extrem e narrow ing  i t  has been  shown^ th a t

3 .  2I±3--------
40 I  (21-1) \  3 /  \  ^  /

where t| i s  th e  asymmetry p a ram ete r, q i s  th e  e l e c t r i c  f i e l d  g ra d ie n t

and (e^Qq/h) i s  th e  quadrupole co u p lin g  c o n s ta n t .  The r e la x a t io n

r a te s  a re  th u s  governed no t on ly  byX ^ b u t a ls o  by th e  quadrupo le

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

The e l e c t r i c  f i e l d  g ra d ie n t a t  th e  n ucleus w i l l  v a ry  a c c o rd in g

to  th e  m o lecu la r environm ent and co n seq u en tly  th e  quadrupole c o u p lin g

co n s tan t can ta k e  a  wide range o f  v a lu e s .  In  th e  io n  and o th e r

p a r t i c l e s  o f  t e t r a h e d r a l  symmetry f o r  in s ta n c e ,  q i s  zero  as  i s  th e

quadrupole co u p lin g  c o n s ta n t .  In  m olecu les o f  low er symmetry q i s

n on -zero  and in  CĤ CET in  f a c t  (e^Qq/h ) i s  4MIz. ̂

F o r n u c le i  o f  s p in  I ^  -g- th e  q u ad ru p o la r mechanism dom inates th e

r e la x a t io n  u n le ss  th e  e l e c t r i c  f i e l d  g ra d ie n t i s  z e ro . The

mechanism i s  so e f f e c t iv e  f o r  such n u c le i  th a t  th e r e  i s  no need to

15degass sam ples when m easuring T^. I t  i s  an  e n t i r e l y

in tra m o le c u la r  e f f e c t  so i f  th e  quadrupo le co u p lin g  c o n s ta n t i s  known

(sa y  from WQR o r l i q u id  c r y s ta l  s tu d ie s )  measurement o f  T  ̂ en ab les

15X ^ to  be c a lc u la te d .  A review  d is c u s s in g  r e la x a t io n  tim es  o f  

deu terium  (the  most commonly s tu d ie d  q u ad ru p o la r nu c leu s) in  a  v a r i e ty  

o f  compounds has r e c e n t ly  app ea red .
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F

E le c tro n  ETuclear R e la x a tio n

For com pleteness we shou ld  c o n s id e r  th e  in te rm o le c u la r  

e le c tro n  n u c le a r  i n t e r a c t io n  as a  cause o f r e la x a t io n .

The e le c tro n  has sp in  and th e r e f o r e  a  m agnetic  moment.

An unpaired  e le c tro n  w il l  generate  f lu c tu a t in g  m agnetic f ie ld s  as 

th e  molecule moves in  so lu tio n  and can thus he a  cause o f r e la x a tio n .

This in t e r a c t io n  i s  d ip o la r  in  n a tu re  and hence depends on th e  s iz e  

o f  th e  m agnetic moment (see  s e c t io n  2A ) .  For th e

e le c tro n  t h i s  i s  10^ tim es b ig g e r  th a n  th a t  o f  th e  p ro to n  and consequently ' 

e le c tro n -n u c le a r  r e la x a t io n  i s  10^ tim es more e f f i c i e n t  th a n  n u c le a r -  

n u c le a r  r e la x a t io n .  So even sm all amounts o f  param agnetic  s p e c ie s  

i n  a  sample w i l l  s i g n i f i c a n t l y  a f f e c t  m easured r e la x a t io n  t im e s .

The most common param agnetic  sp e c ie s  in  sam ples i s  d is s o lv e d  oxygen ■ 

so c a re  shou ld  be ta k e n  to  degass sam ples to  av o id  any param agnetic  

r e la x a t io n .

S e c tio n  3 

A

Measurement o f T^

The most common method o f  m easuring  T  ̂ i s  by  th e  180°-T —90° 

p u ls e  sequence, sometimes term ed in v e rs io n  re c o v e ry . The 180° 

p u ls e  (c h a p te r  1, s e c t io n  5B) in v e r t s  th e  m a g n e tis a tio n  a lo n g  th e  

z* a x i s .  S p in - l a t t i c e  r e la x a t io n  now occurs cau s in g  M̂  to  re c o v e r  to  

i t s  e q u ilib r iu m  v a lu e  M^. I f  a  90° p u lse  i s  a p p l ie d  a t  some tim e 

a f t e r  th e  180° p u lse  th e  m a g n e tis a tio n  i s  r o ta t e d  onto  th e  y* a x is  and can 

be observed  as an  FID which can be tran sfo rm e d  in  th e  norm al way.
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A f te r  a  s u i ta b le  d e la y  ( 5 to  a llo w  th e  m a g n e tis a t io n  to  re c o v e r  

f u l ly )  th e  experim ent i s  re p e a te d  f o r  d i f f e r e n t  v a lu es  o f  T • The 

re c o v e ry  o f th e  m a g n e tisa tio n  i s  d e sc r ib e d  by

= M e x p ( - T / T . , ) j

F or sh o r t I  (< 0 .6 9  T. )̂ th e  m a g n e tisa tio n  i s  in v e r te d  and as T i s  

in c re a se d  becomes p o s i t iv e  t i l l  i t  reac h es  i t s  e q u ilib r iu m  value,Mq 

(F ig u re  3) . A p lo t  o f -ln(l/^-M ^ ) vs T a llo w s to  be c a lc u la te d .

B

S e p a ra tio n  o f  s p i n - l a t t i c e  R e la x a tio n  Mechanisms

I t  has been shown in  th e  p re c e d in g  s e c t io n s  o f  t h i s  C hapter 

th e  d i f f e r e n t  r e la x a t io n  mechanisms th a t  may c o n tr ib u te  to  s p in  

l a t t i c e  r e la x a t io n  tim es (R ^). Any measured r a t e  can, in  th e o ry  

have a  c o n tr ib u t io n  from each o f  th e s e  mechanisms and i f  any 

q u a n t i ta t iv e  r e la x a t io n  s tu d ie s  a re  to  be c a r r ie d  out some method o f 

s e p a ra t in g  th e  d i f f e r e n t  c o n tr ib u tio n s  i s  r e q u ir e d .  The problem  i s  

n o t as com plica ted  as i t  seems a t  f i r s t  s i g h t .  Very few n u c le i  w i l l  

have c o n tr ib u tio n s  from a l l  mechanisms and mere in s p e c t io n  o f  th e  

r e le v a n t  eq u a tio n s  can in d ic a te  w hether a  p a r t i c u l a r  mechanism i s  

l i k e l y  to  c o n t r ib u te .  F or in s ta n c e  th e  chem ical s h i f t  a n is o tro p y  

mechanism i s  seen  to  be dependent on th e  sq u are  o f  th e  f i e l d  and can 

th e re f o r e  be r e a d i ly  s e p a ra te d . S c a la r  co u p lin g  r e q u ir e s  s t r in g e n t  

m atching o f tim e s c a le s ,  th e  main req u irem en ts  b e in g  a  f a s t  r e la x in g  

n ucleus  o r  r a p id  chem ical exchange. I f  b o th  a re  ab sen t th e r e  w i l l  

be no s c a la r  co u p lin g  c o n tr ib u t io n  to  th e  r e la x a t io n  t im e . F or 

s p in  -g- n u c le i  t h i s  leav es th e  most common c o n tr ib u t in g  mechanisms to
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s e p a ra te  s p in - r o ta t io n  and d ip o le -d ip o le .  Here two p r o p e r t ie s  

come to  our a id .  F i r s t  th e se  two mechanisms have an  o p p o s ite  

te m p era tu re  dependence, d ip o le -d ip o le  hav ing  th e  same dependence 

as  a l l  o th e r  mechanisms. C onsequently  a  n u c leu s  h av in g  c o n tr ib u tio n s  

from s p in - r o ta t io n  and any o th e r  mechanisms w i l l  e x h ib it  a  n o n - l in e a r  

A rrhen ius p lo t  (F ig u re  4 ) .  I t  i s  p o s s ib le  to  a n a ly se  such a  curve

S-R /D -0 
/  and 
others

1/T

F ig u re  4

to  e x t ra c t  s p in  r o ta t io n  r a t e s .  However th e  b e s t  method o f  

s e p a ra t in g  th e  d ip o le -d ip o le  mechanisms from a l l  o th e rs  ( i r r e s p e c t iv e

o f tem p era tu re  dependence) i s  to  u t i l i s e  th e  n u c le a r  O verhauser

/  \  16 e f f e c t  (MDE).
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Ç

The ïïu c le a r  O verhauser E ffe c t

The HOE i s  a  change in  th e  in te g r a te d  n u c le a r  m agnetic  reso n an ce  

(MR) s ig n a l  o f  a  sp in  when th e  HMR a b s o rp tio n  s ig n a l  o f a n o th e r  s p in  

(w hether s p in  coupled to  th e  form er o r no t) i s  s a tu r a te d  hy a  s t ro n g  

second ra d io fre q u e n c y . The sp in s  may he h e te ro n u c le a r  o r ch em ica lly  

s h i f te d  hom onuclear s p in s .

17C onsider a  two s p in  system  I ,  S (where S = p ro to n ) th e  

eq u a tio n  o f  m otion f o r  , th e  e x p e c ta t io n  v a lu e  o f  i s

d < Ig )  / d t  = _(W^+2W^2+W2)(< Ig>  -I^y{W 2_W Q)((8g> -8^^ 15

where th e  a re  th e  t r a n s i t i o n  p r o b a b i l i t i e s  in  F ig u re  5 ,

a re  th e  e q u ilib riu m  values o f and , and th e

e x p e c ta t io n  v a lu e  o f S^,. I f  th e  p o p u la tio n s  o f  th e  p ro to n  energy  

le v e ls  a re  e q u a lis e d  by i r r a d i a t i o n  u s in g  a  s tro n g  ra d io fre q u e n c y  

th e n  < ( =  0 and eq u a tio n  15 becomes

d < I^ >  / d t  = -(M^+2M^j+H2)C<I^> -  I^d+T) ) ]  16

(W^+2W ĵ +W2)

I t  fo llo w s from eq u a tio n  16 th a t  < 1 ^  decays e x p o n e n tia l ly  w ith  a  

tim e  co n s ta n t g iven  by

R  ̂ = Mg + + ^2 18
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F or d ip o la r  r e la x a t io n  th e  t r a n s i t i o n  p r o b a b i l i t i e s  in  F ig u re  5 a re  

g iv e n  by  .

«0 =■ ( 1 / 2 0 ) A > j.-W3)

=  (3 /40)k% ^(W j)

W^3 = (3/40)fc2 j^(ü^) 19

Wg = (3/lO)k2jg(ü^4Wg)

where k = Y and J^(Cü) a re  th e  s p e c t r a l  d e n s i t i e s  a t  th e

a p p ro p r ia te  f re q u e n c ie s .  S u b s t i tu t in g  e q u a tio n  19 in to  17 g iv e s  th e  

n u c le a r  O verhauser enhancement f a c to r  -q as

20

where Q = + 3 + ôJ^CügHtOj)

In  th e  extrem e narrow ing  l im i t  i t  has been  shown th a t  a l l  p o s s ib le  

f re q u e n c ie s  a re  e q u a lly  p ro b ab le  (F ig u re  l)  in  o th e r  words th e  s p e c t r a l  

d e n s i t i e s  a r e  e q u a l. So e q u a tio n  20 becomes

I) = _Y£

and th e  observed  s ig n a l  has i n t e n s i t y  g iv en  by

EOF = 1+Y s  21

2 7 i

The most common example o f  t h i s  experim ent i s  to  i r r a d i a t e  p ro to n s  

and observe  g iv in g  an enhancement f a c to r ,  1) f o r  100^ d ip o le -  

d ip o le  r e la x a t io n  v ia  th e  i r r a d i a t e d  p ro to n s  o f  1.99* From e q u a tio n  

21 i t  i s  ap p aren t th a t  f o r  a  n ucleus  I  o f  n e g a tiv e  m agnetogyric r a t i o

( Si  ̂ Sn) , y  j  th e  EOF w i l l  be n e g a tiv e  and co n seq u en tly  a  d e c re a se d  

s ig n a l  i n t e n s i t y  w i l l  be ob serv ed .
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I t  shou ld  he s t r e s s e d  th a t  th e  EOF a r i s e s  on ly  from th e  d ip o le -  

d ip o le  mechanism. A r e la x a t io n  r a t e  o f  which o n ly  h a l f  i s  due 

to  th e  d ip o la r  mechanism w i l l  show on ly  h a l f  o f  th e  p o s s ib le  EOF 

as d e f in e d  in  e q u a tio n  21 . I t  i s  t h i s  f a c t  th a t  enab les  th e  d ip o la r  

r a t e  to  be e x tra c te d  from th e  t o t a l .
20The EOF i s  th e  s u b je c t o f  a  book by Eoggle and Schirm er and

th e  re a d e r  i s  r e f e r r e d  to  t h i s  f o r  more d e ta i le d  d is c u s s io n .

D

S e p a ra tio n  o f In te rm o le c u la r  D ip o le -D ip o le  C o n tr ib u tio n  

11For C th e  in te rm o le c u la r  c o n t r ib u t io n  to  i s  i n s ig n i f i c a n t .  

29 119For S i and Sn a ls o  a u th o rs  a re  g e n e ra l ly  ag reed  th a t  t h i s  

mechanism i s  u n im p o rta n t. However f o r   ̂ H th e  in te rm o le c u la r  d ip o le -  

d ip o le  mechanism can be im portan t s in c e  p ro to n s , b e in g  u n iv a le n t  a re  

e s s e n t i a l l y  on th e  " su r fa c e "  o f  th e  m olecule and co n seq u en tly  can 

in t e r a c t  e f f e c t iv e l y  w ith  o th e r  m agnetic  n u c le i  on n earby  m o lecu le s . 

In  f a c t  p ro to n s  a r e  not on ly  th e  most a f f e c te d  by t h i s  mechanism bu t 

a ls o  th e  most common in  p ro v id in g  th e  mechanism due to  th e  la rg e  

m agnetogyric  r a t i o .

U n fo r tu n a te ly  th e  EOF does no t d is t in u g is h  betw een th e  i n t e r -  

and in tra m o le c u la r  mechanisms. The method employed i s  to  c a r ry  out 

a  d i l u t i o n  s tu d y  o f  th e  m olecule in  q u e s t i  .on in  i t s  p e rd e u te ro  

analogue ( th i s  en su res  th a t  th e  d e t a i l s  o f  th e  m o lecu la r m otion  a re  

e s s e n t i a l l y  id e n t i c a l  a t  a l l  c o n c e n tr a t io n s ) . Any d if f e r e n c e  in  

d ip o la r  r e la x a t io n  r a t e s  over th e  c o n c e n tra tio n  range  s tu d ie d  

en ab les  th e  in te rm o le c u la r  c o n tr ib u t io n  to  be e s tim a te d .

O bviously , s y n th e s is  o f  a  f u l l y  d e u te ra te d  m olecule i s  no t alw ays 

p r a c t i c a l  and some a u th o rs  use  d e u te ra te d  s o lv e n ts .  This l a t t e r

p ro ced u re  can be prone to  la rg e  .e r ro rs .
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G ated D ecoupling

The in c re a se d  in t e n s i t y  o f  a  resonance  due to  th e  EDE can he

determ ined  hy com paring th e  s p e c tr a  o b ta in e d  w ith  and w ith o u t th e

O verhauser enhancem ent. Such a  com parison i s  p o s s ib le  because

d eco u p lin g  o f  th e  S n ucleus  i s  e s s e n t i a l l y  in s ta n ta n e o u s  and in  f a c t

occurs on a  tim e s c a le  o f  th e  o rd e r  o f  ( j j /2 u  The I

m a g n e tisa tio n  r e s u l t i n g  from t h i s  i r r a d i a t i o n  however, develops w ith

a  tim e co n s ta n t o f  th e  s p in  l a t t i c e  r e la x a t io n  tim e T^. This

d if f e r e n c e  in  tim e s c a le s  en ab les  decoupled  s p e c tr a  w ith  and w ith o u t

EOE to  be o b ta in e d . The te ch n iq u e  was f i r s t  dem onstra ted  by 

22Kuhlmann and Grant and l a t e r  e x p lo ite d  in  th e  p u ls e  mode by 

23Freeman e t a l .

In  p r a c t ic e  a  tim in g  scheme as  shown in  F ig u re  6 i s  u sed  to  

o b ta in  a  decoupled  spectrum  w ith o u t th e  EOE.

p n

—  _  _

Receiver

F ig u re  6
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A decoupled  spectrum  w ith  th e  EOE i s  o b ta in e d  in  th e  norm al manner 

by  le a v in g  th e  d eco u p lin g  f i e l d ,  on d u rin g  th e  whole ex perim en t.

Due to  th e  dynamics o f  th e  O verhauser e f f e c t  th e  p u lse  d e la y  (pd) 

shou ld  be 8xT^.^^

I f  th e  i n t e n s i t y  o f  th e  spectrum  o b ta in e d  u s in g  g a te d  d eco u p lin g  

i s  denoted  by  1 ^ and th a t  o f  th e  no rm ally  decoupled  spectrum  i s  I ^  

th e n  th e  n u c le a r  O verhauser f a c t o r  t) i s  g iv en  by

= I s  _1

13 119F o r th e  n u c le i  d isc u sse d  in  t h i s  t h e s i s  I  = C, Sn and S = 'H .

I f  71 i s  th e  maximum enhancement f a c to r  th e n  th e  d ip o la r  r e la x a t io n  ' max

r a t e  can be e x tra c te d  from th e  t o t a l  r a t e  R^^°^ from

Tot

13 119where 7] = 1.99 f o r  C re la x e d  by p ro to n s  and -1 .3 4  f o r  Sn

re la x e d  by  p ro to n s .
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• CHAPTER 3 

The S pectrom eter System

S e c tio n  1A Observe

B P ie ld -F req u en cy  Lock 

C P ro to n  D ecoupling
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A

O bserve (se e  F ig u re  l)

The sp e c tro m e te r  has been  developed  in  t h i s  la b o ra to ry  by 

D.G. G i l l i e s  a n d . i s  b ased  on a  V arian  HA.60—IL magnet system  (gap 1»5”) • 

I .D .  C re s s h u ll  w ro te  th e  com puter so ftw a re  and im plem ented some 

i n t e r f a c e s .  Some a s p e c ts  have been  d e sc r ib e d  p re v io u s ly .^  The 

o b se rv in g  freq u en cy  was g e n e ra te d  by a  freq u en cy  s y n th e s is e r  (n o rm ally  

G eneral Radio Type IO61) . The RF p u ls e s ,  a l t e r n a t in g  in  phase (two 

a t  0° ,  two a t  180° e t c . ) ,  were a m p lif ie d  u s in g  a  wide band a m p l i f ie r  

(A m p lif ie r  R esearch  Type 10 LA) to  d r iv e  a  I 5OW tu n e d  a m p lif ie r  

( P o la ro n ) . A 2 kW tu n e d  a m p li f ie r  (H ea th k it Type SB220) assem bled  

in  t h i s  la b o ra to r y  was added d u r in g  th e  cou rse  o f  t h i s  work. This 

red u ced  th e  90° p u ls e  le n g th  from around  100 [j.s to  25|jls • The 

p u ls e s  were a p p l ie d  to  th e  sam ple u s in g  th e  c r o s s - c o i l  arrangem ent o f  

th e  V a rian  XL-100 p ro b e . The MR s ig n a l  was i n i t i a l l y  a m p lif ie d  in  

th e  p robe  by  a  V arian  ty p e  p r e a m p lif ie r  and f u r th e r  a m p lif ie d  by  a 

Decca p r e a m p li f ie r  and P o la ro n  wide band a m p l i f i e r .  A b a lan ced  , 

m o d u la to r ( H a tf ie ld  Type MD4) was used  to  phase d e te c t  th e  s ig n a ls  

w hich w ere th e n  f u r th e r  a m p lif ie d  and p assed  t h r o u ^  a  low pass 

B u tte rw o rth  f i l t e r .  The s ig n a l  was d i g i t i s e d  by  a  10 b i t  ADC 

( D ig i t a l  Equipment C o rp o ra tio n , Type/l^)/) which was in te r f a c e d  to  th e  

com puter (DEC PDP 11, 28 K memory). Dual c a s s e t t e s  (DEC TUI6) 

en ab led  up to  s ix  FID ’s w ith  th e  accom panying p aram eter l i s t i n g s  to  be 

s to r e d .  The c a s s e t t e s  have su b se q u e n tly  been re p la c e d  by  d u a l d r iv e  

f lo p p y  d i s c s .  A f te r  d i g i t i s a t i o n  th e  FID cou ld  be ap o d ised  (u s in g  

a  c o s in e  fu n c tio n )  and f i l t e r e d  (u s in g  an  ex p o n e n tia l w e ig h tin g  fu n c tio n )  

and f i n a l l y  F o u r ie r  tra n s fo rm e d . The r e s u l t i n g  freq u en cy  spectrum  

was d is p la y e d  on th e  VDU and cou ld  be p h ased . The v a r io u s  d is p la y  

p a ra m e te rs  cou ld  be changed i n t e r a c t i v e l y  f a c i l i t a t i n g  more d e t a i l e d
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s tu d y  o f  th e  spec tru m . Hard co p ies  o f  s p e c tr a  were o b ta in e d  from 

th e  XY p l o t t e r  (Bryans) .

The p u ls e  programmer c o n s is ts  o f  f iv e  id e n t i c a l  d i g i t a l  tim e rs  

c o n t r o l l in g  th e  90 and 180° p u ls e  le n g th s ,  th e  v a lu e  o f  T (d e la y  in  

th e  in v e rs io n  re c o v e ry  experim ent) , th e  a c q u i s i t i o n  r a t e  and th e  

o v e r a l l  r e p e t i t i o n  r a t e  o f th e  ex p erim en t. F o r th e  norm al (90 -% ) 

experim ent th e  t im e r  c o n t r o l l in g  th e  180° p u lse  and th e  d e la y  t im e r  

w ere o b v io u s ly  in o p e ra t iv e .  The tim e rs  were s e t  m a n u a l ly ,d if f e re n t  

p u ls e  sequences b e in g  g e n e ra te d  by m anually  chang ing  th e  i n t e r ­

c o n n e c tio n  o f  th e  t im e r s .

B

The F ie ld -F recru en cy  Lock System

A part from a  few e a r ly  s p e c tr a  which u t i l i s e d  a  f lu o r in e  

re so n a n c e , f ie ld - f r e q u e n c y  lo c k  was e s ta b l is h e d  u s in g  a  d eu terium  

re so n a n c e . A s im p l i f ie d  b lo c k  diagram  i s  shown in  F ig u re  2 .

The system  employed tim e sh a re d  m odu la tion  produced by 

t r a n s m i t t e r  p u ls e s  w ith  a  r e p e t i t i o n  r a t e  o f  1kHz and a  10^ d u ty  c y c le .  

These p u ls e s  were a m p lif ie d  and a p p lie d  to  th e  d eco u p le r c o i l  t h r o u ^  a  

d oub le  tu n e d  n e tw ork . The lo c k  channel o f  th e  s ta n d a rd  V arian  V4354A 

i n t e r n a l  r e f e r e n c e  c o n t r o l l e r  was used  to  p ro v id e  th e  d is p e r s iv e  s ig n a l  

f o r  lo c k in g  and th e  a b s o rp tio n  s ig n a l  to  th e  re c o rd e r(sh im  sw itch  on) 

and to  a  m e ter in  o rd e r  to  m on ito r th e  lo c k . The lo c k  was alw ays to  

th e  f i r s t  u p f ie ld  s id eb an d  ( a t  1kHz) and cou ld  be c o n v e n ie n tly  s e t  up 

p r i o r  to  lo c k in g  by  sw eeping th ro u g h  th e  reso n an ce  u s in g  th e  re c o rd e r  

s in c e  th e  l a t t e r  produced  a  ramp v o lta g e  to  d r iv e  th e  FSX 3006s 

fre q u e n c y  s y n th e s i s e r .
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The ex ac t freq u en cy  was re a d  from th e  s ta n d a rd  V arian  co u n te r  

w hich m on ito red  th e  in te r p o la t io n  freq u en cy  in  th e  s y n th e s is e r .

T his was p a r t i c u l a r l y  im p o rtan t as o n ly  a  f ix e d  freq u en cy  o f  60 MHz 

(d e r iv e d  from  th e  1 MHz s ta n d a rd  o f  th e - s y n th e s is e r )  was a v a i la b le  

f o r  p ro to n  d e c o u p lin g . This meant th a t  th e  deu terium  lo c k  

fre q u e n c y  had to  be changed in  o rd e r  to  a d ju s t  th e  f i e l d  f o r  optimum 

d e c o u p lin g .
2

R e c e n tly  t h i s  inconv en ien ce  has been  e lim in a te d  by th e  u se  

o f  an  a d d i t io n a l  s y n th e s is e r  in  th e  d eco u p le r ch an n e l.

C

The P ro to n  D ecoupler (s e e  F ig u re  3)

The 60 MHz was p ro v id ed  by  a  V arian  RF u n i t  (V 4311) which was 

re fe re n c e d  to  a  s ta n d a rd  15 MHz. Power a m p li f ic a t io n  was by a  10W 

broadband  a m p l i f ie r  (M arconi Type TF 2167)• F or p ro to n  n o ise  

d e c o u p lin g  a  pseudo random n o is e  g e n e ra to r  ( l2  b i t )  d r iv in g  a  phase 

i n v e r t e r  was u sed , th e  bandw idth o f  which was c o n t ro l le d  by  an  

o g î i l l a to r  (Wavetek Type 134). I f  CW d eco u p lin g  was re q u ire d  th e  

am p litu d e  o f  th e  Wavetek was m inim ised so th a t  th e  n o ise  g e n e ra to r  was 

n o t t r ig g e r e d  and hence th e  RF phase no t m odu lated . To en ab le  HOE 

m easurem ents to  be c a r r i e d  ou t a  d iode g a te  was in tro d u c e d  in to  th e  

15 MHz l i n e .  The d eco u p le r cou ld  be g a te d  on d u rin g  th e  a c q u i s i t i o n  

tim e so as  to  produce HOE su p p ressed  decoupled  s p e c tr a  whose i n t e n s i t y  

co u ld  be compared to  s p e c tr a  o b ta in e d  w ith  th e  d eco u p le r on a l l  th e  tim e
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S e c t io n  1 

In t ro d u c t io n

119The m a jo r i ty  o f th e  a v a i la b le  Sn l i t e r a t u r e  i s  co nce rned  w ith

s h i f t  and c o u p lin g  c o n s ta n t d e te rm in a tio n s .  Very l i t t l e  has been

p u b lish e d  r e l a t i n g  to  th e  s p in —l a t t i c e  r e la x a t io n  b eh av io u r o f t i n  and

to  th e  know ledge o f t h i s  a u th o r  on ly  f iv e  p u b lic a t io n s  have ap p ea red

119on t h i s  s u b je c t .  A lthough th e  Sn n u c leu s  i s  tw en ty  f iv e  tim e s  more

s e n s i t i v e  to  MR d e te c t io n  th a n  th e  NOE e f f e c t  ( p o s i t iv e  f o r

119and n e g a tiv e  f o r  Sn) u s u a l ly  red u ce s  t h i s  to  a  f a c to r  o f abou t 8 a t  

b e s t  ( i . e .  where 7) f o r  Sn i s  z e ro ) .  In  f a c t  we now f in d  t h a t  non— 

bonded d ip o la r  i n t e r a c t io n s  a re  more im p o rtan t th a n  p re v io u s ly  was th o u g h t 

and  c a s e s  o f s e v e re ly  red u ced  in t e n s i t y  may w e ll be q u i te  common.

From th e  p o in t  o f view  o f s e n s i t i v i t y  and T  ̂ measurement th e  ad v en t o f

com m ercial F o u r ie r  tra n s fo rm  in s tru m e n ts  sho u ld  have s t im u la te d  i n t e r e s t .
119 . . .

in  Sn a s  a  p robe  n u c le u s . T his h as  n o t been so . In  an e f f o r t  to

r e d r e s s  th e  b a lan ce  and to  ex ten d  th e  d a ta  base o f more fundam ental NMR 

119in fo rm a tio n  on Sn s p i n - l a t t i c e  r e la x a t io n  tim es  and NOE f a c to r s  a re  

p re s e n te d  and  d is c u s s e d  in  t h i s  c h a p te r .

A

Review
A

P uskar e t  a l  were th e  f i r s t  to  c a r ry  ou t a  d e t a i l e d  s p i n - l a t t i c e  

r e l a x a t io n  s tu d y  o f organo t i n  compounds in  th e  l i q u id  s t a t e .  They 

m easured th e  ''^^Sn and s p i n - l a t t i c e  r e la x a t io n  tim es  in  th e  s e r i e s  

R^Sn (R = Me, E t ,  P r)  over a  range o f te m p e ra tu re . The r e p o r te d  T̂  

v a lu e s  f o r  ^^^Sn were in  th e  range 0 .5 s  to  5 .0 s  a t  am bient te m p e ra tu re  

and hence much s h o r te r  th a n  one ty p i c a l l y  f in d s  f o r  carbon  and s i l i c o n .
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The te m p e ra tu re  dependence of th e  r e la x a t io n  in d ic a te d  th a t  s p in -

r o t a t i o n  was th e  dom inant mechanism over th e  whole te m p era tu re  range

on ly  in  th e  ca se  o f SnMe^. The r e la x a t io n  in  SnEt^ and SnPr^ was

dom inated  by th e  s p in - r o ta t io n  mechanism on ly  a t  h ig h e r  te m p e ra tu re s .

At low er te m p e ra tu re s  th e  d ip o le -d ip o le  mechanism dom inated . In  th e

119same p aper th e  r e la x a t io n  b eh av io u r o f ^Sn in  th e  s e r i e s  Me^SnX (X = C l, 

B r , l )  was a l s o  r e p o r te d  and found to  be dom inated by th e  s p in - r o ta t io n  

mechanism. S c a la r  r e la x a t io n  c o n t r ib u te s  to  th e  t o t a l  r a t e  on ly  when 

X = I .

2 %
More r e c e n t ly  L ass ig n e  and W ells ’ have s tu d ie d  te tra m e th y l t i n  •

and i t s  i s o to p ic  m o d if ic a t io n s  (CH,) .  Sn(CD^) and found t h a t  th e
3 4n-1 3 " ii

s p in - r o t a t i o n  r e la x a t io n  r a t e  v a r ie s  a c c o rd in g  to  th e  square ro o t  o f th e  

moment o f i n e r t i a  I  where I  = I / 3  ( ix x  + ly y  + I z z ) .c o n f irm in g  th e  

Hubbard r e l a t i o n s h ip .  They a ls o  showed a  c o r r e l a t i o n  betw een th e  s p in - ' 

r o t a t i o n  r e l a x a t io n  r a t e  and th e  param agnetic  te rm  o f th e  s h ie ld in g

119te n s o r  o f th e  S n .n u c le u s .

Sharp^ has m easured th e  s p in - s p in  and s p i n - l a t t i c e  r e l a x a t io n  tim es

as  a  f u n c t io n  o f te m p e ra tu re  f o r  SnCl^ and S n l^ . F or SnCl^ T̂  i s

dom inated  by th e  sp in  r o t a t i o n  mechanism over th e  e n t i r e  te m p era tu re

ra n g e . F o r Snl^  a  maximum in  T  ̂ i s  o b served  a t  190°C. Such

b e h a v io u r i s  a t t r i b u t e d  to  c o m p e titio n  betw een s p in - r o ta t io n  and s c a la r

c o u p lin g  to  th e  n u c le u s . For b o th  l iq u id s  T^ «  T  ̂ and s c a la r

c o u p lin g  o f th e  second k in d  dom inates Tg. An a b s o lu te  s h ie ld in g  s c a le  

119f o r  ^Sn was a l s o  e s tim a te d .

Ahmed5 has u sed  th e  d i f f e r e n t i a l  r e la x a t io n  r a t e s  o f th e  c e n t r a l  

and s a t e l l i t e  f e a tu r e s  in  th e  p ro to n  spectrum  o f  a  number o r organo t i n  

h y d r id e s  to  d e r iv e  c o r r e l a t i o n  tim es  ) f o r  th e  t in -h y d r id e  p ro to n
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v e c to r .  I s o t r o p ic  m otion was assumed, and showed a  t r e n d  w ith  

m o le c u la r  s i z e .

In  a  p ap er no t d i r e c t l y  concerned  w ith  r e la x a t io n  M itc h e ll^  

n o te s  t h a t  s ig n i f i c a n t  NOE f a c to r s  were observed  f o r  h e x a b u ty ld i t in  

and h ex ao c ty ld itin .C h ro m iu m  t r i s (a c e ty la c e to n a te )  was found to  

p a r t i a l l y  e l im in a te  th e  NOE w ith o u t s ig n i f i c a n t l y  a f f e c t in g  s h i f t s .

119R esults and General D iscussion o f Sn Relaxation Data

The s p i n - l a t t i c e  r e la x a t io n  r a t e s  (r ^) and NOE f a c to r s  f o r  th e

119Sn n u c leu s  over a  ran g e  o f  te m p e ra tu re s  o f  a  number o f  d i f f e r e n t  

m o lecu les  a re  ta b u la te d  in  Table 1-4» The d a ta  a re  summarised in  

f ig u r e s  1 -4 . Table 5 shows th e  o b served  r a t e  and NOE f a c to r s  f o r  

nPr^Sn, nBu^Sn, nPr^SnC l, nBu^SnCl and nBu^SnH a t  30?°K. F ig u re  1a 

shows ty p i c a l  r e s u l t s  from a  (180-X -90) experim ent f o r  nPr^SnC l. 

F ig u re  1b shows th e  NOE m easurem ent.

The d a ta  now re p o r te d  may be in t e r p r e te d  in  term s o f  two 

c o n t r ib u t in g  m echanism s, s p in - r o ta t io n  and d ip o le -d ip o le  ( t in -p ro to n )  

I n  th e  case  o f  th e  c h lo r id e s  th e  p o s s i b i l i t y  o f  a  c o n t r ib u t io n  

from  s c a l a r  r e la x a t io n  o f  th e  second k in d  was c o n s id e re d  and found 

to  be n e g l ig ib le  in  agreem ent w ith  th e  o b se rv a tio n s  o f  Sharp^ and 

P uskar e t  al.** A s ig n i f i c a n t  c o n t r ib u t io n  would o b v io u s ly  m odify 

th e  In  R  ̂ vs 1 /Temp p lo t  and degrade th e  f i t  o f  th e  NOE deduced 

s t r a i g h t  l i n e s  r e p re s e n t in g  th e  d ip o le -d ip o le  and s p in - r o ta t io n  

c o n t r ib u t io n s .  In  p a r t i c u l a r  th e  maximum NOE cou ld  no t have been  

observ ed  f o r  a  nSu^SnCl a t  low te m p e ra tu re  and th e  NOE v a lu e  o f  

-0 .6 7  (c o rre sp o n d in g  to  50^  d ip o le -d ip o le  r e la x a t io n )  would no t have 

co rresp o n d ed  to  th e  minimum in  th e  c u rv e s . O bviously  th e n  th e
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T ab les 1 and la  show th e  T.j and NOE d a ta  f o r  n ea t 

nPr^SnC l. A ll m easurem ents a t  22 .37  MHz u s in g  

sp e c tro m e te r  d e sc r ib e d  in  C hapter 3 .

Table 1

Temp/E

279.5 0 .21

299.3 0 .2 2

313.6 0 .20

331.2 0 .2 6

344.0 0.31

358.9 0 .3 3

385.0 0 .4 4

Table 1a

Temp/E T1

253.5 -1 .0 8

266.5 - 0 .75

276.6 - 0 .7 2

285.0 - 0 .6 2

300.4 -0 .3 4

317.2 -0 .1 9

330.6 -0 .2 2

368.3 - 0 .05

394.5 -0 .1 2
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- 1

2.5

03

02

TOT

01 SRo = R

PlfTure 1

A rrh en iu s  p lo t  o f  d a ta  in  Tables 1 and la

f o r  nPr^SnCl
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and UOE d a ta  fo r  n ea t nBu^SnCl. A ll m easurem ents a t  

22 .37  MHz u s in g  sp e c tro m e te r  d e s c r ib e d  in  C hapter 3 .

T ab le 2

Temp/K

250.7 0 .7 7

257.7 0 .53

262.9 0 .4 4

300.3 0 .1 7

319.3 0 .1 6

338.0 0 .1 7

370.7 0 .21

381.5 0 .2 6

390 .4 0 .2 7

410 .4 0 .3 7

T able 2a

Temp/K T1

253.5 - 1.33

266.5 -1 .2 6

276.6 —1.16

285.0 —1.09

300.4 - 0 .8 4

317.2 -0 .5 0

330.6 - 0 .30

341 .8 -0 .1 5

348.0 -0 .2 3

368.3 - 0 .3 2

394.5 0 .00



78

0.7

0.5

JOTx=R!

° = R0.5

0.3

0.2

Fiisrure 2

A rrh en iu s  p lo t  o f  d a ta  in  T ab les 2 and 2a f o r  nBu^SnCl
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T.J and ÏÏOE d a ta  f o r  n ea t Sn^Me^. A ll m easurem ents a t

2 2 .3 7  MHz u s in g  sp e c tro m e te r  d e s c r ib e d  i n  C hap ter 3 .

T able 3

Temp/K

331.5 0 .7 9

341.4 0 .7 8

347.3 0.91

356.0 1.01

366.0 1.12

388.0 1.54
403.0 1.79

Table 3a

Temp/K ^  .

303.0 -0 .1 3

329.7 - 0 .0 5

341.8 - 0 .0 5

368.3 0 .0 0
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lO ^T
2.5 3.0

0.9

0.8

0.7

F ig u re  3

A rrh en iu s  p lo t  o f  d a ta  in  T ab les 3 and 3a f o r  SngMe^
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and ÏÏOE d a ta  f o r  n e a t nBUgSnfOAc^g' A ll m easurem ents a t

22.37  MHz u s in g  sp e c tro m e te r  d e sc r ib e d  in  C hapter 3 .

T able 4

Temp/K R ,T ° t/s -1

280.0 3.12

299.8 1.19

312.7 0 .70

319.3 0 .50

325.8 0 .3 7

337.5 0 .39
350.3 0 .3 2

372.0 0 .2 8

402.0 0 .2 7

Table 4a

Temp/K T) ■

276 .6 - 0 .35

284.3 - 0 .3 4

300.7 - 0 .33

317.2 - 0 .3 3
348.0 - 0 .39

368.3 - 0 .30
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3.0
3.0 -

2.0 -

JOT

DD

0.5

0.4-

0.2

F ig u re  4

A rrhen iiis  p lo t  o f  d a ta  i n  T ables 4 and 4a f o r  ioSM2^n{Okc) ^
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Table 3

T  ̂ and HOE d a ta  a t  307°K. Samples were ru n  a s  th e  

n e a t m a te r ia ls  a t  22.37 MHz im le ss  o th e rw ise  in d ic a te d .

M olecule T) R l2D /s-1 a ^ o th e ry g -1

nPr^Sn 0.210 -0 .3 7 0 .058 0 .150

nPr^SnCl 0 .209 - 0 .2 8 0 .044 0 .165

nBu^Sn* 0.159 -0 .8 6 0 .102 0 .146

nBu^SnCU 0.172 -0 .6 8 0 .087 0.085

nBu^SnH* 0.215 -0 .4 3 0 .069 0 .146

Run a t  37.29 MHz
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s t r in g e n t  m atch ing  o f  tim e s c a le s  which a llo w s th e  s c a la r  co u p lin g

127mechanism to  c o n t r ib u te  to  i s  a b sen t u n le s s  I  i s  p re s e n t  (se e  

C hap ter 2 s e c t io n  2D).

R

S c a la r  r e la x a t io n  o f  th e  second k in d  does however c o n t r ib u te  to

SC2 s in c e  a  zero  freq u en cy  te rm  e x i s t s  in  th e  e x p re s s io n  f o r  Rg

SCth a t  i s  a b se n t in  th e  R.j e x p re s s io n . The re a d e r  i s  r e f e r r e d  to

re f e r e n c e  15 f o r  a  more d e ta i le d  d is c u s s io n  o f  t h i s  p o in t f o r  th e  

119c a se  o f  th e  Sn n u c le u s . H ex am eth y ld itin  p re s e n ts  th e  o n ly  

example re p o r te d  h e re  where th e  r e la x a t io n  i s  s p in - r o ta t io n  

dom inated  over th e  e n t i r e  te m p e ra tu re  range  o f  s tu d y . A s t r i k i n g
i

f e a tu r e  o f  th e  d a ta  p re s e n te d  h e re  and th a t  o f  Puskar e t a l  i s  t h a t  

119th e  Sn r e la x a t io n  tim es  a re  somewhat s h o r t .  These may be

29 7 9 10compared to  th e  S i r e la x a t io n  tim es  in  r e l a t e d  compounds ’ ’ which

1
119a r e  much lo n g e r .  The lo n g e s t ''^Sn T. m easured i s  about 6 seconds

y e t th e  s h o r te s t  S i i s  abo u t 20 seco n d s . A sim ple

com parison  o f  th e  r e l a t i v e  im portance o f  th e  d ip o la r  mechanism f o r  

^^C, ^^S i and ^^^Sn n u c le i  can be  o b ta in e d  from  e q u a tio n  1.

6
^X-H

13 29 . 119w here i s  th e  m agnetogyric  r a t i o  o f  C, S i ,  Sn 

r^  i s  th e  r e le v a n t  in t e r n u c le a r  d is ta n c e

R^^^, Yjj» %c have t h e i r  u s u a l m eanings.

T ab le  6 shows t h i s  com parison f o r  equal numbers o f  d i r e c t l y  a t ta c h e d  

p ro to n s .  The c o r r e l a t i o n  tim e  i s  assumed to  be c o n s ta n t .  On t h i s
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Table 6

Comparison o f  th e  r e l a t i v e  e f f e c t iv e n e s s  o f  a  d i r e c t l y  

bound p ro to n  to  X in  p ro v id in g  d ip o la r  r e la x a t io n

X Y ^ /l0 ^ ra d T  ^s"^ "'x-n/P '" R e la t iv e  
e f f e c t iv e n e s s

6.726 109 1.0

■ 2 9 s i -5 .3 1 4 148 0 .0 9

-9 .971 170 0 .15
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b a s i s  th e n  i t  m ight be expec ted  th a t  ^^^Sn r e la x a t io n  tim es sh o u ld  be

a  f a c t o r  o f  abou t 1 .5 to  2 .0  s h o r te r  th a n  f o r  ^ ^ S i. In  f a c t  i t  i s

119q u i t e  common to  ob serv e  '^Sn v a lu e s  t h a t  a r e  5 to  10 tim es  s h o r te r

• 29th a n  in  homologous S i compounds. This i s  e x em p lified  by  com parison
119 pqo f  th e  d ip o la r  r a t e  o f Sn in  Ph^SnH to  th e  d ip o la r  r a t e  o f  ^S i in

7Ph^SiH, th e  t i n  r a t e  b e in g  about e ig h t tim es f a s t e r .  The s im p le s t and 

most obv ious way o f  e x p la in in g  t h i s  d isc re p a n c y  i s  t h a t  th e  d ip o la r  

mechanism i s  much more e f f i c i e n t  in  th e  case  o f  th e  t i n  c o n ta in in g  

m o lecu le  b ecau se  i t  i s  no t so e f f i c i e n t l y  averaged  by  f a s t  m otion .

In  o th e r  words th e  c o r r e l a t i o n  tim es f o r  th e  t i n  c o n ta in in g  m olecu les 

a re  ex p ec ted  to  be lo n g e r th a n  th o s e  f o r  th e  s i l i c o n  m o lecu le s .

A p r a c t i c a l  consequence o f  in c re a s in g  ROE v a lu es  a t  low 

te m p e ra tu re s  i s  th a t  no T  ̂ v a lu es  cou ld  be m easured f o r  nBu^SnCl and 

nPr^SnCl over th e  te m p e ra tu re  range  w here th e  s ig n a l  i n t e n s i t y  i s  

s e v e r e ly  red u ced  ( i e  w hen7] approaches -  1.0) . I n  th e  fo rm er ca se  th e  

i n t e n s i t y  re c o v e re d  s u f f i c i e n t l y  a t  low te m p e ra tu re s  to  en ab le  T  ̂

m easurem ents w hereas in  th e  l a t t e r  case  th e  sample f ro z e  p re m a tu re ly .

In  o rd e r  to  c a lc u la te  c o r r e l a t i o n  tim es from th e  d e r iv e d  d ip o la r  

r a t e s  th e  d is ta n c e  betw een th e  n u c leu s  concerned  and th e  re le v a n t  

p ro to n s  must be known. I n  th e  case  o f  th e  h y d rid e s  i t  may be th o u g h t 

th a t  i t  i s  s a f e  to  assume th a t  th e  d ip o la r  c o n t r ib u t io n  i s  from th e  

h y d r id e  p ro to n  o n ly . This p o in t i s  d is c u s s e d  in  more d e t a i l  l a t e r  

in  t h i s  c h a p te r .  I n  th e  case  o f  organo t i n  (o r  o rg a n o s ilic o n )  

m o lecu les  where th e  m eta l n u c leu s  does no t have any  d i r e c t l y  bound 

p ro to n s  th e  in te r n u c le a r  d is ta n c e  o f  i n t e r e s t  i s  much h a rd e r  to  d e f in e .  

C onsider th e  m olecu les nPr^SnCl and nBu^SnCl. From f ig u re s  1 and 2 

i t  can  be seen  t h a t  th e r e  a re  s ig n i f i c a n t  d ip o l e —d ip o le  c o n tr ib u t io n s  

to  th e  r e la x a t io n  r a t e  which can o n ly  a r i s e  from  th e  p ro to n s  on th e  a lk y l
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T able 7

R e la t iv e  d ip o la r  c o n tr ib u t io n s  from p ro to n s  on n - a lk y l  groups

r  „/pm R e la t iv e
e f f e c t iv e n e s s

D i r e c t ly  bound 

a p ro to n s

p p ro to n s

170 1.00 

275 0 .0 5 6

325 0 .021
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c h a in s .  S ince  i t  i s  'g e n e ra l ly  ag ree d  th a t  th e  in te rm o le c u la r  d ip o la r  

c o n t r ib u t io n s  to  t h i s  a re  sm all t h i s  must be an  in t r a m o le c u la r  e f f e c t .

At f i r s t  s ig h t  i t  m ight be thou g h t th a t  o n ly  th e  p ro to n s  on th e  a carbons 

w i l l  c o n t r ib u te  to  th e  r e la x a t io n  r a t e  because  th e  r~ ^  dependence o f  

w i l l  make th e  c o n tr ib u t io n s  from th e  p ro to n s  on th e  carbons to o  

s m a l l .  In  f a c t  i f  a  f ix e d  z ig -z a g  o r i e n t a t i o n  o f  th e  a lk y l  groups i s  

assum ed as in  f ig u r e  5? th e n  th e  d is ta n c e  from th e  t i n  n u c leu s  to  th e
g

a p ro to n s  can  be c a lc u la te d  to  be 275 pni, in  agreem ent w ith  W h llach 's

v a lu e .  The d is ta n c e  to  th e  (3 p ro to n s  i s  found to  be 325 pm. U sing

e q u a tio n  1 we may c a lc u la te  th e  r e l a t i v e  c o n tr ib u t io n s  o f th e  a and |3

p ro to n s  compared to  a  h y d rid e  p ro to n  d i r e c t l y  bound to  t i n  (se e

T able 7) • A lthough th e  c o n t r ib u t io n  from a  rem ote p ro to n  seems

i n s ig n i f i c a n t  compared to  a  h y d rid e  p ro to n  i t  i s  n o t i n s ig n i f i c a n t  when

m u l t ip l ie d  by th e  number o f  such p ro to n s  e s p e c ia l ly  ±n th e  m onohydrides

c o n s id e re d  h e re .

From T able 7 i t  can be seen  th a t  th e  3 p ro to n s  a re  about 33^ as

e f f e c t iv e  in  r e la x in g  t i n  as th e  a p ro to n s . This c o n t r ib u t io n  i s

s i g n i f i c a n t  and must consequen tly  be in c lu d e d  when c o r r e l a t i o n  tim es  a re

c a lc u la t e d .  To do so r e q u ir e s  t h a t  th e  te rm  in  e q u a tio n  1 be

re p la c e d  by  ^ ^ i ” ^ where th e  r .» s  a re  th e  rele-van t in t e r n u c le a r
N ^

d is ta n c e s  and F th e  number o f  c o n t r ib u t in g  p ro to n s .
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P a r t I I

119D isc u ss io n  o f  ''^Sn R e la x a tio n  D ata f o r

nPr^SnC l, nBu^SnCl, nPr^Sn and nSu^Sn
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. 119D is c u s s io n  o f  Sn R e la x a tio n  D ata f o r  n P r^SnCl. nDu^SnCl, 

n P r ^Sn and nBu.Sn»

T ab le  8 shows th e  e f f e c t iv e  c o r r e l a t i o n  tim es  d e r iv e d  from  th e
119

Sn r e la x a t io n  d a ta  f o r  th e  m olecu les nPr^SnCl, n-Bu^SnCl, nPr^Sn

and nBu^Sn. B efo re  any comment i s  p assed  on th e s e  v a lu e s  th e

d i f f i c u l t y  o f  i n t e r p r e t i n g  such d a ta  sh o u ld  be p o in te d  o u t .  In  

e f  fc a l c u la t in g  th e  in e v i ta b ly  crude assum ption  o f  o v e ra l l  i s o t r o p i c

tu m b lin g .h a s  had to  be made w hich may no t be t r u e  f o r  th e  t i n

c h lo r id e  m o le c u le s . More s i g n i f i c a n t l y  two d i f f e r e n t  ty p e s  o f p ro to n s

c o n t r ib u te  to  th e  d ip o la r  r e la x a t io n  o f  t i n  and th e s e  a re  th e  p ro to n s

o f  th e  a and p m ethy lenes o f  th e  a lk y l  g ro u p s . The e f f e c t iv e

c o r r e l a t i o n  tim e  d e r iv e d  from th e  t i n  d a ta  th e n  i s  f o r  m otion

p e rp e n d ic u la r  to  th e  t in - re m o te  a p ro to n  v e c to r  and tin - re m o te  |3

p ro to n  v e c to r  (se e  f ig u r e  6) . The c o r r e l a t i o n  tim e f o r  th e s e  v e c to rs

w i l l  be th e  same o n ly  i f  o v e r a l l  tu m b lin g  i s  i s o t r o p ic  and i f  th e

13a lk y l  groups a r e  r i g i d .  S ince  th e  C r e la x a t io n  d a ta  f o r  th e s e

m olecu les  in d ic a te s  t h a t  segm ental m otion  i s  ta k in g  p la c e  a lo n g  th e

a lk y l  c h a in s  (se e  C hap ter 5) the-n th e  r i g i d  model f o r  such m olecu les

must be  a  poo r one . However s in c e  no o th e r  model e x i s t s  f o r  t r e a t i n g

such  d a ta  we a r e  fo rc e d  to  adopt th e  r i g i d  m odel. In  so d o in g  th e

d e r iv e d  c o r r e l a t i o n  tim es  become somewhat " fu z z y ” on accoun t o f  th e

segm en ta l m o tio n . F u rtherm ore  th e  d is ta n c e  o f  th e  P p ro to n s  from  th e

t i n  n u c leu s  have been  c a lc u la te d  assum ing a  f ix e d  z ig -z a g  o r i e n t a t i o n .
e f fI f  t h i s  i s  n o t th e  case  th e  v a lu e s  o f  Tg w i l l  become even more

im p re c is e .  However f o r  such c lo s e ly  r e l a t e d  m olecu les as  nPr^SnCl
e f fand  nBu^SnCl even though  th e  v e c to rs  t h a t  Tc d e s c r ib e s  a r e  not 

e x a c t ly  d e f in e d  th e y  a re  l i k e l y  to  be v e ry  s im i la r  in  b o th  m o lecu les and 

can  th e r e f o r e  be compared d i r e c t l y  w ith  some d eg ree  o f  c o n fid e n c e .
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T able 8

119,E f f e c t iv e  c o r r e l a t i o n  tim es  d e r iv e d  from th e  Sn r e la x a t io n

d a ta  in  T able 5

M olecule l/g .cm ^
(1040)

T^^Vps

hPr^Sn 2274 30

uBu^Sn 4267 51

nPr^SnCl 1914 29

nBu^SnCl 3355 58

*  _
I  c a lc u la te d  u s in g  F o r tr a n  IV program  in  appendix  B.
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/ \

Sn

F ig u re  6

Showing th e  r e le v a n t Sn-rem ote p ro to n  v e c to rs  

f o r  n - a lk y l  t i n  c h lo r id e s  assum ing a  f ix e d  

z ig -z a g  o r i e n t a t i o n  o f  th e  a lk y l  c h a in s .
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From T able 8 i t  can be seen  th a t  th e  f o r  nPr^SnCl and

30 ps and $8 ps r e s p e c t iv e ly .  As exp ec ted  th e  s m a lle r

m o lecu le  h as  th e  s h o r te r  c o r r e l a t i o n  tim e because  i t  can r o t a t e  more

e a s i l y .  T his i s  due to  few er " s o lv e n t"  m olecu les h av in g  to  be swept

ou t o f  th e  way f o r  th e  r o t a t i o n  to  o c c u r . A lso th e  m o lecu la r

moment o f  i n e r t i a  [ l  = l / 3 ( l  + I  + I  ) ]  i s  s m a lle r  f o r ̂ XX yy zz '

nPr^SnCl th a n  f o r  nBu^BnCl (se e  T able 8) so t h a t  th e  i n e r t i a l  e f f e c t

i s  l e s s  (s e e  C hapter 5» s e c t io n  2B ). In  f a c t  th e  r a t i o  o f  th e

c o r r e l a t i o n  tim es f o r  th e  two m olecu les i s  ap p ro x im ate ly  th e  same as

th e  r a t i o  o f  th e  m o lecu la r moments o f  i n e r t i a .  This g iv es  us some '

co n fid e n ce  in  com paring e f f e c t iv e  c o r r e l a t i o n  tim es  ( o f

e f fm o lecu les  where th e  v e c to rs  d e s c r ib e d  by  a re  no t f ix e d .  ITote

a l s o  t h a t  th e  FOE i s  sm a lle r  f o r  nPr^SnCl th a n  f o r  nBu^SnCl. This 

i s  due to  th e  more e f f i c i e n t  a v e ra g in g  o f th e  d ip o la r  r e la x a t io n  

mechanism by f a s t e r  r e o r i e n t a t i o n .  As ex pec ted  f o r  a  m olecu le  w hich 

r o t a t e s  r e l a t i v e l y  f a s t  nPr^SnCl has a  l a r g e r  s p in - r o ta t io n  c o n t r ib u t io n  

to  th e  t o t a l  r e l a x a t io n  r a t e  th a n  does nBu^SnCl.

119The e f f e c t iv e  c o r r e l a t i o n  tim es  d e r iv e d  from  th e  Sn d a ta  o f

nPr^Sn and nBu^Sn a r e  a ls o  shown in  T able 8 f o r  com parison . F o te

©f fth e  s i m i l a r i t y  i n  th e  v a lu e s  o f  \  f o r  th e  c h lo r id e s  compared to  th e

ana lo g o u s t e t r a a l k y l  t i n  compounds. This o b se rv a tio n  cou ld  be  ta k e n

a s  ev id en ce  su g g e s tin g  th a t  th e  o v e r a l l  tu m b lin g  c h a r a c t e r i s t i c s  o f  

th e  t r i  n - a lk y l  t i n  c h lo r id e s  c o n s id e re d  h e re  a re  q u i te  c lo se  to  

i s o t r o p i c .  The mass o f  th e  c h lo r in e  n u c leu s  i s  q u i te  s im i la r  to  t h a t  

o f  th e  n -p ro p y l group so t h a t  s u b s t i t u t i n g  one n -p ro p y l group by  

c h lo r in e  a p p a re n tly  has l i t t l e  e f f e c t  on th e  m otion  o f  th e  m o lecu le .
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The m o le c u la r  moments o f  i n e r t i a  o f  th e s e  m olecu les g iv e  more

insigh t'.Æ o th e  r a t i o n a le  o f  th e  v a lu e s  o f  , T able 8 in c lu d e s

th e  moments o f  i n e r t i a  o f  th e  m olecu les d is c u s se d  and a  rough c o r r e l a t i o n  
e f f  ”betw een  and I  i s  a p p a re n t a c ro s s  th e  fo u r  m o le c u le s . T his

c o r r e l a t i o n  i s  much b e t t e r  when th e  two ty p e s  o f  m olecu les a re

c o n s id e re d  s e p a r a te ly .  That i s  th e  r a t i o  o f  I  f o r  th e  m olecu les

nPr^Sn and nSu^Sn r e f l e c t s  th e  r a t i o  o f  th e  c o r r e l a t i o n  tim es  o f  th e

two m o le c u le s . As s t a t e d  above t h i s  i s  a ls o  th e  case  f o r  th e  two

c h lo r id e  m o le c u le s . That th e  r e la t io n s h ip  i s  no t so good when d e a l in g

w ith  m o lecu les  o f  d i f f e r e n t  symmetry i s  n o t unexpec ted  s in c e  th e  v e c to rs

to  w hich th e  c o r r e l a t i o n  tim es r e l a t e  a r e  no t th e  same. T his s t ro n g  

e f f  ~dependence o f  on I  f o r  m o lecu les o f  th e  same symmetry which

e f fbecomes w eaker when com paring I q f o r  m olecu les o f  d i f f e r e n t

symmetry ( in  t h i s  case  Td and su g g e s ts  th a t  in  th e  fo rm er case  i t .

i s  th e  in c re a s e  in  th e  i n e r t i a l  e f f e c t  t h a t  dom inates th e  v a lu e  o f

w hereas in  th e  l a t t e r  c a se , a lth o u g h  th e  i n e r t i a l  e f f e c t  i s

s t i l l  p re s e n t  th e  f r i c t i o n a l  e f f e c t  p la y s  a  more s ig n i f i c a n t  r o l e  in  
e f f

d e te rm in in g  \
e f fI n t e r e s t i n g l y  th e  in c re a s e  in  Tg f o r  th e  t in - re m o te  p ro to n

e f f
v e c to r  in  g o in g  from  nPr^SnCl to  nBu^SnCl i s  p a r a l l e l e d  by th e  Tq 

v a lu e s  deduced f o r  th e  a-C-H v e c to r  o f  th e  a lk y l  group (se e  C hap ter 5 , 

s e c t i o n  2C) . The a m ethylene groups a r e  th e  most r e s t r i c t e d  o f  th e  

g roups in  th e  a lk y l  ch a in s  r e s u l t i n g  from  th e  an ch o rin g  e f f e c t  o f  th e  

m assive  t i n  n u c le u s .
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P a r t  I I I

119The Sn S p in -L a tt ic e  R e la x a tio n  D ata f o r  nBu^SnH
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S e c t io n  1 

I n t r o d u c t io n

M easurement o f  th e  s p i n - l a t t i c e  r e la x a t io n  tim e  o f  ^"*^Sn and

th e  a p p ro p r ia te  FOE in  organo t i n  h y d rid es  in  p r in c ip le  en ab les  one to

c h a r a c te r i s e  th e  m otion p e rp e n d ic u la r  to  th e  t in - p r o to n  bond. The

la r g e  one bond t i n - p r o to n  c o u p lin g  c o n s ta n t (^J q = 1500 -  2000 Hz)
^ S n -H

p re s e n ts  fo rm id ab le  problem s in  a c h ie v in g  a  s in g le  l i n e  re so n an ce  to

1 1 9f a c i l i t a t e  measurement o f  a  s p i n - l a t t i c e  r e la x a t io n  tim e o f  Sn.

H o w e v e r 'if  enough d eco u p lin g  power i s  a v a i la b le  ( vB q > J . . q )
^^^Sn-H •

119th e n  th e  re c o v e ry  o f  th e  Sn m a g n e tis a t io n  i s  e x p o n e n tia l and T̂  

can be c a lc u la te d  u s in g  th e  u su a l -ln(M « ) vs I  p l o t .  In  t h i s  

s tu d y  i n  f a c t  was about 5 kHz.

The ad v an tag e  o f s tu d y in g  th e  s tan n an es  a r i s e s  because o f  th e  

f ix e d  t i n - p r o to n  bond whose m otion i s  c h a r a c te r i s t ic - - o f  th e  o v e r a l l  

m o le c u la r  m o tio n . C h a ra c te r is in g  th e  m otion o f t h i s  bond conseqpiently  

en a b le s  th e  c o r r e l a t i o n  tim e f o r  m o lecu la r r e o r ie n ta t io n  p e rp e n d ic u la r  

to  th e  symmetry a x is  to  be d e te rm in e d . This i s  in  c o n t ra s t  to  th e  

t e t r a a l k y l  t i n  m olecu les d is c u s se d  above where no such v e c to r  e x i s t s .  

The c h lo r id e s  a re  more am enable to  s im i la r  in v e s t ig a t io n s  s in c e  th e  

c h lo r in e  q u ad rupo le  co u p lin g  c o n s ta n t can be m easured by n u c le a r  

q u ad ru p o le  reso n an ce  (FQR) sp e c tro sc o p y  and t h i s  v a lu e  in  c o n ju n c tio n  

w ith  c h lo r in e  T  ̂ d a ta  would enab le  an  e f f e c t iv e  c o r r e la t io n  tim e to  be 

c a lc u la te d  f o r  th e  t i n - c h lo r id e  bond.

A

D isc u s s io n

T ab le  9 shows th e  T  ̂ and FOE f a c to r s  o f  ^^^Sn in  nSu^SnH ( a t  307°K 

and 37 .29  MHz) and f o r  ^ ^ S i in  nBu^SiH ( a t  308°K ).^^
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T able 9

Com parison o f  th e  m e ta l s p i n - l a t t i c e  r e la x a t io n  d a ta  

o f  th e  m o lecu les nSu^XH (X = ^^^Sn, ^^Si)

M olecule
1 ' R,DD/s-1

nBu^SnH

*nBu^SiH

0.2146

0.0310

-0 .4 3

-2 .3 4

0.0689

0.0287

0.1457

0.0023

16-21

11-13

D ata ta k e n  from re fe re n c e  10.
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Prom th e  d a ta  f o r  th e  te t r a a lk y l  t i n s  and t r i  n -a llg r l  t i n

c h lo r id e s  p re s e n te d  in  P a r t  I I  o f  t h i s  c h a p te r  i t  has been  shown t h a t

th e  rem ote p ro to n s  on th e  a and (3 m ethylene groups a re  a b le  to

c o n t r ib u te  s i g n i f i c a n t l y  to  th e  d ip o le -d ip o le  r e la x a t io n  r a t e .  I n

a  m o lecu le  where a  d i r e c t l y  bound p ro to n  i s  a t ta c h e d  to  t i n  a s  w e ll a s

th r e e  n—a lk y l  g ro u p s , some e s tim a te  o f  th e  r e l a t i v e  c o n t r ib u t io n  to

th e  d ip o la r  r a t e  from  th e  d i f f e r e n t  p ro to n s  i s  r e q u ir e d .  Prom T able 7

i t  can be seen  th a t  a  s in g le  p ro to n  on an  a  m ethylene group i s

a p p ro x im a te ly  6^ as  e f f e c t iv e  i n  r e la x in g  ^^^8n v ia  th e  d ip o le -d ip o le

mechanism a s  a  p ro to n  d i r e c t l y  a t ta c h e d  to  t i n .  T his i s  m ere ly  a  
-6

r e s u l t  o f  th e  r  dependence o f  t h i s  m echanism . Of co u rse  i n  z^u^SnE

th e r e  a re  a  t o t a l  o f  s i x  a  m ethylene p ro to n s  so t h a t  th e  r e l a t i v e

e f f e c t iv e n e s s  r i s e s  from  5*5^ to  33^ assum ing no in t e r n a l  r o ta t io n #

T his so u rce  o f  d ip o la r  r e la x a t io n  cannot be ig n o re d  when c a l c u la t in g

Tg f o r  th e  t i n - p r o to n  v e c to r .  However from  the_"^^C s p in —l a t t i c e

r e la x a t i o n  d a ta  o f  nBu^SnH (se e  C hap ter 5» s e c t io n  2C) i t  i s  a p p a re n t

t h a t  segm en ta l m otion  o ccu rs  a lo n g  th e  a lk y l  cha in s#  I s  u s u a l  an y

m otion  w i l l  te n d  to  av e rag e  th e  d ip o le -d ip o le  mechanism re d u c in g  i t s

e f f e c t iv e n e s s  a s  a  r e la x a t io n  m echanism . The f ig u r e  o f  3 ^  th e r e f o r e

i s  th e  maximum c o n t r ib u t io n  to  from  th e  a  p ro to n s#  F o r t h i s

e f fre a so n  T ab le  9 shows a  ran g e  o f  ^  œ ,lc u la te d  w ith  and  w ith o u t t h i s
e f fc o n t r ib u t io n .  ¥o doubt th e  a c tu a l  v a lu e  o f  \  i s  somewhere betw een

e f fth e  two ex tre m es . The a c tu a l  v a lu e s  o f  c a lc u la te d  f o r  t h e  two

m olecu les  a r e  s u r p r i s in g ly  s im i la r  a lth o u g h  th e y  do r e f l e c t  th e  ge iaera l 

t r e n d  th a t  i n  an a logous t i n  and s i l i c o n  c o n ta in in g  m o le c u le s , th e

organo t i n  m o lecu le  r e o r i e n t s  more slow ly#
  -|"ig 29

Use o f  th e  m easured W X  f a c to r s  f o r  Sn and  S i  show

c o n t r ib u t io n  o f  o th e r  mechanisms t o  th e  t o t a l  r e l a x a t io n  r a t e .
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th e  m o lecu les  nBu^SnH and nBu^SiH th e s e  " o th e r  mechanisms" can o n ly

he th e  s p in - r o t a t i o n  mechanism. From Table 9 i t  can be seen  th a t

119th e  s p in - r o t a t i o n  c o n t r ib u t io n  to  th e  Sn r e la x a t io n  r a t e  i s  much
29

la r g e r  th a n  th a t  f o r  S i .  This i s  ex pec ted  and can be acco u n ted

119f o r  by  th e  l a r g e r  s p in - r o ta t io n  c o n s ta n t o f  Sn w hich, a lth o u g h  

n o t m easured in  nBu^SnH i s  a n t ic ip a te d  to  be l a r g e r  th a n  nBu^SiH
119

due to  th e  l a r g e r  chem ical s h i f t  range o f th e  Sn n u c leu s  compared 

to  ^ ^ S i.
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P a r t IV

The R e la x a tio n  D ata f o r  nDUgSn(OAc)^



loi

S e c t io n  1

D iscu ssion

119
The Sn r e l a x a t io n  b eh av io u r o f  nBu^SnCOAc)^ e x h ib i ts  some 

i n t e r e s t i n g  c h a r a c t e r i s t i c s .  T ables 4 and 43* and f ig u r e  4 summarise 

th e  d a ta  a t  22 .37  MHz. We now p re s e n t th e  v a r ia b le  f i e l d  s tu d ie s  

in  T ab le 10.

From th e  A rrh en iu s  p lo t  a t  22 .37 MHz shown i n  f ig u r e  4 two main 

f e a tu r e s  s ta n d  o u t .  F i r s t l y  th e  te m p e ra tu re  dependence o f  th e  

t o t a l  r e l a x a t i o n  r a t e  i s  somewhat c u rio u s  in  th a t  i t  i s  a p p ro x im a te ly  

l i n e a r  up to  330°K and th e n  f l a t t e n s  out r a th e r  r a p id ly ,  a  f e a tu r e  . 

no t o b serv ed  f o r  any  c tk e r  m olecu les in  t h i s  work. S econdly  th e  

HOE f a c t o r  (t] ) a t  22 .37 MHz rem ains ap p ro x im a te ly  co n s ta n t a t  about 

- 0 .3  over th e  whole te m p e ra tu re  ran g e  o f  s tu d y . This f e a tu r e  

su g g e s ts  some o th e r  c o n t r ib u t in g  mechanism w ith  th e  same te m p e ra tu re , 

dependence a s  th e  d ip o la r  mechanism.

From T able 10 i t  can be seen  th a t  a t  b o th  3 0 0 and 372°K th e  

r e l a x a t i o n  i s  more e f f i c i e n t  a t  th e  h ig h e r  f i e l d .  Such a  f i e l d

dependence te n d s  to  im p lic a te  th e  chem ical s h i f t  a n iso tro p y  

m echanism . At 372°K th e  d ip o la r  r e la x a t io n  r a t e  i s  a lm ost id e n t i c a l  

a t  th e  two f i e l d s .  This o f  cou rse  i s  as  e x p ec ted . The r e s id u a l  

r a t e  th e n  i s  p resum ably  due to  th e  s p in - r o ta t io n  and some o th e r  

f i e l d  dependent mechanism. That s p in - r o ta t io n  i s  a  c o n t r ib u t in g  

mechanism i s  a p p a re n t from th e  A rrh en iu s  p lo t  (se e  f ig u r e  4) . The 

r e l a x a t io n  d a ta  a t  300°K however d o ^ s  no t y ie ld  th e  same d ip o la r  

r a t e  a t  th e  two f i e l d s  and from t h i s  a sp e c t i s  in c o n s i s t e n t .

I n  f a c t  th e  r a t i o  o f  p _ ° tb e r  o th e r  372°K i s  found to
(37.29) \ 22.37)

be 3 .3  (s e e  T able IO) w hereas one would expect a  r a t i o  o f  2 .78  i f
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T able 10

S p in - L a t t ic e  R e la x a tio n  D ata f o r  nBUgSn(OAc)^

M easurem ents a t  22 .37  MHz u s in g  sp e c tro m e te r  

d e s c r ib e d  in  C hap ter 3» M easurements a t  

37 .29  MHz u s in g  J e o l  PX100Q.

Temp/°K Vg/MHz R ^ T o t/s - l T) R ^ ^ -1 R ^ o th ^ ,

372
22 .37

37.29

0 .279

0 .7 7 6

- 0 .3 0

-0 .1 1

0.063

0 .0 6 4

0 .216

0.712

300
22.37

37.29

1.191

2.294

- 0 .2 9

-0 .2 1

0 .286

0.359

0 .905  

- 1.935
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t h i s  was due s o le l y  to  th e  CSA mechanism. O bviously  i f  a n o th e r  

a  c o n t r ib u t io n  from th e  s p in - r o ta t io n  mechanism t h i s  w i l l  be th e  

same a t  b o th  f i e l d s  ( a t  a  g iv e n  tem p era tu re ) hence th e  r a t i o  w i l l  

in c re a s e  s t i l l  f u r t h e r .

A

E f fe c t  o f  Exchange on

In  C hap ter 8 th e  te m p e ra tu re  and c o n c e n tra tio n  dependence o f  

nHu2S n(0Ac) ^ i s  d is c u s s e d  and a  monomer-dimer e q u ilib r iu m  i s  p o s tu la te d .  

T his e q u i lib r iu m  i s  r a p id  and from e q u a tio n  9 (see  C hapter 1, s e c t io n  2B) 

th e  exchange r a t e  can be e s tim a te d  to  be 1 x lO^s  ̂ (w ith  6^ -  Ô ^ = 

1400 Hz and W-¥* = 30 Hz) . Under such c o n d itio n s  o f r a p id  exchange 

th e  o b serv ed  r e la x a t io n  tim e w i l l  be a  w eigh ted  mean o f  th e  

a t  th e  two d i f f e r e n t  s i t e s .  The re c o v e ry  o f  th e  m a g n e tis a tio n  i s  

th e r e f o r e  e x p o n e n t ia l .  W ithin th e  l i m i t s  o f  th e  experim ent t h i s  i s  

o b se rv e d . The e f f e c t  o f  h ig h  and low fre q u e n c ie s  on R,j i s  d is c u s se d  

in  C hap ter 2, s e c t io n  1A.

With th e  l im i te d  d a ta  a v a i la b le  on t h i s  system  to  d a te  th e  

in fo rm a tio n  le a d s  to  th e  s u g g e s tio n  th a t  nBu2Sn(0Ac) ^ may in  f a c t  have 

a  c o n t r ib u t io n  from  th e  CSA mechanism to  th e  t o t a l  r e la x a t io n  r a t e .

That th e  d a ta  i s  no t e n t i r e l y  c o n s is te n t  may be due to  th e  c o m p lica tio n s  

o f  th e  e q u i l ib r iu m . F u r th e r  work i s  r e q u ire d  and d e ta i l e d  te m p e ra tu re  

dependent r e l a x a t io n  s tu d ie s  a t  a  number o f  f i e l d s  a re  su g g e s te d .
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P a r t  7

119The Sn R e la x a tio n  D ata f o r  Sn^Me^
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D is c u s s io n  o f  th e  S p in -L a tt ic e  R e la x a tio n  f o r  Sn^Me^

119T able 3 shows th e  Sn s p in  l a t t i c e  r e la x a t io n  d a ta  f o r  n e a t

h e x a m e th y l -d i - t in .  F ig u re  3 shows a  g ra p h ic a l  p lo t  o f  th e s e  d a ta  and 
119in c lu d e s  th e  Sn d a ta  f o r  Me^Sn e x tra c te d  from re fe re n c e  1.

13T ab le  11 and f ig u r e  8 show th e  C r e la x a t io n  d a ta .

119From f ig u r e  3 i t  can be seen  th a t  th e  r e la x a t io n  o f  Sn in

SngMe^ i s  a lm ost co m p le te ly  dom inated by  th e  s p in - r o ta t io n  mechanism.

T his o b s e rv a tio n  i s  n o ta b ly  d i f f e r e n t  to  th e  t i n  r e la x a t io n  b eh av io u r

o f  th e  t r i - n  a lk y l  t i n  c h lo r id e s  and th e  t e t r a a l k y l  t i n s .  These

m olecu les  have s ig n i f i c a n t  d ip o la r  c o n tr ib u t io n s  to  th e  t i n  from th e

m ethy lene groups on th e  a lk y l  c h a in s .  The th r e e  m ethyl groups on each

t i n  n u c leu s  in  Sn^Me^ m ight be exp ec ted  to  p ro v id e  a  s ig n i f i c a n t  d ip o la r

c o n t r ib u t io n  to  th e  r e la x a t io n  o f  t i n .  However t h i s  i s  no t so due to

th e  e f f i c i e n t  a v e ra g in g  o f  th e  d ip o la r  mechanism th a t  o ccu rs f o r  such

r a p id l y  r o t a t i n g  m ethyl g ro u p s . A lthough no HOE d a ta  a re  a v a i la b le

f o r  th e s e  m ethyl groups f ig u r e  8 in d ic a te s  a  r a th e r  b road  minimum i n

th e  A rrh en iu s  p lo t  in d i c a t in g  ap p ro x im a te ly  equal c o n tr ib u tio n s  to  th e

m easured r e l a x a t io n  r a t e  R  ̂ from th e  d ip o le -d ip o le  and s p in - r o ta t io n

m echanism s. T h is i s  in  agreem ent w ith  th e  work o f  Lippma e t a l^  on

Me^Sn (se e  f ig u r e  8) . From th e  T.j d a ta  th e n  a  c o r r e l a t i o n  tim e

( o f  0 .6  ps can be e s tim a te d  f o r  th e  C-H v e c to r  o f  th e  m ethyl

e f fg roups o f  Sn^Meg. A v a lu e  o f  f o r  th e  same v e c to r  in  SnMe^ can

be e x t r a c te d  from re fe re n c e  1 and i s  found to  be 0 .5  p s .  H a r r is  and 

Kimber^ have o b serv ed  th e  ^^S i and s p i n - l a t t i c e  r e la x a t io n  tim es  

and HOE f a c to r s  i n  hexam ethyl d i s i l i c o n  and r e p o r te d  a  v a lu e  o f  1 .0  ps 

f o r  th e  c o r r e l a t i o n  tim e  f o r  th e  C—H v e c to r  o f  th e  m ethyl g ro u p s .
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T able 11

13C s p i n - l a t t i c e  r e la x a t io n  d a ta  f o r  Sn^Me^ a t  22 .63 MHz

Temp/K R i/s -1

308 0.0730

318 0.0788

328 0.0822

333 0 .0824
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3.5
lO^T

4.0

0.09

0.08

TOT

0.0 7

0.06

F ig u re

13C d a ta  f o r  n e a t SngMe^(-----) a t  22.63 MHz and

n e a t SnMe^(— ) . The l a t t e r  a r e  ta k e n  from re fe re n c e  1
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As m ight he ex p ec ted  th e  m ethyl groups in  a l l  th r e e  m olecu les behave 

v e ry  s im i la r l y ,  h av in g  la rg e  c o n tr ib u t io n s  from th e  s p in - in t e r n a l  

r o t a t i o n  mechanism.

The maximum HOE f a c t o r  m easured f o r  th e  ^^^Sn n u c leu s  in  Sn^Me^ 

was -0 .1 3  which co rresponds to  a  10^ d ip o la r  c o n t r ib u t io n  to  th e

m easured t o t a l  r e la x a t io n  r a t e  a t  303 K. D ata from re fe re n c e  9 on th e  

29 S i r e l a x a t i o n  tim e  o f  Si^Me^ shows a T  ̂ o f  45s and a  HOE f a c to r  o f

-0 .2 6  a t  308 K. T his a ls o  co rresponds to  a  10^ d ip o la r  c o n t r ib u t io n

to  R^. A ccu ra te  HOE f a c to r s  a re  n o to r io u s ly  d i f f i c u l t  to  m easure and

e f fi t  i s  somewhat dangerous to  c a lc u la te  v a lu e s  o f  \  when th e

m easured HOE f a c to r s  a r e  e f f e c t iv e l y  w ith in  th e  ex p erim en ta l e r r o r

(g e n e r a l ly  assum ed to  be -5  -  1 0 ^  . However i t  i s  in fo rm a tiv e

to  do so f o r  th e s e  two c lo s e ly  r e l a t e d  m olecu les s in c e  i t  does i l l u s t r a t e

119a  g e n e ra l t r e n d  o f  Sn r e la x a t io n  t im e s .

From th e  A rrh en iu s  p lo t  o f  th e  ^^^Sn d a ta  (s e e  f ig u r e  3) th e

d ip o la r  r e l a x a t io n  r a t e  a t  308 K can be e x tra p o la te d  to  be 0 .0373” "*

g iv in g  a  r a t e  o f  0 .0 0 4 s  "* p e r  p ro to n . The c a lc u la te d  f o r  th e

tin - r e m o te  p ro to n  v e c to r  i s  th e r e f o r e  22 p s .  T his sho u ld  be compared

e f fto  3 ps f o r  th e  1̂ . o f  th e  hexam ethyl d i s i l i c o n  m o lecu le .

M olecu les w ith  th e  geom etry o f  SngMe^ and Si^Me^ have th e

p r e f e r r e d  a x is  o f  r o t a t i o n  th ro u g h  th e  m e ta l-m e ta l bond due to  th e

i n e r t i a l  and f r i c t i o n a l  e f f e c t s .  R o ta tio n  p e rp e n d ic u la r  to  t h i s  a x is

(end  over end tum bling) i s  n o t p r e f e r r e d  because  two heavy n u c le i  

119 29( e i t h e r  Sn o r  S i) have to  be moved o f f  a x is  f o r  such a  r o t a t i o n  to

o c c u r . T his i n e r t i a l  e f f e c t  i s  more s ig n i f i c a n t  f o r  th e  t i n  m olecule

e f fon acco u n t o f  th e  la rg e  mass o f  t i n .  I f  I q i s  dom inated by  

r o t a t i o n  abou t th e  p r e f e r r e d  a x is  th e  lo n g e r  Sn—C bond compared to
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—8 —8S i-C  ( 2 .1 8  X 10 cm and 1.93 z  10 cm re s p e c t iv e ly )  would cause a

e f fle n g th e n in g  o f  hy  in c re a s in g  th e  volume re q u ire d  f o r  th e  t i n

m olecu le  to  r o t a t e .  C onsequen tly  more " s o lv e n t"  m olecu les would need

to  he swept out o f  th e  way making r o t a t i o n  about th e  p r e f e r r e d  a x is  

s lo w e r .  A lso th e  l a r g e r  Sn-C bond le n g th  causes an  in c re a s e  in  th e  

moment o f  i n e r t i a  about th e  m ain symmetry a x i s .  The m agnitudes o f  

th e s e  e f f e c t s  do no t however accoun t f o r  th e  la rg e  d i f f e r e n c e  observed
0 f  f

in  Ij, . This cou ld  be due to  th e  e r r o r s  in  th e  sm all v a lu e s  o f  

m e a su re d .-
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P a r t  VI

119The S p in -R o ta tio n  C o n tr ib u tio n  to  ^Sn T  ̂ V alues
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D i s c u s s i o n

S p in -R o ta tio n  R e la x a tio n

I n  g e n e ra l when d e a l in g  w ith  sm all m olecu les a n d /o r  n u c le i  o f

la r g e  chem ical s h i f t  range  i t  i s  a n t ic ip a te d  th a t  th e  s p in - r o ta t io n

r e l a x a t i o n  mechanism w i l l  he im p o r ta n t .  From th e  s p i n - l a t t i c e

r e la x a t i o n  tim es  and HOE d a ta  p re se n te d  in  t h i s  th e s i s  f o r  "*^^Sn i t  i s

ev id e n t t h a t  s p in - r o ta t io n  i s  indeed  im p o rtan t in  r e la x in g  th e  t i n

n u c le u s .  T ogether w ith  th e  d ip o le -d ip o le  mechanism th e s e  a re  th e  two

119most im p o rtan t mechanisms when c o n s id e r in g  •^Sn T  ̂ v a lu e s .  The

SRa p p a re n t r e l a t i o n  betw een th e  s p in - r o ta t io n  r a t e  (R^ ) and th e  chem ical

s h i f t  a r i s e s  becau se  th e  chem ical s h i f t  and th e  s p in - r o ta t io n  te n s o r

components o f  a  g iv e n  m olecule b o th  depend on th e  e le c tro n  d i s t r i b u t i o n

i n  a  m o le c u le . A d i s t r i b u t i o n  which le a d s  to  la rg e  chem ical s h i f t s

a l s o  le a d s  to  la rg e  s p in - r o ta t io n  i n t e r a c t i o n s .

In  T ab le  12 i t  can be seen  t h a t  as  Ô becomes more n e g a tiv e  

SR( i e  a  p in c re a s e s )  R  ̂ d e c re a s e s .  T his i s  because  th e  t r a c e  o f  th e

p a ram ag n e tic  te rm  o f  th e  s h ie ld in g  te n s o r  becomes sm a lle r  w ith  th e

u p f ie l d  s h i f t  and co n se q u e n tly  th e  s p in - r o ta t io n  c o n s ta n t (C^) becomes 

11s m a l le r .  A lso th e  a n g u la r  momentum c o r r e l a t i o n  tim e d e c re a se s

a s  th e  moment o f  i n e r t i a  in c re a s e s  ca u s in g  th e  s p in - r o ta t io n  i n t e r a c t io n  

t o  become l e s s  e f f e c t iv e  th e re b y  d e c re a s in g  th e  s p in - r o ta t io n  r e l a x a t io n  

r a t e .
1 2  1 "3

Ramsey and F ly g a re  have d e r iv e d  e x p re ss io n s  r e l a t i n g  th e  

n u c le a r  s h ie ld in g  c o n s ta n t Ogy to  th e  s p in  r o t a t i o n  cons t a n t  ..^Deverell 11

a v 3mc'

27t M 
__ I  C

IiYt K

-1 0 -I
J



‘ T ab le  12

119 — qp
Sn v a lu e s  o f  0 ^  , I  and

112

Compound 5/ppm Cfp /ppm l / g  cm^ 

(10^°)
B l^ ^ /s -1

Snl4  1 -1699 -1501 4270 3 .4 0 .1 0

SnBr 2 -775 -2425 2140 12.7 0 .1 4

SnCl4 , 3 -148 -3052 854("^) 31.9 0 .6 3

Cl^SnMe 4 15 -3215 720 38.5 0 .50

MegSnClg 5 130 -3330 602^^) 45 .2 1.00

Me^SnCl 6 150 -3350 503^^) 50 .0 1.51

SnMe. 7 0 -3200 344^^) 5 5 .2 1.67

SnEt^ 8 —1.4 -3199 978 32.7 0 . 56^°^

SnPr^ 9 -17 -3183 2274 21.2 0 . 15( 0)

Sn(nBu) ^^^^10 -12 -3188 4267 15.6 0 .0 6

i f r ^ 8 n C l^ ^ \ l 140 -3340 1914 25.5 0 .1 7

nB u^SnC l(^ \2 143 -3343 3355 19.3 0 .0 9

nBu^SnH^^) 13 -95 -3105 3027 • 17.5 0 .15

Ph^SnH^^^ 14 -148 -3052 3492 15.8 0 .0 3

(a) 0 p o b ta in e d  from  r e fe re n c e  2 . A ll o th e r  0 p v a lu e s  o b ta in e d

from  d i f f e r e n c e s  betw een ex p erim en ta l 0 p (SnMe^) and chem ical s h i f t
119d i f f e r e n c e s  r e l a t i v e  to  SnMe^.

(b) R efe ren ce  16.

(c) R efe ren ce  1.

(d) Ï ,  0 p and R^^^ from  t h i s  work.

I  c a lc u la te d  u s in g  program  i n  appendix  B.
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h as  a rg u ed  th a t  th e  f i r s t  te rm  0 d a s s o c ia te d  w ith  a  g iv e n  n u c leu s  i  

i s  c o n s ta n t from  m olecu le  to  m olecu le  and th a t  th e  p aram agnetic  

s h ie ld in g  Op g iv e n  hy th e  second b ra c k e te d  te rm  i s  r e s p o n s ib le  f o r  

th e  o b se rv ed  d if f e r e n c e s  in  m easured s h i f t s .  Thus Gp i s  d i r e c t l y  

r e l a t e d  to  th e  s p in - r o t a t i o n  c o n s ta n t and th e  m o lecu la r moment o f

i n e r t i a  I .

F o r th e  c e n t r a l  n u c leu s  in  a  s p h e r ic a l  to p  m olecule  th e  s p in -

SR 14. 15r o t a t i o n  r e l a x a t io n  r a t e  R  ̂ i s  g iv e n  by  ’

^ 2IkT_ . . .  3

w here th e  symbols a l l  ta k e  t h e i r  u su a l m eanings.

U sing  th e  red u ced  c o r r e l a t i o n  tim es  Iqj*, TL * d e f in e d  as

and

■ ^ ,2

th e n  in  th e  r o t a t i o n a l  d i f f u s io n  l im i t

Te ,2 XüT = 1/6
14w hich i s  m ere ly  a  re s ta te m e n t o f  th e  Hubbard r e l a t i o n .

Combining e q u a tio n  3 w ith  th e  Op te rm  o f  e q u a tio n  2 and o f  

e q u a tio n  4 y ie ld s

■ i" "  ■ ( ? )  i r '  ’

In  g e n e ra l can  o n ly  be o b ta in e d  i f  C  ̂ i s  known. From work by  

Sharp^  and L ass ig n e  and W e lls^ '^  Tqj* can b e  ta k e n  a s  r o u ^ y  c o n s ta n t .  

F o r in s ta n c e  Sharp^ has shown t h a t  f o r  n e a t SnCl^ a t  198 K T(jj = O.O48
* 2 3

and f o r  S n l^  a t  423°E X(j = 0 .1 3 4 -  L ass ig n e  and  W ells '  have found  th a t  

f o r  n e a t ShMe^ a t  300°E T q j*  = 0 . 054»
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To t e s t  th e  v a l i d i t y  o f  e q u a tio n  5 r e q u ir e s  an  s h o lu te  chem ical

s h i f t  s c a l e .  L ass ig n e  and W ells^ have e v a lu a te d  f o r  SnMe^ by

te m p e ra tu re  dependent r e l a x a t io n  s tu d ie s  on te tra m e th y l t i n  and i t s

i s o to p ic  m o d if ic a t io n s  [(CH^)^__^Sn(CD^)^] y ie ld in g  a  v a lu e  o f

+ 17.7  -  2 kHz f o r  th e  s p in  r o t a t i o n  c o n s ta n t o f  "*"*^Sn. Use o f  t h i s

v a lu e  f o r  in  e q u a tio n  2 y ie ld s  a  Op f o r  th e  t in -1 1 9  n u c leu s  i n

SnMe^ as -3200 ppm. This v a lu e  a g re e s  w ith  th e  a b s o lu te  chem ical

s h i f t  s c a le  d e f in e d  by  th e  work o f  Sharp on th e  t i n  te t r a h a l id e s T

Knowledge o f  Op f o r  SnMe^ e n ab le s  th e  c a lc u la t io n  o f  Op" f o r  a l l

compounds w ith  a  known s h i f t .

119The m easured Sn chem ical s h i f t s ,  s p in - r o ta t io n  r e la x a t io n  

r a t e s  and moments o f  i n e r t i a  f o r  some organo t i n  m olecu les a re  shown in  

Table 12. F ig u re  9 shows a  p lo t  o f  0-p / î ^  vs

SRI t  can  be se e n  from f ig u r e  9 t h a t  th e  dependence o f  R.j on 

O p^yl^ i s  by  no means e x a c t .  T his i s  due to  th e  somewhat g ro ss  

ap p ro x im atio n s  made ( i s o t r o p i c  m otion , r o t a t i o n a l  d i f f u s io n  l im i t  

constantX (jj ) . However th e  p lo t  does c o r r e l a t e  th e  s p in - r o ta t io n  

r e l a x a t i o n  b e h a v io u r w ith  th e  chem ical s h i f t s  to  a  f i r s t  ap p ro x im a tio n . 

I t  a l s o  v a l id a te s  D e v e r e l l 's  r e l a t i o n  betw een th e  s p in - r o ta t io n  c o n s ta n t

119and th e  p aram ag n e tic  s h ie ld in g  te rm  f o r  Sn i n  a  v a r i e ty  o f  compounds.

I t  sh o u ld  be n o te d  th a t  T able 12 and f ig u r e  9 in c lu d e  d a ta  from 

re f e r e n c e  1 on th e  t e t r a a l k y l  t i n  m o le c u le s . The l i n e  drawn by  

L a ss ig n e  and W e l l s i s  a l s o  in c lu d e d . We have c a lc u la te d  th e  moments 

o f  i n e r t i a  (s e e  append ix  B) o f  m olecu les s tu d ie d  in  t h i s  work and a ls o  

f o r  th e  t e t r a a l k y l  t i n s  o f  r e fe re n c e  1. In c lu s io n  o f  t h i s  d a ta  in

* I t  sh o u ld  be n o te d  th a t  Sharp o m itte d  th e  n e g a tiv e  s ig n  o f  th e  

m agnetogy ric  r a t i o  o f  t i n  and co n seq u en tly  h i s  v a lu e s  o f  Op sho u ld

be m u l t ip l ie d  by  - 1 .
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CN

x11CN CL

15 2D1.00 5

R f / s - 1

L i n e  d r a w n  in ref .  16  

T h i s  w o r k

F ig u re  9 

S e e  T a b l e  12  for  m o l e c u l e s
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figT ire 9 in d ic a te s  a  d i f f e r e n t  l i n e  th ro u g h  th e  p o in ts  w hich does no t 

p a s s  th ro u g h  th e  o r ig i n .  T his su g g e s ts  a  d i f f e r e n t  s h i f t  zero  

a lth o u g h  c o n s id e r in g  th e  assum ptions made in  th e  p lo t  no f u r th e r ,  

more d e t a i l e d  comment i s  w a rra n te d .
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P a r t  711 

The A c tiv a t io n  Energy
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S e c t io n  1 

In t r o d u c t io n

W ienever a  r a t e  c o n s ta n t (r) i s  m easured over a  range  o f  

te m p e ra tu re  an  energy  o f  a c t iv a t io n  can he e x t r a c te d  from  th e  

g ra d ie n t  o f  a  p lo t  o f  InR a g a in s t  th e  in v e rs e  te m p e ra tu re . T his i s  th e  

s o - c a l l e d  A rrh en iu s  p l o t .

S in ce  th e  s p i n - l a t t i c e  r e la x a t io n  tim e , i s  m ere ly  th e  in v e rs e  

o f  th e  r e l a x a t io n  r a t e  R.j ( i t s e l f  a  f i r s t  o rd e r  r a t e  c o n s ta n t)  a  p lo t  

o f  InR^ vs 1/ t y ie ld s  th e  energy  o f  a c t iv a t io n  f o r  th e  p ro c e ss  in  

q u e s t io n .  I t  has "been shoim in  C hapter 1 th a t  f o r  s p i n - l a t t i c e  

r e l a x a t i o n  R.j i s  d i r e c t l y  p ro p o r t io n a l  to  an  a p p ro p r ia te  c o r r e l a t i o n  tim e  

T . An A rrh en iu s  p lo t  th e r e f o r e  y ie ld s  an  energy  o f  a c t iv a t io n  f o r  th e  

r e o r i e n t a t i o n a l  c o r r e l a t i o n  tim e  o r  th e  a n g u la r  momentum c o r r e l a t i o n  

tim e I  j depend ing  on th e  te m p e ra tu re  dependence o f  th e  r e la x a t io n  

mechanism from  which th e  c o r r e l a t i o n  tim e  has heen  d e r iv e d .

E f f e c t  o f  A n is o tro p ic  M otion on

I t  i s  a  f a c t  t h a t  m o lecu la r m otion  i s  r a r e l y  i s o t r o p ic  except 

i n  s p h e r ic a l  to p  m o le c u le s . For m olecu les whose m otion i s  a n i s o t r o p ic  

T" c and j  can , in  p r in c ip le  he s e p a ra te d  in to  c o r r e l a t i o n  tim es  a lo n g  

th e  p r in c i p le  m o le c u la r  a x e s .  T his r e q u ir e s  a  knowledge o f  th e  

a n is o t ro p y  o f  th e  m o lecu la r m otion (se e  f o r  in s ta n c e  C hapter 6) •

Assuming th a t   ̂ and Dj_ ( th e  r o t a t i o n a l  d i f f u s io n  c o n s ta n ts  p a r a l l e l  

and  p e rp e n d ic u la r  to  th e  m ain symmetry a x is  r e s p e c t iv e ly )  can he 

d e te rm in ed  from  two s e t s  o f  r e la x a t io n  d a ta ,  th e  in d iv id u a l  te m p e ra tu re  

dependence o f  D ||  and can  he d e te rm in ed .
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1T““21A number o f  w orkers have s tu d ie d  sym m etric to p  m o lecu les and

d e te rm in e d  Dj j and a lo n g  w ith  th e  a s s o c ia te d  a c t iv a t io n  e n e rg ie s .

The g e n e ra l o b s e rv a tio n , as  exp ec ted  i s  t h a t  th e  f a s t e r  d i f f u s io n  r a t e

(alw ays Dj  ̂ i n  th e  m olecu les s tu d ie d ) .h a s  th e  low er a c t iv a t io n  en e rg y .

22Jo n a s  has s tu d ie d  th e  p re s s u re  dependence o f   ̂ and in  

l i q u i d  a c e t o n i t r i l e .  A new a c t iv a t io n  p a ram ete r a r i s e s  from  such 

s tu d ie s ,  nam ely th e  a c t i v a t io n  volume, w hich i s  in t e r p r e te d  in  

te rm s o f  th e  a d d i t io n a l  volume re q u ir e d  f o r  th e  m olecu les to  r o t a t e .  

Jo n as  found th a t  f o r  A was 8 .5  cm^mol"^ and f o r  was l e s s
■J

th a n  3 cm m ol . As ex p ec ted  th e n  th e  e x t r a  volume re q u ire d  f o r

r o t a t i o n  abou t th e  m ain symmetry a x is  i s  much l e s s  th a n  f o r  th e

p e rp e n d ic u la r  a x i s .  This in d ic a te s  t h a t  th e  same q u a l i t a t iv e

argum ents can  be u sed  to  i n t e r p r e t  Av"̂  as  a re  u sed  f o r  AH^.

I f  th e  m o tio n a l a n is o tro p y  i s  unknown th e n  Dj j and cannot b e .

d e te rm in e d  and o b v io u s ly  th e  m easured a c t iv a t io n  energy  r e l a t e s  to

e f fth e  e f f e c t iv e  c o r r e l a t i o n  tim e  Tg . The consequence o f  t h i s  i s  t h a t  

th e  o b serv ed  a c t iv a t io n  energy  i s  some fu n c t io n  o f  th e  a c t iv a t io n  energy  

o f  th e  d i f f e r e n t  d i f f u s io n  c o n s ta n ts .

B

R e s u lts  and D isc u ss io n

119T ab le  12 shows th e  a c t i v a t io n  energy  d e r iv e d  from  th e  Sn T.̂  

and ITOE d a ta  f o r  a  number o f  m olecu les s tu d ie d  i n  t h i s  w ork. Rote 

t h a t  f o r  th e  two p a i r s  o f  r e l a t e d  m olecu les (nPr^SnC l, nBu^SnCl and 

E t^S n , nPr^Sn) th e  s m a lle r  m olecu le  alw ays has th e  low er a c t iv a t io n  

en erg y  f o r  c o r  j . T his i s  a s  e x p e c te d . F or th e  two m olecu les 

nPr^SnCl and nPr^Sn i t  can be  seen  th a t  th e  v a lu e s  o f  AS^ a re



T able 12

120

A c tiv a t io n  e n e rg ie s  c a lc u la te d  from th e  A rrhen iu s 

119cp lo t s  o f  th e  Sn T  ̂ d a ta .

M olecule Aïï^^"^/kJmol 1 ^ k J  mol“ ’’

nPr^SnCl 19 -  2 -11 -  1

nBu^SnCl 22 i  2 -1 4  -  1

*
Et^Sn 1 0 - 2 -11 -  2

*nPr^Sn 16 i  2 -13  1 2

Sn^Meg -1 4  -  1

D ata ta k e n  from re fe re n c e  1.
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rem ark ab ly  s im i l a r .  This r e f l e c t s  th e  alm ost id e n t i c a l  v a lu e s  o f  

^ 0^^^ o b serv ed  f o r  th e s e  two m olecu les (se e  T able 8) and i s  

p resum ab ly  a  consequence o f  th e  s i m i l a r i t y  o f  th e  moments o f  i n e r t i a  

and th e  f r i c t i o n a l  e f f e c t  o f  th e  two m o le c u le s .
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P a r t  V III

M ic ro v is c o s i ty  Theory
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C a lc u la t io n  o f  C o r r e la t io n  Time forn-Bu^SnCl

F o r sm a ll s te p  d i f f u s io n  we may use  th e  hydrodynam ic model f i r s t  
23

p o s tu la te d  "by Debye to  c a lc u la te  th e  c o r r e l a t i o n  tim es  a s s o c ia te d  

w ith  th e  symmetry a x is  o f  a  sym m etric to p  m olecule  u s in g  th e  fo rm ula

w here T) i s  th e  v i s c o s i t y  o f th e  l i q u id ,  a i s  th e  ra d iu s  o f  th e  m o lecu la r

s p h e re .  - The m ic ro v is c o s ity  f a c to r  f  was pu t fo rw ard  by  G ie re r  and 

24W irtz when d e a l in g  w ith  m ix tu re s . I t  i s  d e f in e d  as

3

w here a^ i s  th e  r a d iu s  o f  a  m olecu le  i n  th e  su rro u n d in g  medium. 

F o r a  p u re  l i q u id  a  = a^  and e q u a tio n  2 red u ces  to

f  =
6 .125

O bviously  th e  c a lc u la te d  v a lu e  o f l^  i s  most s e n s i t i v e  to  th e

m o le c u la r  r a d iu s  a .  F o r sym m etric to p  m olecu les such as th e  ones

s tu d ie d  in  t h i s  work i t  i s  no t im m ediate ly  obvious to  w hich a x is  a  r e l a t e s .
25

We have th e r e f o r e  fo llo w ed  th e  method o f  Jo n as  e t a l  who c a lc u la te d  

m o le c u la r  volumes ( i . e .  ^  ^ ) assum ing hexagonal c lo se  packed sp h eres

u s in g  e q u a tio n  3

4 a^ MW X 0 .7 4
" T =  — . . .  J

^  p  X  W

w here MW = m o lecu la r w e ig h t, p = d e n s i ty  (g  cm“ ^) W = Avagadro number

and 0 .7 4  i s  th e  e f f ic ie n c y  o f  th e  pack in g  a rran g em en t. The m o lecu la r 

volume i s  i n  u n i t s  o f  cm^.
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Use o f  e q u a tio n  3 f o r  nSu^SnCl w ith  MW = 319-5, p = 1 .1 9  y ie ld s  a  

v a lu e  o f  3*3 x 10 cm^ f o r  th e  m o lecu la r volum e. S u b s t i tu t in g  t h i s  

v a lu e  in to  e q u a tio n  1 w ith  ^  = 7 cp ( a t  293 K) y ie ld s  i  = 93 p s .

From

c
DD ■ - 1f ig u r e  2 a  v a lu e  o f  = 0 .1 3 s "  can be e x t ra c te d  ( a t  293 K)

e f fw hich y ie ld s  a  v a lu e  f o r  o f  86 p s .  Such good agreem ent i s

119p ro b a b ly  f o r tu i t o u s  b e a r in g  in  mind th a t  th e  v e c to r  to  which th e  Sn 

d a ta  r e l a t e s  i s  no t th e  same as  th e  one d e sc r ib e d  by  e q u a tio n  1. 

However t h i s  cou ld  be ta k e n  as  ev idence f o r  o v e r a l l  i s o t r o p i c  tu m b lin g  

in  t h i s  m o lecu le .

25I t  i s  i n t e r e s t i n g  th a t  u s in g  J o n a s ’ method to  c a lc u la te  th e  . 

volume o f  th e  m o lecu la r sp h e re  r e s u l t s  in  a  v a lu e  o f  in te rm e d ia te  

betw een  th o s e  ta k in g  th e  s h o r te s t  and lo n g e s t d im ension  o f  th e  m o lecu le .
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P a r t  IX 

E x p erim en ta l and R eferences
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E x p erim en ta l

A ll  compounds were com mercial sam ples o b ta in e d  from A lpha 

In o rg a n ic s  excep t f o r  nBu^SnH which was p re p a re d  a c c o rd in g  to  th e  method 

o u t l in e d  below . P u r i ty  was checked by IP  and MR and ^^^Sn) ;

Where a v a i la b l e  s p e c tr a  were compared to  th o se  o f  a u th e n t ic  sam ples in  

th e  l i t e r a t u r e .  A ll sam ples were degassed  e i th e r  by th e  freeze-pum p-thaw  

method (5-10 c y c le s )  o r  by b u b b lin g  oxygen f r e e  n i t ro g e n  f o r  10-15 m in u te s .

A ll r e l a x a t io n  m easurem ents were c a r r i e d  out on n e a t sam ples u n le s s  

o th e rw ise  in d ic a te d  u s in g  th e  (l8 0  - i  -9 0 -5 ? ^ )^  p u ls e  seq u en ce . The 

d e la y  betw een th e  p u ls e  sequence was alw ays a d ju s te d  to  be a t  l e a s t  f iv e  

tim es  th e  lo n g e s t T  ̂ in  any g iv e n  sam ple. A ll ROE measurem ents had  a 

d e la y  o f  a t  l e a s t  t e n  tim es  th e  lo n g e s t T^. A ll T  ̂ m easurem ents were 

u n d er c o n d itio n s  o f  p ro to n  d eco u p lin g , th e  frequency  o f  w hich was 

d e te rm in e d  by  ex p e rim en t. V alues o f  T  ̂ have an  a s s o c ia te d  e r r o r  o f  -  5^* 

The f i e l d  freq u en cy  lo c k  o f  th e  sp e c tro m e te r  was m a in ta in ed  by 

lo c k in g  to  a  s u i t a b le  reso n an ce  ( e i t h e r  o r ^h) o f  a  compound in  a  

5 mm tu b e , th e  sam ple b e in g  in  th e  a n n u la r  p o r t io n  o f  th e  la r g e r  tu b e .

P re p a ra t io n  o f  nBu^SnH

T his compound was p re p a re d  i n  a p p ro x im a te ly  90^ y ie ld  a c c o rd in g

25to  th e  method o f  H ayashi e t a l .

R eat b i s  ( t r i —n—b u ty l)  t i n  ox ide  (TBTO) ( 1 mole) was added 

d ropw ise  v ia  a  d ro p p in g  fu n n e l to  polym ethyihydrosiloxane (PMHS, 2 moles) 

in  a  th r e e  necked round bottom ed f l a s k  under an  atm osphere o f  d ry  

n i t r o g e n .  E v o lu tio n  o f  h e a t o ccu rred  which su b sid ed  a f t e r  

30 m in u te s . A f te r  t h i s  had su b sid ed  th e  d ro p p in g  fu n n e l was removed 

and a  C la is e n  s t i l l  head  a t ta c h e d ,  A condenser and
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c o l l e c t i n g  v e s s e ls  were a ls o  a t ta c h e d .  Vacuum d i s t i l l a t i o n  (6 mm Hg) 

a f fo rd e d  th e  pu re  nBu^SnH.
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S e c t io n  1

In tr o d u c t io n  to  Segm ental M otion

I f  a  r i g i d  model i s  assumed f o r  a  m olecule whose o v e ra l l  tum b lin g  i s  

i s o t r o p i c  th e n  o b v io u s ly  a l l  d e r iv e d  c o r r e l a t i o n  tim e s  a re  ex p ec ted  to  be 

th e  same. In  compounds w ith  lo n g  a lk y l  c h a in s  d i f f e r e n c e s  in  c o r r e l a t i o n  

tim es  can  be o b serv ed  fo r  d i f f e r e n t  v e c to r s  in  th e  m o lecu le . C onsequen tly  

a  r i g i d  m o lecu le  model canno t e x p la in  such b eh av io u r and we a re  fo rc e d  to  

invoke th e  co n cep t o f i n t e r n a l  r o t a t i o n  abou t ca rb o n -ca rb o n  bonds. T his 

i s  som etim es te rm ed  segm en ta l m otion .

Such segm en ta l m otion was f i r s t  p o s tu la te d  by D o d d re ll and A lle rh a n d  ■

13who u se d  th e  co n cep t to  e x p la in  th e  in c re a s in g  C r e la x a t io n  tim es  a lo n g  

th e  a lk y l  c h a in  in  n -d e c a n o l. The b a s is  o f th e  argum ent i s  t h a t  th e  

hydrogen  bonded h y d ro x y l group e f f e c t iv e l y  an ch o rs  th e  -CH^OH end o f th e  

m o lecu le  w h ile  th e  hyd rocarbon  p a r t  o f  th e  m olecu le  i s  r e l a t i v e l y  f r e e .

T h is  r e s u l t s  in  th e  e f f e c t iv e  c o r r e l a t i o n  tim e f o r  r o t a t i o n  d e c re a s in g  

n e a r  th e  f r e e  end o f  th e  m olecu le  le a d in g  to  lo n g e r  r e la x a t io n  tim es  f o r  

such  c a rb o n s .

C hem ical in t e r a c t io n s  such as hydrogen bonding  a re  n o t a  p r e re c p i is i te  

f o r  th e  o b s e rv a tio n  o f such segm en tal m otion . The mass o f a  m o lecu la r 

fragm en t can  be s u f f i c i e n t  to  anchor one p a r t  o f th e  m olecu le th e re b y  

r e s t r i c t i n g  m otion  n e a r  th e  fragm ent y e t  a llo w in g  th e  r e s t  o f th e  m olecu le  

to  be r e l a t i v e l y  f r e e .

13Levy and cow orkers^  have u sed  C s p in  l a t t i c e  r e la x a t io n  tim es  

to  m o n ito r segm en ta l m otion  a lo n g  a lk y l  c h a in s  in  n—a llq r l  am ines and th e  

c o rre sp o n d in g  n—a lk y l  ammonium s a l t s .  For th e  am ines th e  v a lu e s  

d e c re a se  a s  th e  s iz e  o f th e  c h a in  in c r e a s e s .  Such b eh av io u r i s  due to  th e  

slo w er o v e r a l l  r e o r i e n t a t i o n  w hich i s  e x p e c te d  a s  s iz e  and m o lecu la r w eigh t
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in c r e a s e s .  For a  g iv e n  amine changes v e ry  l i t t l e  a lo n g  th e  c h a in .

T h is  i s  due to  th e  amino group b e in g  an i n e f f i c i e n t  an ch o r. I t s  mass 

a f t e r  a l l  i s  n o t v e ry  d i f f e r e n t  to  a  te rm in a l  m ethyl g roup . For th e  

am ines w ith  th e  l a r g e r  a l i p h a t i c  c h a in s  T  ̂ in c re a s e s  on moving away from 

th e  c e n t r e  o f  th e  m o lecu le . The re a so n  f o r  t h i s  o b se rv a tio n  i s  t h a t  th e  

m ethylene g roups n e a r  th e  c e n tre  o f mass have r e s t r i c t e d  m otion; t h i s  

m otion  becomes p ro g re s s iv e ly  f r e e r  tow ards th e  ends o f th e  c h a in s .

L y e rla^  and C hachaty^ have made s im i la r  o b se rv a tio n s  on a  number o f 

s u b s t i t u t e d  n -a lk a n e s .  The n - a lk y l  ammonium io n s  a re  found to  have 

much s h o r te r  T  ̂ v a lu e s  com pared to  th e  p a re n t am ines, in d ic a t iv e  o f 

s lo w er m o tion . T h is i s  due to  th e  e l e c t r o s t a t i c  s o lu te  o rd e r in g  e f f e c t s  

o f th e  ammonium io n  a c t in g  a s  a  more e f f i c i e n t  anchor th a n  th e  amino 

g ro u p . The r e l a x a t i o n  tim es  o f th e  ca rb o n s in c re a s e  on moving a lo n g  th e  

a lk y l  c h a in  away from  th e  io n ic  p a r t  o f  th e  m o lecu le . Levine e t  a l^  

have o b se rv ed  s im i la r  b e h a v io u r in  n - a lk y l  brom ides a lth o u g h  th e  e f f e c t  

th e r e  i s  due to  th e  mass o f th e  brom ine n u c le u s .

13F or s t r a i g h t  c h a in  hydrocarbons la rg e  v a r i a t io n s  in  C s p i n - l a t t i c e

r e l a x a t i o n  tim es  a re  n o t a p p a re n t .^  I t  seems t h a t  i n t e r n a l  m otion on ly

1 3h as  a  la rg e  e f f e c t  on T  ̂ v a lu e s  when th e  o v e r a l l  r e o r i e n t a t i o n  o f  th e  

m o lecu le  i s  r e s t r i c t e d . ^  Levy e t  a l^  f o r  in s ta n c e  have observed  v e ry  

s h o r t  T  ̂ v a lu e s  in  t r i  n - o c ty l  amine [T ^(C a)=  0 .2 4  s] in d ic a t in g  slow  

o v e r a l l  m o le c u la r  tu m b lin g . The d i f f e r e n c e s  in  T  ̂ o f a d ja c e n t carbons 

in  t h i s  m o lecu le  a re  la rg e  compared to  n—o c ty l  amine w hich h as  much lo n g e r 

r e l a x a t i o n  tim e s  [T ^(C a) = 5*0 s ] . So th e  e f f e c t  o f  slow er o v e r a l l  

r e o r i e n t a t i o n  i s  to  d e c re a se  th e  o b served  r e la x a t io n  tim e and to  in c re a s e  

th e  e f f e c t  o f  segm en ta l m o tion .

O b se rv a tio n  o f  s p i n - l a t t i c e  r e la x a t io n  tim es  can  a ls o  be u se d  to  

m o n ito r d i f f e r e n t  s o lv a t io n  and a g g re g a tio n  e f f e c t s  o f  m o lecu les  i n  d i f f e r e n t

■I 4. 1» 7-11s o lv e n t s .  '
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1 3S p in -L a t t ic e  R e la x a tio n  o f G N ucle i

The r e l a x a t i o n  o f oarbons w ith  d i r e c t l y  a t ta c h e d  p ro to n s  i s  n o rm ally  

dom inated  by th e  c a rb o n -p ro to n  d ip o le -d ip o le  mechanism (C hap ter 2, 

s e c t io n  2A). T h is  i s  e s p e c i a l l y  so f o r  la rg e  m o lecu les  whose o v e ra l l  

tu m b lin g  i s  e x p e c te d  to  be slow . E qu a tio n  1 d e s c r ib e s  th e  d ip o la r

... ,
e f fi n t e r a c t i o n  where N i s  th e  number o f  d i r e c t l y  a t ta c h e d  p ro to n s ,

i s  th e  e f f e c t iv e  c o r r e l a t i o n  tim e f o r  th e  C-H v e c to r .  The rem a in in g

sym bols ta k e  t h e i r  u s u a l  m eanings.

I f  a  r i g i d  m olecu le  i s  r o t a t i n g  i s o t r o p i c a l l y  th e n  in  th e  extrem e 

e f  fn a rro w in g  l i m i t  1̂ . d e s c r ib e s  no t on ly  th e  r e o r i e n t a t i o n  o f th e  p a r t i c u l a r

C-H v e c to r  b u t a l s o  th e  o v e r a l l  m o lecu la r tu m b lin g . In  th e  p re sen ce  o f

e f fi n t e r n a l  m otions i s  g iv en  by

1 1 1 ^

where X p, i s  an e f f e c t iv e  c o r r e l a t i o n  tim e f o r  i n t e r n a l  r o t a t i o n  and G

% _ i s  th e  c o r r e l a t i o n  tim e f o r  o v e r a l l  r e o r i e n t a t i o n .  I t  i s  ap p a re n t
R

from  e q u a t io n  2 t h a t  th e  s h o r te s t  c o r r e l a t i o n  tim e w i l l  alw ays dom inate

X and th e  e f f e c t  o f X in c re a s e s  a s  th e  o v e r a l l  m otion  becomes s lo w e r. C G

S e c t io n  2

R e s u l ts  and D isc u ss io n

In  T ab les  1 and 2 th e  ^^C T  ̂ d a ta  over a  ran g e  o f te m p e ra tu re , f o r  

th e  m o lecu le s  nPr^SnH and  nPu^SnH a re  p re s e n te d . The d a ta  a re  sum m arised 

in  f ig u r e  1 . F ig u re  2 shows ty p i c a l  r e s u l t s  f o r  a
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Table 1

13C S p i n - l a t t i c e  r e la x a t io n  d a ta  f o r  nPr^SnH (n e a t)  

. a t  22.63 MHz

E /S " ^

Temp/Z Coc c y

273 0.215 0.199 0 .237

283 0.190 0.180 0.166

293 0.136 0.149 0.114

307 0.107 0.097 0.097
318 0.097 0.098 0.088

333 0.079 0.076 0.081

353 0.060 0.068 0.061
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13

T able 2

'C S p in - l a t t i ô e  r e l a x a t io n  d a ta  f o r  nBu^SnH a t  22,63 MHz

R y s - 'i

Temp/K
^ 3

233 1*969 1*949 1.648 1*337

243 1*518 1*359 1.271 0.864

253 1*189 1*125 0.838 0.718

263 0*973 0.646 0.599  . 0.492

273 0*527 0.441 0.380 0.295

293 0 .300 0*259 0.219 0.238

30Y(a) 0.291 0.236 0.195 0.198

313 0 .230 0.191 0.149 0*137

333 0 .2 0 4 0*155 0 .128 0 .128

353 0 .132 0.111 0 .0 9 2 0 .094

383 0 .114 0.081 0.071 0.086

(a ) M easured a t  25*14 MHz
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(180 - T -9 0  -5T>,)^ sequence . Table 3 shows th e  r e la x a t io n  d a ta  a t  307° K

f o r  nPr^SnH, nBu^SnH, nPr^SnCl and r^ ^ S n C l

As e x p e c te d  f o r  carbons w ith  d i r e c t l y  bound p ro to n s  and in  agreem ent

12w ith  th e  work o f Lippmaa e t  a l  on te t r a c t lk y l  t i n s ,  th e  r e la x a t io n  i s

dom inated  by th e  d ip o la r  mechanism. , The r e l a x a t io n  tim e s  f o r  th e

m ethy lene groups in c re a s e  on moving away from th e  t i n  n u c leu s  w hich i s

in d i c a t iv e  o f  segm en ta l m otion . T h is  i s  e x p ec ted  on accoun t o f  th e

i n e r t i a l  e f f e c t  o f t i n  an ch o rin g  th e  m ethylene groups to  d i f f e r e n t  e x t e n ts .

Due to  th e  i n e r t i a l  e f f e c t  o f th e  m assive t i n  atom th e  o v e r a l l  tu m b ling  of

e f fth e  o rg a n o tin  m olecu le  i s  slow . T h is i s  in d ic a te d  by th e  v a lu e s  o f

119 1 
d e r iv e d  from  th e  Sn r e la x a t io n  d a ta  (see  C hap ter 4 )» The observed  C

T  ̂ v a lu e s  f o r  th e  t r i s u b s t i t u t e d  o rg a n o tin  m o lecu les  r e f l e c t  t h i s  f a c t

and a re  th em se lv es  s h o r t .  T his d a ta  f o r  nBu^SnX (X = H ,C l) may be com pared
■5 12

to  t h a t  o b serv ed  f o r  th e  n - a lk y l  b rom ides. For n -b u ty l  brom ide th e  C

T̂  v a lu e s  ran g e  from  11 to  16 seconds, w hich sh o u ld  be compared to  th e  d a ta .

p re s e n te d  in  t h i s  work f o r  nBu^SnH of 3 to  5 seconds and f o r  nBu^SnCl of

1-3 seco n d s . F or b o th  t i n  c o n ta in in g  m o lecu les  th e  T  ̂ v a lu e s  a re  much

s h o r te r .  T h is  i s  due to  th e  t i n  r e s t r i c t i n g  o v e r a l l  tu m b ling  more th an

brom ine and  a ls o  because  th e  o rg a n o tin  m o lecu les  a re  t r i s u b s t i t u t e d  and

th e re f o r e  much b ig g e r  m o le c u le s . In  f a c t  th e  ^ T ^  d a ta  f o r  th e se

m o lecu le s  a re  s im i la r  t o  th e  lo n g e r  c h a in  n - a lk y l  brom ide (number o f ca rb o n s

7 ,8  o r 9 ) s in c e  due to  t h e i r  s iz e  th e s e  m o lecu les  undergo much slow er

o v e r a l l  tu m b lin g .

B oth id^r^SnCl and nDu^SnCl show la r g e r  d i f f e r e n c e s  in  T  ̂ v a lu e s  o f

a d ja c e n t  m ethy lene g roups th a n  do th e  analogous >)ydride m o lecu le s . T his

i s  due to  th e  c h lo r in e  n u c le u s  c o n t r ib u t in g  s ig n i f i c a n t l y  to  th e  an ch o rin g

mass w hereas th e  c o n t r ib u t io n  o f  th e  h y d rid e  p ro to n  i s  i n s i g n i f i c a n t .
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Table 3

13C T  ̂ and NOE d a ta  fo r  th e  n e a t l i q u id s  shown a t  25. 14 MHz

No NOE d a ta  a v a i la b le  fo r  nPr^ShH

Temp 307 N
_

Gy

Molecule T| R ,T ° t/s -1 T) T] R / " V s - ' T)

nPr.SnH ^^) 0.107 0.097 0.097

nSu^SnH 0.291 1.62 0.236 1.99 0.195 1.66 0.198 1.61

nPr^SnC l- 0.361 1.89 0.276 2.00 0.256 1.87

rtBu^SnCl 0.885 1.90 0.547 2 .0 0.433 2.0 0.294 1 .88

(a ) M easured a t  22 .63 MHz
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The a n c h o r in g  e f f e c t  o f  th e  combined mass o f  t i n  and c h lo r in e

c o n se q u e n tly  r e s t r i c t s  m otion more e f f e c t iv e l y .  This i s  in  agreem ent 
2

w ith  Levy’ s ' o b se rv a tio n s  on t r i -  and mono- n -o c ty l  amine th a t  th e

e f f e c t  o f  s lo w er o v e r a l l  r e o r i e n ta t io n  no t o n ly  d e c re a se s  T  ̂ b u t a ls o

makes th e  e f f e c t s  o f  d i f f e r e n t i a l  m otion  a lo n g  th e  c h a in  more a p p a re n t .

12From th e  work o f Lippmaa e t  a l  th e  segm ental m otion  o f  th e  p ro p y l 

c h a in s  in  th e  a p p ro p r ia te  t e t r a a l k y l  t i n s  lo o k  v e ry  s im i la r  to  th e  

b e h a v io u r in  th e  t r i s u b s t i t u t e d  s tan n an e s  o f  t h i s  work. From e q u a tio n  2 

t h i s  in d ic a te s  th a t  th e  r e la x a t io n  b eh av io u r o f  th e  carbons i s  

dom inated  by th e  f a s t  in t e r n a l  m otion o f  th e  ch a in s  r a th e r  th a n  th e  o v e r a l l  

tu m b lin g  o f  th e  m olecu le  which i s  exp ec ted  to  be s low . In  C hap ter 4 

th e  t i n  T  ̂ d a ta  o f  th e s e  m olecu les were p re se n te d  and d is c u s s e d .

A lthough s im p l ify in g  assum ptions had to  be made in  o rd e r  to  in t e r p r e t  

th e  d a ta  i t  was shown th a t  th e  o v e r a l l  r e o r i e n t a t i o n  o f  th e  m o lecu les a s  ’ 

c h a r a c te r i s e d  by th e  t i n  T̂ j d a ta  i s  in d eed  slow  and co n seq u en tly  th e  

i n t e r n a l  m otion  i s  ex p ec ted  to  dom inate th e  carbon  T  ̂ d a ta .

A

The co/g R a tio

The r a t i o  o f  th e  s p i n - l a t t i c e  r e la x a t io n  tim e  o f th e  te rm in a l 

m ethyl group and th e  T  ̂ o f  th e  a carbon  can be ta k e n  as a  m easure o f  

th e  d eg ree  o f  segm en tal m otion  in  a  c h a in . T his i s  g e n e ra l ly  term ed 

th e C b /a  r a t i o .  F o r a r i g i d  m olecu le  u n dergo ing  o v e ra l l  i s o t r o p i c  

r e o r i e n t a t i o n  t h i s  r a t i o  i s  exp ec ted  to  be 2 /3  s in c e  th e  m ethyl group 

c o n ta in s  th r e e  p ro to n s  and th e  m ethylene group o n ly  tw o. The r a t i o  

2 /3  fo llo w s  from e q u a tio n  1. In  th e  l im i t  o f  v e ry  f a s t  m ethyl r o t a t i o n  

compared to  th e  r o t a t i o n  o f  an  a m ethylene group th eC b /a  r a t i o  i s  g iv e n
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by e q u a tio n  3

w / d  = [ i ( 3  COS^0 . . .  3

w here 0  i s  th e  a n g le  made "by th e  C—H bond ( in  th e  m ethyl group) to  

th e  main symmetry a x i s .

F o r 0  = 109. 5° w /d  = 6 . Any m o tio n a l r e s t r i c t i o n  o f  th e  

a m ethy lene group w i l l  te n d  to  in c re a s e  t h i s  r a t i o  s t i l l  f u r t h e r .

I t  has been  s t a t e d  above th a t  as  th e  o v e r a l l  r e o r i e n ta t io n  becomes 

s lo w er th e  segm ental m otion  sh o u ld  become more a p p a re n t.  Le-';y has 

n o te d  th a t  a l l  th e  v a lu e s  i n  th e  a lk y l  c h a in  become s h o r te r  as  th e  

s i z e  and m o lecu la r w eigh t o f  th e  m olecu le  in c r e a s e .  A p lo t  o f  

m o lecu la r w eight vs go/ a sh o u ld  g iv e  a  p o s i t i v e  g r a d ie n t .  Such a  p lo t  

i s  shown in  f ig u r e  3 f o r  th e  m o lecu les s tu d ie d  in  t h i s  work and a ls o  

in c lu d e s  d a ta  on nPr^Sn e x tra c te d  from re fe re n c e  12. The b eh av io u r i s  

as a n t i c ip a te d  and i s  due to  a  com bination  o f f a c t o r s .

i )  in c r e a s in g  c h a in  le n g th  makes o v e r a l l  r e o r i e n ta t io n  more 

d i f f i c u l t  s in c e  more " s o lv e n t"  m olecu les have to  be moved out o f th e  

way f o r  a  r o t a t i o n  to  o c c u r . This i s  g e n e ra l ly  term ed th e  f r i c t i o n a l  

e f f e c t

i i )  in c re a s in g  m o lecu la r w eight a ls o  makes o v e ra l l  r e o r i e n ta t io n  

more d i f f i c u l t  due to  th e  i n e r t i a l  e f f e c t .

S in ce  nPr^Sn i s  a  s p h e r ic a l  to p  m olecule i t s  o v e ra l l  m o lecu la r tu m b lin g  

i s  ex p ec ted  to  be i s o t r o p i c .  F o r nPr^SnX and nBu^SnX (X=H,Cl) th e  o v e r a l l  

tu m b lin g  i s  ex p ec ted  to  be a n is o t r o p ic  and co n seq u en tly  sho u ld  a f f e c t  th e  

ca rb o n  T  ̂ v a lu e s  a lo n g  th e  c h a in  in  d i f f e r e n t  ways. As th e ( b /a  v a lu e  

f o r  nPr^Sn f a l l s  on th e  same curve as th e  t r i s u b s t i t u t e d  compounds th e  

segm en ta l m otion  in  th e  two ty p e s  o f  m olecu les must be s im i la r .  This 

co u ld  be due to  a  number o f  f a c t o r s .
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i)  th e  o v e r a l l  tu m h lin g  i s  slow  so th a t  segm ental mot io n
1dom inates th e  v a lu e s .

i i )  th e  o v e r a l l  tu m b lin g  o f th e  sym m etric to p  m olecu les d is c u s se d  

h e re  i s  c lo se  to  i s o t r o p i c .

The l a t t e r  s ta te m e n t i s  s u b s ta n t i a te d  by a  p lo t  o f  vs

(jü/a (s e e  F ig u re  4 ) where has been  c a lc u la te d  from th e  ^^^Sn

T  ̂ d a ta .  I t  i s  in fo rm ativ e  th a t  th e  c o r r e l a t i o n  does n o t f i t  th e  d a ta  

f o r  nBu^SnH and may in d ic a te  th a t  o v e r a l l  tu m b lin g  f o r  t h i s  m olecu le  i s  

a n i s o t r o p ic .  The t i n  h y d rid e  m olecu les a re  expec ted  a p r i o r i  to  be 

th e  most a n i s o t r o p ic  from th e  geom etry and th e  r e l a t i v e  mass o f  th e  

s u b s t i t u e n t s .  The f a c t  t h a t  th e  p o in t f o r  nBu^Snïï i s  s i g n i f i c a n t l y  

o f f  th e  l i n e  ap p ea rs  to  s u b s ta n t i a te  t h i s .

B

C o r re la t io n  Times

From F ig u re s  1 and 2 and T able 3 th e  T  ̂ and ROE d a ta  a t  307° K 

may be used  to  c a lc u la te  th e  c o r r e l a t i o n  tim es o f  th e  C-H v e c to rs  a lo n g  

th e  p ro p y l and b u ty l  c h a in s .  The c o r r e l a t i o n  tim es d e r iv e d  from th e  

^^^Sn d a ta  a re  a ls o  shown f o r  com parison (T able 4) •

As ex p ec ted  th e  c o r r e l a t i o n  tim es  f o r  th e  C-H v e c to rs  d e c re a se  

on moving away from  th e  t i n  nu c leu s  due to  segm ental m o tion . The a 

m ethy lene groups e x h ib i t  th e  la r g e s t  ran g e  o f  c o r r e l a t i o n  tim es  w h ils t  

th e  te rm in a l  m ethyl groups show th e  s m a lle s t  as  expec ted  from  th e  

a t te n u a t io n  o f  th e  an ch o rin g  e f f e c t  a lo n g  th e  c h a in . F u r th e r  th e  

m ethyl groups undergo much f r e e r  r o ta t io n  about th e  ca rb o n -ca rb o n  bond 

s in c e  t h e i r  r o t a t i o n  in v o lv es  o n ly  one carbon—carbon  bond r a th e r  th a n  two
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T able 4

E f f e c t iv e  c o r r e l a t i o n  tim es f o r  C-H v e c to rs  in  a lk y l  c h a in s .  

C a lc u la te d  from d a ta  in  Table 3»

* e f f (^ ^ c ) /p s
= ps

M olecule a 3 y Ô

nPr^SnH 2 .5 2 .3 1.5

nBu^SnH 5 .5 4 .1 3 .8 2 .5 11-16

nPr^SnCl 8 .0 6 .4 3 .7 30

nBu^SnCl 19.7 12.8 10.1 4 .3 58

E s tim a te d  av erag e  e r r o r  i n  ap p ro x im ate ly  5^ .
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C

The A c tiv a t io n  E nergy

T able 5 shows th e  mean a c t iv a t io n  energy  (AH^ ) f o r  th e  m ethylene

groups in  th e  m o lecu les nPr^SnH, nBu^SnH, E t^Sn and nPr^Sn. A mean

v a lu e  o f  i s  quo ted  s in c e ,  a lth o u g h  i t  i s  exp ec ted  t h a t  AH*

sh o u ld  d e c re a se  as  th e  m otion abou t th e  carbon—carbon  bonds becomes

f r e e r ,  t h i s  i s  h id d e n  by th e  ex p e rim en ta l e r r o r .  As was shown by

119th e  a c t i v a t io n  e n e rg ie s  d e r iv e d  from  th e  ^Sn d a ta  in  C hap ter 4 .

P a r t  VI th e  s m a lle r  m olecu le  alw ays has th e  low er a c t iv a t io n  energy  

and t h i s  i s  shown by th e  d a ta  h e re  a l s o .  From th e  p o in t o f  view  o f  

th e  a c t i v a t io n  energy , n o te  how s im i la r  th e  v a lu e s  a re  f o r  th e  t r i a l k y l  

s ta n n a n e s  when compared to  th e  t e t r a a l k y l  t i n s  w ith  one l e s s  carbon  in  

th e  a lk y l  c h a in .

S e c t io n  3

The Q u a n ti ta t iv e  T reatm ent o f  Segm ental M otion

13The d i f f i c u l t y  o f  in t e r p r e t i n g  G v a lu e s  i n  a lk y l  ch a in s  in
5

a  q u a n t i t a t iv e  manner have a l re a d y  been  p o in te d  ou t. Lev in e  e t a l  have

13dev e lo p ed  a  th e o ry  to  in t e r p r e t  t h e i r  C T̂  v a lu e s  f o r  n -a lk a n e s  and 

n -a lk y lb ro m id e s  f o r  w hich segm ental m otion  i s  o b se rv ed . The th e o ry  

i s  b a se d  on th r e e  assum ptions

i )  t h a t  th e  ch a in s  a re  in  th e  a l l  t r a n s  c o n f ig u ra tio n

i i )  t h a t  th e  r a t i o  o f  th e  d i f f u s io n  c o e f f i c ie n t s  about th e

m o le c u la r  axes [D ^/D ^(=D ^ ]  i s  g iv e n  by  th e  r a t i o  o f  th e  moments o f  

i n e r t i a  [ ( I^=) 1 ^ /1 ^ ] .

i i i )  t h a t  th e  m olecu les behave as an  a x i a l l y  sym m etric p r o la t e

e l l i p s o i d .
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©f fA c tiv a t io n  energy  f o r  I_ c a lc u la te d  f o r  th e
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m olecu les in d ic a te d

M olecule AH* - e f f / k J  mol ^

nPr^SnH 12.8 ± 1.0

nBu^SnH 18.4  — 1.0

Et Sn 12 i  2

nPr^Sn 1 9 - 2
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The main o b je c t io n  to  t h i s  th e o ry  i s  th e  f i r s t  assum ption  w hich f o r  

a lk y l  ch a in s  e x h ib i t in g  segm ental m otion i s  no t n e c e s s a r i ly  t r u e .

S in ce  th e  second assu m p tio n  i s  dependent on th e  f ix e d  z ig -z a g  

co n fo rm a tio n  o f  th e  ch a in s  th e  g e n e ra l a p p l i c a b i l i t y  o f  th e  tre a tm e n t 

d e s c r ib e d  by th e s e  a u th o rs  must be in  some d o u b t.

A

L ib r a t io n  Theory

W oessner has o b ta in e d  e x p re s s io n s  f o r  th e  d ip o la r  r e la x a t io n  tim es

o f  nuclei* in  s p h e r ic a l^ ^  and a s p h e r ic a l^ ^  r o to r s  in c lu d in g  th e  case

w here th e  in t e r n u c le a r  v e c to r  o f  i n t e r e s t  undergoes in t e r n a l  r o t a t i o n

abou t an  a x is  f ix e d  a t  an  an g le  0  to  th e  v e c to r .  D oddre ll and 

18cow orkers ex tended  t h i s  th e o ry  to  in c lu d e  th e  HDE. The b a s is  o f  

th e  th e o ry  assum es t h a t  th e  m olecu le  undergoes o v e r a l l  i s o t r o p i c  

tu m b lin g  d e s c r ib e d  by a  c o r r e l a t i o n  tim e  % The C-rH v e c to r  o f  a

p ro to n a te d  carbon  can r o t a t e  a t  a  v a lu e  o f  0  to  an  a x is  f ix e d  r e l a t i v e  

to  th e  m o le c u le . A C-H v e c to r  o f  le n g th  r  can ta k e  up any d i r e c t io n  

w ith in  th e  cone d e f in e d  by  0  and i t s  r o t a t i o n  i s  c h a r a c te r i s e d  by  a  

c o r r e l a t i o n  tim e  I  W oessner^^*^^ has c a lc u la te d  th e  s p e c t r a lu

d e n s i t i e s  Jm(Lo) a r i s i n g  from  such  m otion 

Jm(o)) = f  ( T X QtU)')
2 

?

w here w i s  th e  r e le v a n t  a n g u la r  freq u en cy  and m = 0, 1, 2

2 2  2 2  2 2  
14ÜJ Xj  ̂ 1+W 1+W X c

1 1 1  w here —  = —  + —
Xg

and

A = 1/ 4(3  cos^G  —1)^  B = Bsin^G cos 0  C = 3 /4  sin'^G
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U sing  th e  n o ta t io n  o f  r e fe re n c e  15 we may w r ite  down th e  fo llo w in g  

e x p re s s io n s  f o r  R^ and th e  ROE.

—  = Eg = + 4 Jo (0 )  + 6 J^ (0 )^ )]/4 0
2

ROE = 1 + 7 ]  = 1 + +Wçj) ”  ̂ ^

w here E = y  ^  y  ^îi

Q  =  J q (cüjj- üJ^) +  3

These e q u a tio n s  have been  in t e r p r e te d  in  te rm s o f  r o ta t io n  about a

ca rb o n -ca rb o n  bond so t h a t  8  = 109.5° f o r  a l i p h a t i c  C-H and 60° f o r
15 18 19 "  - 20an  o r th o  o r  m eta a ro m a tic  C-H v e c to r .  ? ’ R e c e n tly  Howarth

has r e in t e r p r e t e d  th e s e  eq u a tio n s  a rg u in g  th a t  0  i s  e q u a lly  a p p l ic a b le

to  any  random in t e r n a l  m otion o f  a  C-H v e c to r  co n fin ed  to  th e  cone

d e f in e d  by  0  as  co u ld  be caused  by in t e r n a l  l i b r a t i o n .  U sing  t h i s

model th e n  0  i s  in t e r p r e te d  as  a  mean l i b r a t i o n a l  an g le  and I  ^ a s  a

s in g le  c o r r e l a t i o n  tim e  which d e s c r ib e  th e  random jumps o f  th e  C-H v e c to r .

D e te rm in a tio n  o f  th e  v a lu e s  o f  0  and I  ^  r e q u ir e s  th e  o b s e rv a tio n  o f

f i e l d  dependent d ip o la r  r e la x a t io n  t im e s .  Such f i e l d  dependence i s

o n ly  o b serv ed  f o r  la rg e  m olecu les when th e  extrem e n arrow ing  c o n d itio n

i s  no lo n g e r  v a l i d .  S in ce  Howarth i s  d e a l in g  w ith  la rg e  p ro te in s  th e

f i e l d  dependence i s  exp ec ted  e n a b lin g  0  and X ^ to  be f ix e d .

A lthough no f i e l d  dependence i s  observed  f o r  in  t h i s  work due to

th e  ( r e l a t i v e ly )  sm a ll m olecu les s tu d ie d ,  Howarth*s th e o ry  i s

im p o rtan t in  th e  i n t e r p r e t a t i o n  o f  segm ental m otion  to  be  in c lu d e d  in

th e  d is c u s s io n  h e re .
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U sing  H ow arth 's  th e o ry  th e n , segm ental m otion a lo n g  a lk y l  s id e  

c h a in s  i s  in t e r p r e te d  in  te rm s o f th e  v a r i a t io n  o f  th e  l i b r a t i o n a l  

a n g le  0  • That i s ,  th e  in c re a s e  in  v a lu e s  observed  f o r

m ethy lene groups on moving away from  th e  an ch o rin g  group i s  due to  

an  in c re a s e  in  th e  a n g le  0  and no t to  an  in c re a s e  in  th e  i n t e r n a l  

r o t a t i o n a l  c o r r e l a t i o n  tim e  I  In  f a c t  H ow arth’s th e o ry  f i t s  th e  

f i e l d  dependence o f  T^’s so f a r  observed  f o r  p ro te in s ^ ^ " ^ ^  

u s in g  v a lu e s  o f  = 1 x 10 ^^s and 0  = 20° (0 .35  rad s) f o r  th e  a 

carbon  l i b r a t i o n s .

The dependence o f  T  ̂ on 0  can b e  re p re s e n te d  by th e  fo rm ula

—̂  = (0 .7 8  -  0  ) /0 .4 3  X TL r  . . .  4m U.jp
0

w here 0  i s  in  r a d ia n s .

The fo rm u la  i s  a c c u ra te  to  w ith in  3^ f o r  0  = 0 .3 5  t o . 0 .7  r a d s .  .

I f  X « i s  assumed to  be 1 x 10"^ ^s and 0  = 20° f o r  th e  a  C-H u

l i b r a t i o n  f o r  th e  m o lecu les r e p o r te d  in  t h i s  work th e n  u se  o f  e q u a tio n  4 

and th e  d a ta  in  T able 3 en ab les  0  to  be c a lc u la te d  f o r  th e  rem ain in g  

C-H v e c to r s .  T able 6 sum m arises t h i s  d a ta .

The v a lu e s  o f  0  c a lc u la te d  f o r  th e  m olecu les s tu d ie d  in  t h i s  

work e x h ib i t  s im i la r  b eh av io u r in  th e  in c re a s e  o f  0  on moving a lo n g  th e  

a lk y l  c h a in  away from  th e  heavy end o f  th e  m olecule as  re p o r te d  by 

H ow arth. T his a u th o r  r e p o r ts  an  av erag e  in c re a s e  in  0  o f  a p p ro x im a te ly  

6° on moving away from  th e  an ch o rin g  g roup .
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The l i b r a t i o n a l  a n g le  0  ( in  deg rees) c a lc u la te d  u s in g

e q u a tio n  4

0

M olecule Ca Cy

nPr^SnH 20 22

nBu^SnH 20 26 28

nPr^SnCl 20 25

nBu^SnCl 20 29 32
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S e c t io n  4 

E x p erim en ta l

The sam ples o f  nPr^SnCl and nSu^SnCl were com m ercial sam ples

p u rch ased  from  Cambrian Chem icals L td . P u r i ty  was checked by  IR,

1 13 119H, C and Sn RMR. The sample o f nBu^SnH was p re p a re d  a c c o rd in g  

to  th e  method o u t l in e d  in  th e  ex p erim en ta l s e c t io n  o f  C hap ter 4*

M .J . Ahmed k in d ly  p ro v id ed  th e  sample o f  nPr^SnH.

T^ m easurem ents were o b ta in e d  u s in g  n e a t degassed  sam ples on th e  

B ruker HX90 S p ec tro m ete r (PCMU O r w e l l )  a t  22 .63  MHz and a t  J e o l  L td . 

C o lin d a le  on th e  J e o l  FX100Q a t  25 .14  MHz. Both u t i l i s e d  th e  normal 

l8 0 ° - I  -90  p u ls e  sequence w ith  p ro to n  n o is e  d e c o u p lin g . ROE 

m easurem ents u sed  th e  J e o l  PX100Q.
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Section  1 

Introduction

As has been  shown in  C hapters 4 and 5 th e  ^^^Sn and ^^C and

ROE d a ta  f o r  th e  a lk y l  t i n  compounds a re  no t easy  to  in t e r p r e t  due

to  segm en ta l m otion  u n le s s  g ro ss  s im p lify in g  assum ptions a re  made.

System s such  as  t r ip h e n y l  s tan n an e  (Ph^SnH) have a  number o f  w e l l -

d e f in e d  v e c to r s  making d i f f e r e n t  an g le s  to  th e  main symmetry a x is

which can y ie ld  v a lu a b le  in fo rm a tio n  about th e  d e t a i l s  o f  th e

119 13m o tio n a l b eh av io u r o f  th e  m o lecu le . ' The Sn and C T  ̂ and ROE 

d a ta  i s  th e r e f o r e  p re s e n te d  s e p a r a te ly  in  t h i s  c h a p te r .

A

Anisotropic Motion

A lthough  th e  e f f e c t  o f  m o lecu la r m otion  on r e la x a t io n  tim es  was

d is c u s s e d  in  c h a p te r  I I  o n ly  th e  case  o f  i s o t r o p i c  r e o r i e n ta t io n  was

c o n s id e re d . The e f f e c t s  o f  a n is o tro p y  were no t d is c u s s e d . In  f a c t

1 2th e  o v e r a l l  tu m b lin g  o f  sm all m olecu les i s  q u i te  o f te n  a n i s o t r o p ic  * 

and t h i s  makes d ip o la r  r e la x a t io n  r a t e s  d i f f i c u l t  to  i n t e r p r e t .  I f  

a  p r e f e r r e d  a x is  o f  r o t a t i o n  can be q u a l i t a t iv e ly  p re d ic te d  i n  th e  

m o lecu le  from  symmetry argum ents T  ̂ d a ta  can y ie ld  q u a n t i t a t iv e  

in fo rm a tio n  abou t in t e r n a l  m otions a s  w e ll as  th e  o v e ra l l  tu m b lin g  

o f  th e  m o lecu le .

Levy e t  a l^  have o b served  th a t  th e  T  ̂ f o r  th e  p a ra  carbon  i n  a  

number o f  m o n o su b s titu te d  benzenes i s  alw ays s h o r te r  th a n  T  ̂ f o r  th e  

m eta o r  o r th o  carbons o f  th e  same phenyl r i n g .  This i s  because  in  

m o n o su b s titu te d  benzenes r o t a t i o n  about th e  m o lecu la r a x is  

c o in c id e n t w ith  th e  C-X bond i s  p r e f e r r e d .
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I
I

X

Two e f f e c t s  r e s u l t  from t h i s : -

i )  th e  moment o f  i n e r t i a  abou t th e  a x is  i s  lo w er,

i i )  few er s o lv e n t m olecu les a r e  d is tu rb e d  by  r o t a t i o n  about 

th e  Cg a x i s .  The f i r s t  e f f e c t  i s  term ed th e  i n e r t i a l  e f f e c t  and th e  

second  th e  f r i c t i o n a l  e f f e c t .

The d eg ree  o f  th e  a n is o tro p y  i s  p r in c i p a l l y  de te rm in ed  by  th e  

s i z e , p o l a r i t y ,  bond ing  a b i l i t y  and symmetry o f  th e  X s u b s t i t u e n t .

The a n i s o t r o p ic  m otion  a f f e c t s  th e  T  ̂ v a lu e s  f o r  r in g  carbons 

a l ig n e d  and no t a l ig n e d  w ith  th e  p r e f e r r e d  r o t a t i o n a l  a x is  (axes) 

in  d i f f e r e n t  w ays. R o ta tio n  about th e  a x is  does no t m odulate  th e  

d ip o le - d ip o le  i n t e r a c t io n  o f th e  p a ra  and i t s  a t ta c h e d  p ro to n  and
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c o n se q u e n tly  does n o t a f f e c t  th e  r e la x a t io n  o f  th e  ca rb o n . The 

Cg r o t a t i o n  does m odulate th e  d ip o le -d ip o le  i n t e r a c t io n  f o r  th e  

o r th o  and m eta carbons s in c e  th e  C-H bonds make a n g le s  0  o f  60 and 

120° w ith  th e  Cg a x i s .  This le a d s  to  m o tio n a l a v e ra g in g  o f  th e  

i n t e r a c t i o n  and hence le n g th e n s  th e  T  ̂ v a lu e s .  I n  th e  l i m i t  o f  v e ry  

f a s t  ( f r e e )  r o t a t i o n  about th e  C-X bond compared to  r o t a t i o n  abou t ■ 

any  o th e r  a x i s ,  th e  T- v a lu e s  o f  th e  o rth o  and m eta carbons sh o u ld  be 

in c re a s e d  by  a  f a c t o r  g iv en  by  e q u a tio n  1

T I- ? —?
X = 1 ('o r̂n) = cos 0 - l ) ] “  . . .  1

iji BD

^(p)

w hich f o r  60 and 120° i s  64 . T his r a t i o  X can th u s  be u sed  a s  a  

m easure o f  th e  m o tio n a l a n is o tro p y  in  m o n o su b s titu te d  benzenes and 

r e l a t e d  m o le c u le s .

I f  th e  o v e r a l l  r e o r i e n ta t io n  o f  th e  m olecu le  i s  i s o t r o p i c  th e n  

th e  m otion  o f  th e  r o t a t i n g  phenyl groups can be d e s c r ib e d  by a 

d i f f u s io n  o r  a  jump m odel.^  I t  can be shown^’ ^ ’ ^ th a t  th e  T  ̂ r a t i o  

f o r  th e  i n t e r n a l  d i f f u s io n  model i s  g iv en  by e q u a tio n  2

X =  6 4 / / 1  +  —  +  \
V 1+p 1+4p /

w here p = R^/6D and Rd i s  th e  in t e r n a l  r o t a t i o n  d i f f u s io n  c o n s ta n t 

F o r th e  jump model

X = 6 4 / / l + a . ^  . . .  3

w here 0 = Rj / 6D and RJ i s  a  c o n s ta n t depending  on th e  n a tu re  o f  

th e  r o to r  and th e  jump r a t e .  F o r b o th  models D i s  th e  i s o t r o p i c  

d i f f u s io n  c o n s ta n t .
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These fu n c t io n s  a re  p lo t t e d  in  F ig u re  1. F o r a  g iv e n  r a t i o  

o f  X ; p G can  he c a lc u la te d .  and can a ls o  he e v a lu a te d

s in c e  D can he c a lc u la te d  from th e  c o r r e l a t i o n  tim e  o f  th e  p a ra

carb o n  u s in g  e q u a tio n  3 a

S e c t io n  2

R e s u lts  and D isc u ss io n .

* 119 13The Sn and C T  ̂ and ROE d a ta  o f  Ph^SnH a re  p re s e n te d  in

T able 1. F ig u re  2 shows th e  r e s u l t s  o f  th e  (l80-%  -90) sequence f o r  

119Sn. F ig u re  2a shows th e  ROE. The T  ̂ r a t i o  X i s  2 .98  and from  

F ig u re  1̂ p and 0 , t h e  tu m b lin g  r a t i o s  a r e  found to  be 1.25 and 2 .07  

r e s p e c t iv e l y  (s e e  T able 2) . These sh o u ld  be compared to  th o s e  found
■J

by  H a r r is  and Kimber f o r  t r ip h e n y l  s i l a n e  o f  p = 1.05 and 0 = 1 .7 8 .

Rote t h a t  b o th  th e  d i f f u s io n  and th e  jump model show th e  tu m b lin g

r a t i o  to  be g r e a t e s t  f o r  Ph^SnH in d ic a t in g  th a t  th e  r o t a t i o n  o f  th e

p heny l groups abou t th e  m e ta l-c a rb o n  bond i s  l e s s  h in d e re d  f o r  th e

t i n  c a s e .  Presumably th e  lo n g e r  t in - c a r b o n  bond reduces  th e  s t e r i c

h in d ra n c e  betw een th e  o r th o  p ro to n s .

8—11M islow e t  a l  ”  have found  th a t  a  two r in g  f l i p  occu rs  in  

t r i m e s i t y l  m ethane and s im i la r  sy s tem s . The e f f e c t  o f  such m otion  

on th e  r e l a x a t io n  o f  th e  carbon  n u c le i  in  Ph^SnH hafc no t been  

c o n s id e re d  in  t h i s  work s in c e  such a  h ig h  d eg ree  o f  crow ding a t  th e  

o r th o  p o s i t i o n  i s  u n l ik e ly  due to  th e  absence o f  m ethyl groups a t  th e  

o r th o  p o s i t i o n  a s  w e ll as  th e  lo n g e r  t in - c a rb o n  bond.

I f  th e  o v e r a l l  tu m b lin g  o f  Ph^SnH i s  ind eed  i s o t r o p ic  th e n  th e  

c o r r e l a t i o n  tim e s  d e r iv e d  from th e  p a ra  carbon  and th e  t i n
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P lo t  o f  X vs tu m b lin g  r a t i o  p o r  G
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m sh o u ld  he th e  s^me. This i s o t r o p i c  c o r r e l a t i o n  tim e  may he 

c a lc u la te d  from  e q u a tio n  9 g iv e n  in  C hap ter 2, s e c t io n  2A.

DD -------
h I S O

w here th e  symbols ta k e  t h e i r  u s u a l m eanings. What i s  found , in  

f a c t  i s  t h a t  f o r  th e  t i n  p ro to n  v e c to r  i s  182 -  10 ps and f o r

th e  p a ra  c a rh o n -p ro to n  v e c to r  243 -  10 p s .  This in d ic a te s  t h a t  

th e  o v e r a l l  tu m b lin g  i s  a n i s o t r o p ic .  This may he t e s t e d  assum ing 

th e  m o lecu le  a c t s  a s  a  sym m etric to p .

U sing  th e  e x p re s s io n s  d e r iv e d  b y W o essn e r e t a l ^ '^  H a rr is  and 

Kimber^ have d e r iv e d  an  e x p re s s io n  f o r  th e  T^^^ r a t i o  o f  th e  p a ra  

ca rb o n  and th e  m e ta l n u c leu s  X in  te rm s o f  th e  r a t i o  o f  th e

d i f f u s io n  c o n s ta n ts  p a r a l l e l  (D j) and p e rp e n d ic u la r  (D^) to  th e

symmetry a x is T his i s  g iv e n  in  e q u a tio n  4

F

( 1-3 008^6 )  ̂ 3 sin^  26? 3 sin ^ ^

6 5" 4/"̂  II Vf 2

2 /  '‘c- h Vw here F  = rr3 r.X-H

0  i s  th e  a n g le  th e  v e c to r  o f  i n t e r e s t  makes w ith  th e  a x i s .

F o r th e  p a ra  carbon  t h i s  i s  109.5 • 

E q u a tio n  4 i s  p lo t t e d  f o r  X = 119Sn ( i ^ _ g  = 1 .7  X  10-8 cm,

4

y  = -9 .9 7 1  X  10  ̂G ^s"^) i n  F ig u re  3 . From T able 3 th e  T^^^ r a t i o

i s  seen  to  be 0 .1145  w hich co rresp o n d s to  0*49. The

d i f f u s io n  c o n s ta n t p e rp e n d ic u la r  to  th e  a x is  can b e  c a lc u la te d  from

9 —1e q u a tio n  3 and i s  found to  be 0 .9 2  x 10^ s , th u s  D  ̂  ̂ i s  c a lc u la te d  to

be 0 .4 5  z  lO^s"^ T his in d ic a te s  t h a t  tu m b lin g  p e rp e n d ic u la r  to  th e

a x is  i s  p r e f e r r e d  to  tu m b lin g  about th e  a x i s .  T his i s  in
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0.2

DO

t n )

.1

2

V ° i

Figm?e 3

R a tio  o f  d i f f u s io n  c o n s ta n ts  e s tim a te d  from  th e

^^^Sn and v a lu e s
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T able 3

and D  ̂  ̂ f o r  th e  m o lecu les Ph^SnH and Ph^SiH

*̂ 1 1 D /n s ” "̂ D /n s  ^

X c(p) T /^ (X )

X = l l^ S n  

X = 2?S i*

1.677 0 .192  

12.5 1.0

0 .1145  0 .4 9  0 .9 2  0 .4 5  

0 .0 8  0 .6  4 .46  2 .68

From re f e r e n c e  7*
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agreem ent w ith  th e  o b se rv a tio n s  o f  H a rr is  and Kimber? f o r  Ph^SiH 

(T ab le  3 ) .  Note th e  s im i l a r i t y  in  D ^^/D j^for th e  two m o lecu le s . 

These r e s u l t s  a r e  no t expected  s in c e  i f  th e  m olecule i s  not 

d i s t o r t e d  in  any way th e n  i t  i s  a n t ic ip a te d  th a t  m otion about th e  

a x is  would be p r e f e r r e d  due to  th e  i n e r t i a l  e f f e c t  s in c e  t i n  o r  

s i l i c o n  need no t be moved o f f  a x i s .  The a u th o rs  in t e r p r e t  t h e i r  

o b s e rv a tio n s  f o r  Ph^SiH by  invok ing  a  sq u a t shape to  th e  m olecule  

p resum ably  r e s u l t i n g  in  a  d ec re a se  o f  th e  /HSiC an g le  g iv in g  th e  

m olecu le  a p r o p e l le r  l i k e  ap p ea ran ce . Ho rea so n s  a re  g iven  fo r  

t h i s  a lth o u g h  s t e r i c  crow ding o f  th e  o r th o  p ro to n s  cou ld  account f o r  

th e  e f f e c t .

An a l t e r n a t iv e  e x p la n a tio n  i s  th a t  th e  f r i c t i o n a l  p lu s  th e  

i n e r t i a l  e f f e c t  o f  th e  th r e e  phenyl groups when r o t a t i o n  about th e  

a x is  occu rs  i s  la r g e r  th a n  th e  i n e r t i a l  e f f e c t  o f  moving th e  

h e a v ie r  m eta l n u c leu s  o f f  a x is  p lu s  th e  f r i c t i o n a l  e f f e c t  o f  th e  

two phenyl r in g s  when th e  m olecule ( r a th e r  th a n  a  phenyl r in g )  

r o ta t e s  about a  t i n  carbon  bond (F ig u re  4 )•  This im p lie s  th a t  th e  

i n e r t i a l  p lu s  f r i c t i o n a l  e f f e c t  o f th e  phenyl r in g s  i s  g r e a te r  th a n  

th e  i n e r t i a l  e f f e c t  o f  th e  m e ta l n u c leu s  and c o n s id e r in g  th e  geom etry 

and s iz e  o f  th e  phenyl r in g s  t h i s  i s  no t t o t a l l y  u n expec ted .

Ho comment has y e t been  made about any d ip o la r  c o n tr ib u t io n  to  

t i n  from th e  o rth o  p ro to n s  o f  th e  phenyl g ro u p s . The d is ta n c e  

betw een t i n  and th e  o rth o  p ro to n s  i s  c a lc u la te d  to  be 317 pm. 

C onsequently  th e  maximum d ip o la r  c o n t r ib u t io n  th e se  s ix  p ro to n s  can 

p ro v id e  i s  a  f a c to r  o f  40 down compared to  a  s in g le  h y d rid e  p ro to n . 

I n  view o f  th e  f a c t . t h a t  th e  phenyl groups a re  r o t a t i n g  t h i s  

c o n t r ib u t io n  i s  f u r th e r  reduced  so th a t  when c a lc u la t in g  c o r r e la t io n  

tim es  o n ly  sm all e r r o r s  a r e  in tro d u c e d  by assum ing th a t  th e  HOE a r i s e s  

s o le ly  from  th e  d ip o la r  c o n t r ib u t io n  o f  th e  h y d rid e  p ro to n .

* C a lc u la te d  from  e q u a tio n  9» C hapter 2 .
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A

C o r re la t io n  Times

11QThe comment was made in  C hap ter 5 ahou t th e  le n g th  o f  Sn

29c o r r e l a t i o n  tim es  compared to  th e  v a lu e s  in  analogous S i compounds.

I n  th e  m o lecu les  d is c u s s e d  th e r e  th e  r e le v a n t  v e c to rs  a re  somewhat

i l l - d e f in e d  due to  segm en tal m otion  o f  th e  a lk y l  ch a in s  and th e

assu m p tio n  t h a t  a  f ix e d  z ig -z a g  o r i e n t a t i o n  e x i s t s .  These u n c e r t a in t i e s

do n o t e x i s t  i n  m o lecu les such  as  Ph^XH (X = ^^C, ^ ^ S i, ^^^8n) s in c e  th e

X-H v e c to r  i s  f ix e d .

I t  has been  shown i n  t h i s  c h a p te r  t h a t  th e  v a lu e  o f  % ^ f o r

m otion  abou t th e  Sn-H and S i-H  bonds a re  182 ps and 37 ps r e s p e c t iv e ly .

12Sm ith  e t  a l  have m easured th e  deu te riu m  s p i n - l a t t i c e  r e la x a t io n  tim e

in  Ph^C D o b se rv in g  a  v a lu e  o f  0 .1 1 s .  Assuming th e  quadrupo le  c o u p lin g

c o n s ta n t f o r  d eu te riu m  in  an  sp^ h y b r id is e d  C-D bond to  be 175 kHz

y ie ld s  a  v a lu e  f o r  I  ^ o f  20 p s .  P l o t t i n g i ^ ,  (which f o r  th e s e  m o lecu les

i s  l / 6  vs m o le c u la r  w eigh t (s e e  F ig u re  5 ) c l e a r l y  i l l u s t r a t e s  th e

dependence o f  I  ^ on m o le c u la r  w eigh t f o r  t h i s  s e r i e s .  I t  f u r th e r

i l l u s t r a t e s  th e  p o in t  t h a t  a lth o u g h  th e  carbon  and s i l i c o n  an a logues

119a r e  q u i te  s im i la r  from  th e  p o in t  o f  view  o f  th e  Sn analogue

e x h ib i t s  a  m arked ly  d i f f e r e n t  v a lu e  o f  I ^ .

S e c t io n  3 

E x p erim en ta l

1 3  1 1 9The C and Sn s p in  l a t t i c e  r e la x a t io n  tim es  and HOE f a c to r s

w ere m easured u s in g  a  J e o l  FX 100 a t  37*29 MHz f i t t e d  w ith  m u lt in u c le a r

13a c c e s s o r i e s .  The G s p e c t r a  w ere ru n  u nder c o n d itio n s  o f  p ro to n  

n o is e  d e c o u p lin g . The one bond t i n  p ro to n  c o u p lin g  c o n s ta n t ( l9 3 4  Hz)
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co u ld  o n ly  he d e c o u p le d 'u s in g  co n tin u o u s wave i r r a d i a t i o n  in  th e

v i c i n i t y  o f  th e  h y d rid e  f e a t u r e .  The f i e l d  freq u en o y  lo c k  was

m a in ta in e d  hy  lo c k in g  to  th e  m ethyl r e g io n  o f  th e  s o lv e n t .

The sam ple o f  Ph^SnH was pu rch ased  from  Camhrian C hem icals.

13P ro to n  and C MR s p e c t r a  showed no im p u r i t ie s  and th e  sam ple was 

u sed  w ith o u t f u r t h e r  p u r i f i c a t i o n .  The sam ple was made up in  to lu e n e  

dg 50^  v /v .

The a u th o r  i s  in d e b te d  to  Dr P . Beynon o f  J e o l  L td . f o r  th e s e  

m easurem en ts.
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S e c t io n  1 

I n t r o d u c t io n

D euterium  i s  an  a t t r a c t i v e  n u c leu s  to  s tu d y  from  th e  s ta n d ­

p o in t  o f  s p i n - l a t t i c e  r e la x a t io n  tim e  measurement s in c e  th e  

q u ad ru p o le  r e la x a t io n  mechanism dom inates th e  o b served  v a lu e s  o f  .

C onseq u en tly  th e r e  i s  no need to  s e p a ra te  d i f f e r e n t  c o n t r ib u t in g

1 2mechanisms o r  ind eed  to  degass th e  sam ple . ’ F u rtherm ore  th e

p ro c e s s e s  t h a t  g iv e  r i s e  to  q u a d ru p o la r  r e la x a t io n  a r e  e n t i r e l y

in t r a m o le c u la r  and th u s  measurement o f  T^’ s o f  q u a d ru p o la r  n u c le i

y i e ld  r e o r i e n t a t i o n a l  c o r r e l a t i o n  tim es  ) .

Due to  th e  low m agnetogyric  r a t i o  o f  ( y .  /  y  ^ = 6 .14) and
H

i t s  low n a tu r a l  abundance i t s  s e n s i t i v i t y  to  MR d e te c t io n  compared

to  i s  1 .5  X 10 This has l im ite d  MR s tu d ie s  o f  a t  n a tu r a l

1 2 abundance. Sm ith e t a l  have shown th e  H spectrum  o f  HgO in  a

12 mm tu b e  a t  2 . IT a t  n a tu r a l  abundance, th e  spectrum  b e in g  c l e a r ly

o b se rv a b le  a f t e r  one p u ls e .  However, th e  ease o f  d e u te r a t io n  a t

2l e a s t  o f  r e l a t i v e l y  sm all m olecu les has r e s u l t e d  in  most H MR s tu d ie s
2

u t i l i s i n g  n e a r  100^ H en rich m en t.

D euterium  T  ̂ Measurement

F o r m obile l iq u id s  where th e  c o n d it io n  o f  extrem e n arrow ing  

h o ld s  T^^ = T̂ *̂  and th e r e f o r e  th e  quad rupo le  s p i n - l a t t i c e  r e l a x a t io n  tim e 

T^*̂  can  be s im p ly  e s tim a te d  by measurement o f  th e  ^H l in e w id th  a t  h a l f  

h e ig h t (&V^2 ) ;
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w h ereÔ V i i s  th e  l i n e  b ro ad en in g  due to  inhom ogeneity  o f  th e  s t a t i c

f i e l d .  T his method i s  q u i te  a c c e p ta b le  f o r  re so n an ces  o f  la rg e

lin e w id th s  s in c e  th e  c o n t r ib u t io n  o f ô v  % w i l l  be sm all compared to
2

1 0 th e  n a tu r a l  l in e w id th  (   ) . However f o r  narrow  l i n e s  ( lo n g  T_ )
IT T ^ ^  ^

th e  l in e w id th  w i l l  be dom inated by  6 v i  and e s t im a t io n  o f  th e
2

q u ad ru p o le  s p i n - l a t t i c e  r e la x a t io n  tim e by  t h i s  method i s  s u b je c t  to  

la rg e  e r r o r s .  O bviously  th e  b e s t  method f o r  th e  d e te rm in a tio n  o f  

T^^ i s  by d i r e c t  m easurem ent. With CW sp e c tro m e te rs  th e  a d ia b a t i c  

r a p id  p assag e  experim ent i s  used^ ^ and w ith  p u ls e  s p e c tro m e te rs  th e  

in v e r s io n  re c o v e ry  te c h n iq u e  ( l8 0 ^ — I  -  9 0 ° ) .^  ^ The l a t t e r  i s  

o b v io u s ly  more co nven ien t when m a g n e tic a lly  in e q u iv a le n t  d eu te ro n s  

a p p e a rs  in  th e  spectrum  s in c e  a l l  th e  T  ̂ v a lu e s  in  a  sam ple may be 

d e te rm in e d  s im u lta n e o u s ly .

B

The Q uadrupole C oupling  C onstan t

I t  has been  shown in  C hap ter 1 t h a t  i n  th e  extrem e n a rro w in g  

l i m i t  th e  fo llo w in g  e q u a tio n  i s  v a l id

—L  = _1_ = _1 I —  Tr . . .  1
T^Q 40 I ^ ( 2 I - l )  \  8

2
th e  asym m etry f a c t o r  i s  n o rm ally  ta k e n  a s  ze ro  f o r  H. I t  can  be 

seen  th e n  th a t  T^^ depends on th e  v a lu e  o f  QCC andT^ . Knowledge 

o f  one o f  th e s e  q u a n t i t i e s  en ab les  th e  o th e r  to  be c a lc u la te d  i f  T^^ 

i s  known.
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C

R e s u lts  and D isc u ss io n
2

T able 1 shows th e  H T  ̂ v a lu e s  ov er a  ran g e  o f  te m p e ra tu re  f o r  

n e a t nBu^SnD. The d a ta  a re  sum m arised in  F ig u re  1 . F ig u re  2 shows

ty p i c a l  r e s u l t s  from an in v e rs io n  re c o v e ry  seq u en ce . The te m p e ra tu re

dependence i s  as  exp ec ted  f o r  th e  quad rupo le  r e la x a t io n  mechanism 

and th e  energy  o f  a c t iv a t io n  i s  c a lc u la te d  to  be 16.0 k j  mol ^ .

D

1 2M otion o f  th e  Sn- H and Sn- H bonds
2 -1

The m o tio n a l b eh av io u r o f  th e  S n - H and Sn- ÏÏ bonds a r e

e x p ec ted  to  be i d e n t i c a l  w ith  th e  p ro v iso  t h a t  sm a ll changes may

2 1a r i s e  due to  th e  l a r g e r  mass H compared to  H. However a lth o u g h

such  changes in  mass and c o n se q u e n tly  moments o f  i n e r t i a  may be

10im p o rta n t in  m ethyl groups th e  sm all f r a c t i o n a l  in c re a s e  o f  th e s e

p a ra m e te rs  on d e u te r a t in g  nBu^SnH w i l l  be i n s i g n i f i c a n t .  F o r th e

pu rp o ses  o f  t h i s  d is c u s s io n  th e r e f o r e  th e  m otion  o f  th e  two v e c to rs

i s  ta k e n  to  be i d e n t i c a l .

119From th e  Sn T  ̂ and ROE d a ta  o f  nBu^SnH p re s e n te d  in  C hap ter 4

a  v a lu e  o f  Tg o f  11-16 ps was d e r iv e d  f o r  th e  Sn-H v e c to r  a t  30?°K.

The range  in  a r i s e s  from  th e  u n c e r ta in ty  o f  th e  d ip o la r

119c o n t r ib u t io n  o f  th e  a m ethylene p ro to n s  to  th e  o b served  ^Sn T  ̂ v a lu e .

From F ig u re  1 th e  H r e la x a t io n  r a t e  a t  307 K i s  e s tim a te d  to  be 1 .56 s

U sing  a  mean v a lu e  f o r  o f  13*5 ps and = 1 .56 s  ̂ e q u a tio n  1
2

may be  used  to  e s tim a te  th e  H quadrupo le  co u p lin g  c o n s ta n t i n  th e

Sn-D bond y ie ld in g  a  v a lu e  o f  88 -  10 kHz. This v a lu e  oompares
11

re a s o n a b ly  w e ll w ith  t h a t  e s tim a te d  by  Ahmed i n  th e  m olecule



Table 1

S p i n - l a t t i c e  r e la x a t io n  tim e o f H i n  n e a t

nBu^SnD
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t/ k T^Q/S

25% 0 .1 8

268 0 .2 6

278 0 .3 3

288 0 .4 4

299 0 .6 2

311 0 .7 0

324 0 .9 6

336 1.09

356 .1.35
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1PPhgSnHD o f 121.5 kHz. . Fiing-et a l  have re p o rte d  a  va lue  fo r  

th e  QCC o f deuterium  in  PhSiD^ u s in g  l iq u id  c ry s ta l  so lv en ts  of 

9 1 - 2  kHz. In  a sp^ h y b rid ise d  C-D bond th e  value  o f QCC i s
I

expected to  be approxim ately  170 kHz.

E

Experim ental

The sam ple o f  hBu^SnD was pu rch ased  from  Cambrian Chem icals L td . 

and used  -w ithout f u r th e r  p u r i f i c a t i o n .  S p e c tra  were o b ta in e d  and 

v a lu e s  m easured u s in g  th e  p u lse  sp e c tro m e te r  system  d e s c r ib e d  in  

C hap ter 3 a t  9*203 MHz. The 90° p u ls e  le n g th  was 9 5 M-s. The 

in v e r s io n  re c o v e ry  te c h n iq u e  was u sed  f o r  th e  T  ̂ m easurem ents. The 

f i e l d —fre q u e n c y  lo c k  was m a in ta in ed  u s in g  a  ^H reso n an ce  o f  a  s u i t a b le  

m a te r ia l  (DMSO o r  ace to n e}  in  th e  a n n u la r  p o r t io n  o f  a  12 mm OD tu b e , 

th e  n e a t l i q u id  sam ple b e in g  in  a  5 nun OD tu b e  p la c e d  c e n t r a l l y  in  th e  

l a r g e r  tu b e .
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S e c t io n  1A 

Complex F o rm ation

1 2  3A numlDer o f  w orkers ’ * have o bserved  t h a t  an  in c re a s e  in  th e  

c o o rd in a t io n  number o f  t i n  from  fo u r  to  f iv e  o r s ix  r e s u l t s  i n  

chem ica l s h i f t s  t h a t  a r e  to  h ig h  f i e l d  r e l a t i v e  to  th e  fo u r  c o o rd in a te  

p a re n t  compound.

2H unter and Reeves showed th a t  th e  s h i f t s  o f  t r im e th y l  t i n  

c h lo r id e  and brom ide w ere e s s e n t i a l l y  in v a r ia n t  in  non c o o rd in a tin g  

s o lv e n ts  a t  d i f f e r e n t  c o n c e n tr a t io n s .  This in d ic a te s  t h a t  com plexing 

betw een th e  so lv e n t and th e  t i n  compound does n o t occur and a l s o  t h a t  

th e  t i n  compound does no t au to  a s s o c ia t e .  T upciauskas^  has s tu d ie d  

t h i s  system  in  more d e t a i l .

P o la r  c o o rd in a tin g  s o lv e n ts  such  as ace to n e  and p y r id in e  can

119produce la r g e  v a r i a t io n s  in  th e  Sn chem ical s h if ts -w h ic h  a re  b o th  

te m p e ra tu re  and c o n c e n tr a t io n  d ep en d en t. The a d d i t io n  o f  p y r id in e  to  

t r im e th y l  t i n  c h lo r id e  i n  carbon  te t r a c h lo r id e ^  shows a  change i n  

s h i f t  from  159 to  -9  Ppm as th e  mole r a t i o  o f  Me^SnCl:p y r id in e  i s  

in c re a s e d  from  1:0 to  1 :1 2 . T his has been  in t e r p r e te d  a s  due to  th e  

fo rm a tio n  o f  a  1:1 p e n ta c o o rd in a te  t r i g o n a l  b ip y ram id a l adduct o f  ty p e  A

CH

C H

CH
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The complex i s  known tù  d i s s o c ia te  i n  non p o la r  s o lv e n t s ,^  th e  

119o b serv ed  Sn chem ical s h i f t  p r e s m a b ly  b e in g  th e  w eigh ted  mean 

o f  th e  f r e e  and complexed Me^SnCl and th e r e f o r e  a  r e f l e c t i o n  o f  th e  

d eg ree  o f  d i s s o c ia t io n  o f  th e  com plex.

A number o f  a u th o rs  ^ have s tu d ie d  th e  m ethyl and e th y l

t i n  h a l id e s  in  a  v a r i e ty  o f  com plexing s o lv e n t s .  T orocheshn ikov

10 119e t  a l  have s tu d ie d  th e  Sn chem ical s h i f t s  o f  t r im e th y l  and t r i -

e th y l  t i n  c h lo r id e  as  a fu n c t io n  o f  te m p e ra tu re  and c o n c e n tra t io n  i n

a  number o f  s o lv e n t s .  They c a lc u la te d  e q u ilib r iu m  c o n s ta n ts  a t

v a r io u s  te m p e ra tu re s  u s in g  an  e q u a tio n  f i r s t  d e r iv e d  by  H unter and 
2

R eeves, and u s in g  th e  Van t ’H off e q u a tio n  d e r iv e d  th e  m olar e n th a lp y  

f o r  th e  fo rm a tio n  o f  th e  com plexes. T h e ir  r e s u l t s  a re  c lo se  to  th o s e
7

c a lc u la te d  by  B e lle s  and Drago u s in g  therm ochem ical m ethods.

B

A u to -a s s o c ia t io n

I n  th e  p re c e d in g  s e c t io n  th e  d is c u s s io n  has been  l im i te d  to

o rg a n o tin  com plexes o f v a r io u s  c o o rd in a tin g  s o lv e n t s . A v a r i e ty  o f

o rg a n o tin  compounds can in c re a s e  t h e i r  c o o rd in a tio n  number by  fo rm ing

i n t e r -  o r  in t r a m o le c u la r  bonds v ia  fu n c t io n a l  groups on th e  m olecu le

i t s e l f .  T his k in d  o f  a u to a s s o c ia t io n  a ls o  r e s u l t s  i n  a  h ig h  f i e l d  

119s h i f t  o f  th e  Sn HMR s ig n a l  as  o ccu rs  f o r  complex fo rm a tio n .

19 119M cParlane and Wood have o b served  th e  ^Sn chem ical s h i f t  o f

t r im e th y l  t i n  fo rm ate  a t  v a r io u s  c o n c e n tra tio n s  i n  ch lo ro fo rm  n o tin g

a  la r g e  change in  chem ical s h i f t  to  low f i e l d  on d i l u t i o n  ( 15O ppm).

T his was a t t r i b u t e d  to  th e  fo rm a tio n  o f o ligom ers o r  polym ers o f  ty p e  B .
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H

/X .'

CH-

H

CH-

H

CH-

[

CH-

^ 0  Sn4 q/  ^ 0 --------Sn<— 0"  ̂ ^ 0 -------Sn4—

CH

B

Such s p e c ie s  a r e  known to  e x i s t  i n  th e  s o l id  s t a t e  h u t a re  no t p roven

i n  th e  l i q u i d  s t a t e .  O ther exam ples o f  such s e l f  a s s o c ia te d

p o ly m eric  s p e c ie s  a r e  t r im e th y l  t i n  h y d ro x id e  and t r im e th y l  t i n

20 21is o th io c y a n a te  i n  th e  s o l id  s t a t e .  ^

I t  has been  su g g e s te d  th a t  d i  n -b u ty l  d im eth o x id e , d i n -b u ty l

d i  n -p ro p o x id e  and d i  n -b u ty l  d i b u to x y  t i n  e x i s t  a s  dim ers i n  th e  

22,23p u re  l i q u id  s t a t e  

B u x

w ith  s t r u c tu r e s  o f  ty p e  C .

OR

B

OR.

OR

,Bu

•Sn

OR
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Replacem ent o f  th e  a lk ô x id e  groups hy  w eaker b r id g in g  groups such

1 1 9as  th io a lk o x id e s  r e s u l t s  in  th e  Sn chem ical s h i f t  a p p e a r in g  to

low f i e l d  compared to  th e  s h i f t s  o f  th e  a lk o x id e  a n a lo g u e s . T his

2 di s  in d i c a t iv e  o f  th e  d e c re a se d  ten d en cy  to  d im é r is a t io n .
25

Sm ith e t  a l  have o b served  th e  v a r i a t i o n  o f  th e  chem ical s h i f t  o f  some 

d i  b u ty l  t i n  d ia lk o x id e s  a s  a  f u n c t io n  o f  c o n c e n tra t io n  and te m p e ra tu re  

and e v a lu a te d  e q u ilib r iu m  c o n s ta n ts .  More r e c e n t ly  Kennedy^^ has 

d e te rm in e d  th e  m olar e n th a lp ie s  o f  a s s o c ia t io n  f o r  a  number o f  m ethyl 

and b u ty l  t i n  a lk o x id e s .

A number o f  a u th o rs^ ^  have m easured th e  ^^^Sn chem ical s h i f t s  

in  a  s e r i e s  o f  f u n c t io n a l ly  d i s u b s t i t u te d  d is ta n n o x an es  (XRgSnOSnR^X) 

and a  d im er o f  ty p e  D i s  p o s tu la te d .

I t  i s  w orth  m en tio n in g  h e re  a  p r a c t i c a l  a sp e c t o f  th e  d a ta  a n a ly s is ,

In  th e  ca se  o f  complex fo rm a tio n  a  s h i f t  f o r  th e  u n a s s o c ia te d  s p e c ie s

can  n o rm a lly  be o b ta in e d  by  m ere ly  d is s o lv in g  th e  o rg a n o tin  compound in

1 1 9a  n o n -p o la r  s o lv e n t ,  and a  ^Sn chem ical s h i f t  can be observ ed  f o r  th e
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com plexed s p e c ie s  by  d is s o lv in g  th e  complex in  th e  a p p ro p r ia te  donor 

s o lv e n t .  Knowing b o th  chem ical s h i f t s  makes th e  a n a ly s i s  o f  th e  

d a ta  q u i t e  s im p le . In  th e  case  o f  a u to —a s s o c ia te d  s p e c ie s  th e  

sam ple may c o n ta in  an  e q u ilib r iu m  m ix tu re  o f  a s s o c ia te d  and 

u n a s s o c ia te d  s p e c ie s ,  so u n le s s  th e  k in e t i c s  o f  th e  exchange a r e  slow  

compared to  th e  chem ical s h i f t  d i f f e r e n c e  o r  th e  e q u ilib r iu m  s t r o n g ly  

fa v o u rs  one o r  o th e r  s p e c ie s ,  n e i th e r  s h i f t  o f  pu re  s p e c ie s  w i l l  be 

known.

C

O rig in  o f  th e  High F ie ld  S h if t

The o r ig i n  o f  th e  h ig h  f i e l d  s h i f t  which r e s u l t s  when t i n

in c re a s e s  i t s  c o o rd in a tio n  number, a lth o u g h  q u a l i t a t i v e l y  u s e fu l

i s  n o t w e ll u n d e rs to o d . However i t  i s  i n s t r u c t i v e  to  c o n s id e r  th e

p o s s i b i l i t i e s  o f  i t s  o r ig in s  to  s e rv e  as  a  b a s is  f o r  d is c u s s io n .

In  c h a p te r  1 s e c t .  3 th e  p a ram ag n e tic  te rm  ( (7 p) was s a id  to

dom inate  th e  s h ie ld in g  o f  t i n .  The c o n t r ib u t io n  to  Op by  th e  5& o r b i t a l s

was ig n o re d  s in c e  i n  most t e t r a h e d r a l  m o lecu les  th e s e  would be

u n in v o lv ed  in  th e  b o n d in g . I t  i s  te m p tin g  th e r e f o r e  to  a t t r i b u t e  th e

o b se rv ed  b e h a v io u r as  due to  th e  occupancy o f  th e  5d o r b i t a l s .

U n fo r tu n a te ly  i t  i s  u n c le a r  why t h i s  sh o u ld  be s o .  A ll o f  th e  o rg a n o tin

m o lecu les  showing t h i s  s h i f t  have groups which can  ta k e  p a r t  inTC bond ing

31w ith  th e  t i n  atom . C onsequen tly , i t  has been  su g g e s te d  t h a t  th e  

e f f e c t  may a r i s e  from  a  r e d u c t io n  in  th e  d e le c t r o n  in b a la n c e  on th e  

t i n  atom as  a  r e s u l t  o f  p la c in g  e le c t r o n  d e n s i ty  i n  a l l  o f  th e  t i n  d 

o r b i t a l s .  A lso r e h y b r id i s a t io n  occu rs  a s  a  r e s u l t  o f  th e  in c re a s e  in  

c o o rd in a tio n  number and t h i s  may d e c re a se  th e  p e le c t r o n  im b alan ce .
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The in c re a s e  o f  e le c t r o n  d e n s i ty  on th e  t i n  atom as  a  r e s u l t  o f  

d o n a tio n  from  th e  l ig a n d  may in c re a s e  th e  d im ag n e tic  c o n t r ib u t io n  

a l th o u g h  t h i s  e f f e c t  would be sm all compared to  th e  p a ram ag n e tic  

c o n t r ib u t io n .
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S e c t io n  2A

R e s u lts  and D isc u ss io n

119T ab les 1 - 4  show th e  v a r i a t i o n  o f  th e  o b serv ed  Sn chem ical 

s h i f t  o f  d i  n -b u ty l  t i n  d ia c e ta te  fnBu2Sn(0A c ) w i t h  

te m p e ra tu re  a t  v a r io u s  c o n c e n tra t io n s  i n  to lu e n e .  F ig u re  1 

sum m arises t h i s  d a ta .

O b se rv a tio n  o f  o n ly  one r e v e r s ib l y  te m p e ra tu re  dependent s ig n a l

i s  in d i c a t iv e  o f  an  e q u ilib r iu m  o c c u r r in g . The te m p e ra tu re

dependence i s  s im i la r  a t  a l l  c o n c e n tra t io n s  and i t s  o ccu rren c e  i n  th e

n e a t sam ple su g g e s ts  t h a t  th e  e q u ilib r iu m  i s  betw een a  s e l f  a s s o c ia te d

and non a s s o c ia te d  s p e c ie s .  Toluene i s  re g a rd e d  as  a  non com plexing

s o lv e n t and sh o u ld  n o t ta k e  p a r t  in  th e  e q u ilib r iu m  o th e r  th a n  a s  a

d i l u e n t .  Absence o f  any  se v e re  l i n e  b ro ad en in g  and o th e r  s ig n a ls  i s

in d i c a t iv e  o f  f a s t  exchange ( t h i s  c h a p te r  s e c t .  2 ) ,  and i s  confirm ed

1 ^by  th e  p ro to n  and C d a ta  (T ab le 5) • These s p e c tra ,  a re . te m p e ra tu re  

in d ep en d en t ov er a  w ide te m p e ra tu re  range  excep t f o r  some b ro ad en in g  

in  th e  p ro to n  sp ec trv m  o f  th e  n e a t l i q u id  a t  low te m p e ra tu re s  due to  

in c re a s e d  v i s c o s i t y .  On th e  b a s is  o f  osmometry a t  low c o n c e n tra tio n s  

Maeda and  Okawara^^ su g g es t t h a t  nBu2Sn(0Ac)^ i s  in t r a m o le c u la r ly  

a s s o c ia te d  and e x i s t s  a s  th e  h e x a c o o rd in a te d  monomer I I .  I n f r a  re d  

s p e c t r a  show two v ib r a t io n a l  bands a t  l600 — l6lO cm  ̂ and 1370 -  

1380 cm"^ w hich th e s e  a u th o rs  a s s ig n  to  th e  ca rb o n y l in  th e  u n a s s o c ia te d  

and a sy m m e tr ic a lly  a s s o c ia te d  s p e c ie s  I I  r e s p e c t iv e ly .
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T a t l e  1 T able  2

c = 1.852 mol 1"^

Temp/K • ®OBs/PP”
280.0 -169.1

291.5 -165 .8

299.8 —163.6

300.7 —163.6

312.7 -161.0
319.3 -159 .8

325.8 -158 .4

331.1 -157 .9

337.5 -157.1

350.3 -155 .5

371.5 -153 .2

380.1 -152 .5

380.1 -152 .5

394.4 -151 .3

402.0 -150 .9

421.0 -149 .5

C = 1.205 mol 1 ^

Temp/K

230.7 -182.1

238.4 -179 .0

251.1 -172 .8

263.0 -I6 8 .8

291.0 —161.4

300.1 -159 .7

315.0 -157 .6

322.8 -156 .7

334.3 -155.0

343.5 -154 .2

358.0 -153 .0
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T able 3 T able 4

C = 0 .849  mol 1 1

Temp/K

217.2 - 185.1

230.7 - 177.0

23 8 .4 -1 7 3 .4

251.1 —168 *4

263.0 -164 .8

291.0 - 159.0

300.1 - 157.6

315.0 - 155.9

322.8 - 155.2

334.3 - 153.9

343.5 - 153.4

358.0 - 153.2

0 = 0 .443 mol 1 ^

Temp/K

217.7 - 175-9

235.9 -167 .6

252.0 -163 .0

277.1 -1 5 8 .4

283.1 -15 6 .7

299.8 -155 .5

312.4 -154 .6

322.1 -15 3 .8

332.8 -  -153.1

341.2 -1 5 2 .4

351.9 -151 .9





T a tl e  5
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Conc/mol' 1 ^ Temp/K G.3 /ppmIJq

306 180.9

1.852 356 180.7

406 180.7

310 180.6

0 .4 4 3 370 180.7

13,V a r ia t io n  o f  C chem ical s h i f t  o f  C=0 reso n an ce  

2in  nBuigSn(OAc) ^ w ith  T em perature and C o n c e n tra tio n
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OCOCH,

5n.\ Bu

0  COCH:

Bu

Bu

I I
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Sn C— CH

I n  th e  n e a t l i q u id  a  hand a t  1565 cm ap p ea rs  w hich a ls o  ap p ea rs  i n  

th e  i n f r a  re d  spectrum  o f  t r i a l k y l t i n  a c e t a t e s ^ ^ ’ where a c e to x y  

groups a r e  known to  form  th e  b r id g e  betw een two t i n  atoms a ls o

s u g g e s t in g  an  i n t e r  m o lecu la r  a s s o c ia t io n  f o r  nBUgSnfOAo)g.

35M itc h e l l  has s tu d ie d  th e  t i n  carbon  c o u p lin g  c o n s ta n ts  i n  a  v a r i e ty

o f  organo t i n  compounds and concludes t h a t  th e  one bond t i n  carbon

1c o u p lin g  c o n s ta n t ^ i s  in d i c a t iv e  o f  th e  h y b r id i s a t io n  s t a t e

and c o o rd in a t io n  number o f  th e  t i n  atom . . From th e  observed  

c o u p lin g  c o n s ta n t o f  630 Hz he co n clu d es  t h a t  n$U2Sn(0Ac) ^ can e x i s t  

a s  th e  d im e ric  s t r u c t u r e  I I I .

CHo

OCOCHSn

CH3

I I I
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13 .The G chem ical s h i f t  o f  th e  ca rb o n y l re so n an ce  in  th e  n e a t

35l i q u i d  has been  observed  to  be 181 ppm i n  agreem ent w ith  ou r

m easurem ent o f  180.6 ppm (T ab le  5)* We have ex tended  t h i s  to

d i l u t e  s o lu t io n s  in  to lu e n e  and over a  te m p e ra tu re  range  (T ab le  5 ) »

and w ith in  th e  l i m i t s  o f  th e  experim ent have found  th e  s h i f t  to  be

c o n s ta n t ,  a s  a r e  th e  s h i f t s  o f  th e  rem a in in g  carbons i n  th e  m o le c u le .

119T his i s  in  agreem ent w ith  M i tc h e l l ’ s c o n c lu s io n  and w ith  o n r Sn

s h i f t  o b se rv a tio n s  t h a t  th e  exchange i s  r a p id ,  le a d in g  to

e q u iv a le n c e  o f  th e  b r id g in g  and n o n -b r id g in g  c a rb o n y ls .

M ossbauer d a ta  has been  in te r p r e te d ^ ^  as i n d i c a t in g  a  d i s to r t e d

o c ta h e d ra l  s t r u c t u r e  I I .  Such a  sm all d i s t o r t i o n  as  c la im ed  by

th e s e  a u th o rs  i s  u n l ik e ly  to  le a d  to  a  300 Hz d e c re a se  in

o f  nB%i2S n(0Ac) g compound to  th e  one bond t i n  ca rb o n "co u p lin g  c o n s ta n t

in  th e  known r e g u la r  o c ta h e d ra l  s t r u c t u r e  o f  Bu2Sn(AcAc)

To be f a i r  to  th e s e  a u th o rs  th e y  make no c la im s a s  to  th e  s t r u c t u r e

o f  th e  m o lecu le  in  th e  l i q u id  s t a t e  and c o n s id e r in g  th e  dangers  o f

such  e x t r a p o la t io n  t h i s  i s  u n d e rs ta n d a b le .  F u rth e rm o re , th e

119o b serv ed  c o n c e n tr a t io n  dependence o f  th e  Sn chem ical s h i f t  

(F ig  l)  r e p o r te d  in  t h i s  work in d ic a te s  t h a t  any  a s s o c ia t io n  i s  

in te rm o le c u la r  s in c e  an  in tra m o le c u la r  a s s o c ia t io n  w ould be 

u n a f f e c te d  by  d i l u t i o n .

C o n s id e rin g  th e  a v a i la b le  d a tc^ ^ "^ ^  in  th e  l i t e r a t u r e  and th e  

d a ta  p re s e n te d  i n  t h i s  work i t  i s  l i k e l y  t h a t  a t  th e  c o n c e n tra t io n s  

s tu d ie d  h e re  th e  e q u ilib r iu m  i s  betw een monomeric nSu2S n(0Ac) ^ and 

th e  d im e ric  s p e c ie s  I I I .  The d a ta  w i l l  be a n a ly se d  i n  th e s e  te rm s .
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b e a r in g  in  mind th a t  a t ‘v e ry  low c o n c e n tra tio n s  ty p e  I I  a s s o c ia te d

119monomers may e x i s t .  The Sn chem ical s h i f t  d a ta  w i l l  be a n a ly se d  

13 1s in c e  th e  C and - H d a ta  a re  in v a r ia n t  to  changes in  te m p e ra tu re  and 

c o n e e n tra t  io n .

The e q u ilib r iu m  may be w r i t t e n  as th e  d i s s o c ia t io n  o f  th e  dim er

th u s  :

Dimer #  Monomer + Monomer

( l-a )C  aC aC At e q u ilib r iu m

w here a i s  th e  d eg ree  o f  d i s s o c ia t io n  and C th e  i n i t i a l  c o n c e n tra t io n  

o f  d im er, ass-uming no d i s s o c ia t io n .

The e q u ilib r iu m  c o n s ta n t K may be w r i t t e n  as

? P P
K = CT = 4a~C ^

(l—a)c (l—&)
The e q u il ib r iu m  may be in t e r p r e te d  i n  te rm s o f  th e  t i n  n u c leu s  b e in g

a b le  to  occupy one o f  two s i t e s ;  e i t h e r  in  th e  u n a s s o c ia te d  monomer

o r  in  th e  a u to a s s o c ia te d  d im er. R apid exchange betw een th e s e  two

119s i t e s  o ccu rs  and an  av erag e  Sn s ig n a l  i s  o b se rv ed . C onsequen tly  

th e  o b serv ed  chem ical s h i f t ,  i s  a  w eigh ted  mean o f  th e  s h i f t  o f

th e  p u re  monomer, 6^ and th e  s h i f t  o f  th e  p u re  dim er 5 ^ . So th e  

o b serv ed  chem ical s h i f t  i s  g iv e n  b y : -

= ( l —u) 5 ^  + 2aôi'OBS =  ̂ "D

1+oc

E q u a tio n  P d e s c r ib e s  th e  b eh av io u r o f  th e  observ ed  s h i f t  a s  a  fu n c t io n  

o f  th e  d eg ree  o f  d i s s o c i a t i o n , a  . The pu re  monomer s h i f t  and p u re  

d im er s h i f t  a r e  ex p ec ted  to  be c o n s ta n t . O bv iously  a  v a r ie s  i n  

acco rd an ce  w ith  th e  e q u ilib r iu m  c o n s ta n t K, w hich i s  i n  tu r n  r e l a t e d  to
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changes in  te m p e ra tu re  by  AH°(in t h i s  case  th e  m olar e n th a lp y  o f  

d i s s o c ia t io n )  in  acco rdance  w ith  th e  Van t ’H off e q u a tio n .

So e q u a tio n  2 d e s c r ib e s  a  sigm oid  curve w ith  two l i m i t in g  s h i f t s  

5^ and 6^ (se e  F ig u re  2 ) .  F o r a  g iv e n  p a i r  o f  l i m i t i n g  s h i f t s  th e  

d e t a i l s  o f  th e  cu rve w i l l  depend on th e  therm odynam ics o f  th e  

e q u i l ib r iu m  s p e c i f i c a l l y  th e  e q u ilib r iu m  c o n s ta n t and AĤ  th e  e n th a lp y  

chan g e .

As has been  shown above th e  two l i m i t in g  s h i f t s  w i l l  o n ly  be 

o b se rv ed  i f  a can ta k e  th e  v a lu e s  from  0 to  1 . I f  th e  e q u ilib r iu m  

fa v o u rs  one s p e c ie s  ( i e  i f  K i s  la rg e  o r  sm all) th e n  o n ly  a  p o r t io n  

o f  th e  cu rv e  w i l l  be o b se rv ed . The r a t e  o f  change o f  th e  o bserved  

s h i f t  w ith  te m p e ra tu re  w i l l  depend p r im a r i ly  on AĤ  a  sm all v a lu e  o f  

A H ^ in d ica tin g  a  sm a ll f r a c t i o n a l  change in  K f o r  a  g iv e n  te m p e ra tu re  

change and  a  la rg e  AH v a lu e  a  la rg e  change i n  K. These two s i t u a t io n s  

a r e  in d ic a te d  by  th e  dashed  and s o l id  l i n e s  r e s p e c t iv e ly  in  F ig .  2 .

From F ig .  1 i t  i s  a p p a re n t t h a t  o n ly  th e  h ig h  te m p e ra tu re  l i m i t in g  

s h i f t  i s  o b serv ed  in d i c a t in g  t h a t  th e  e q u ilib r iu m  c o n s ta n t i s  la rg e  and
o

t h a t  AH i s  r e l a t i v e l y  s m a l l .

The l i m i t i n g  s h i f t  i n  F ig .  1 can be e x tra p o la te d  to  be -14# ppm. 

T h is i s  ta k e n  a s  th e  s h i f t  o f  th e  p u re  u n a s s o c ia te d  s p e c ie s  s in c e  h ig h  

te m p e ra tu re  w i l l  te n d  to  d i s s o c ia te  th e  d im er. A lso th e  o b served  

s h i f t  te n d s  to  be  l e s s  n e g a t iv e  on d i l u t i o n  w hich i s  ex p ec ted  to  fa v o u r  

th e  d i s s o c ia te d  s p e c ie s  (se e  s e c t io n s  1B&C).

I t  i s  a p p a re n t from  e q u a tio n  2 t h a t  f o r  a  g iv e n  o b served  chem ical 

s h i f t  a t  d i f f e r i n g  c o n c e n tr a t io n s ,  s in c e  5^ and 5^ a re  c o n s ta n t a 

must a l s o  be c o n s ta n t .  I t  fo llo w s  from  e q u a tio n  1 th e r e f o r e  t h a t  f o r  

a  g iv e n  s h i f t  th e  e q u ilib r iu m  c o n s ta n t i s  p r o p o r t io n a l  to  th e  

c o n c e n tr a t io n .

K a C   3



203

Ô.M

High AH

Low Ah

CBS

a ■¥

F ig u re  2

The v a r i a t i o n  o f  th e  o b served  chem ical s h i f t  

w ith  th e  d eg ree  o f  d i s s o c ia t io n  (a) •
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T h e re fo re  from  F ig .  1 we may choose a  s h i f t ,  and r e a d  o f f  th e

te m p e ra tu re  a x is  th e  te m p e ra tu re  a t  w hich each o f  th e  fo u r  

c o n c e n tra t io n s  have th e  same and a .  At each o f  th e s e

te m p e ra tu re s ,  th e r e f o r e  e q u a tio n  3 h o ld s  and co n se q u e n tly  a  p lo t  o f  

InC v s .1 /T em p era tu re  w i l l  y i e ld  th e  m olar e n th a lp y  f o r  th e  d i s s o c ia t io n  

o f  th e  d im er. T ab le  6 shows some v a lu e s  o f  te m p e ra tu re  f o r  v a r io u s  

o b serv ed  s h i f t s  in t e r p o la t e d  from P ig .  1 . F ig u re  3 sum m arises th e s e .  

ÎTote t h a t  good s t r a i g h t  l i n e s  r e s u l t  f o r  th e s e  p lo t s  g iv in g  an  

av e ra g e  AH°= +18.15 + 0*76 KJ mol ^ .

Knowledge o f  AH and 6^ f a c i l i t a t e s  th e  e s t im a t io n  o f  K and 6^ 

by  th e  fo llo w in g  m ethod.

119I t  has been  shown i n  s e c t io n  1 o f  t h i s  c h a p te r  t h a t  th e  Sn 

chem ica l s h i f t  moves to  h ig h  f i e l d  when th e  c o o rd in a tio n  number o f  t i n  

in c re a s e s  from  fo u r  to  f iv e  o r  s i x .  I t  has a ls o  been  _show n,albeit 

t e n t a t i v e l y  t h a t  nBu^Sn(OAc) ^ e x i s t s  i n  s o lu t io n  as  an  e q u ilib r iu m  

m ix tu re  o f  fo u r  c o o rd in a te  monomers and f iv e  c o o rd in a te  dim ers th u s  

e n a b lin g  an  e s t im a te  o f  0^  to  be made, in s o f a r  a s  i t  w i l l  be to  h ig h  

f i e l d  r e l a t i v e  to  th e  monomers (se e  s e c t io n  1C) . I f  an  e s tim a te  o f  

ôjj i s  made which i s  100 ppm u p f ie ld  from  6|^ th e n  sim p le  rearran g em en t 

o f  e q u a tio n  2 y ie ld s  a f o r  a  g iv e n  U sing e q u a tio n  1 e n ab le s

K to  be c a lc u la te d  f o r  d i f f e r e n t  c o n c e n tr a t io n s .  F o r a  g iv e n  

te m p e ra tu re  K must be th e  same a t  a l l  c o n c e n tr a t io n s ,  and c o n se q u e n tly  

any  v a r i a t i o n  i n  K must be due to  a  wrong ch o ice  o f  5 ^ . A sim p le  

program  was w r i t t e n  (se e  append ix  l)  to  v a ry  6^ and c a lc u la te  

e q u i l ib r iu m  c o n s ta n ts  a t  th e  d i f f e r e n t  c o n c e n tra t io n s  s tu d ie d  in  t h i s  

w ork. E r ro r s  i n  K f o r  g iv e n  te m p e ra tu re s  were e s t im a te d . The 

minimum e r r o r  was chosen  and th e  5̂  ̂ a s s o c ia te d  w ith  i t  ta k e n  as  th e
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-158 -16O -162 -164 -166 -168

Conc/mol 1 ^ Temperature/E

1.852 332 320 308.5 299 290 283

1.205 313 300 289 280 272 264

0 .849 297 288 278 269 260.5 254

0.443 280 267 257 247 240 234

AH/kJmol 21.13 19.33 18.50 17.04 16.64 16.28

AH mean = 18.15  + 0 .7 6  kJ mol-r
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s h i f t  o f  th e  d im er. F ig u re  4 shows a  t y p i c a l  e r r o r  c u rv e . I t

sh o u ld  he n o te d  th a t  v a lu e s  o f  t h a t  a re  o b v io u s ly  wrong g iv e  v e ry

la r g e  e r r o r s .  From t h i s  a n a ly s i s  th e  b e s t  v a lu e  o f  5^ i s

c a lc u la te d  to  be -2 1 0 .0  ppm.

The a n a ly s is  was c a r r i e d  ou t over th e  te m p e ra tu re  range  293 -  213 K

w here th e  change in  i s  g r e a te s t  and where th e  p ro ced u re  sh o u ld  be

most s e n s i t i v e  to  changes i n  6 ^ . In  p r a c t i c e  th e  program  in d ic a te d

a  number o f  d i f f e r e n t  v a lu e s  f o r  5^ w hich v a r ie d  in  a  n o n -s y s te m a tic

manner w ith  te m p e ra tu re  (s e e  Table 7) • The mean v a lu e  o f  -210 ppm

was ta k e n  as  th e  t r u e  v a lu e . The mean e q u ilib r iu m  c o n s ta n ts  (k )mean'

c a lc u la te d  betw een 293-313 K a re  ta b u la te d  i n  T ab le 7 and a  p lo t  o f

In  vs l/Tem p. shown in  F ig .  5* The m olar e n th a lp y  change,

— 1AH c a lc u la te d  from  t h i s  p lo t  i s  + I8 .O5 + 0 .7 3  kJ mol w hich i s  in

e x c e l le n t  agreem ent w ith  th e  v a lu e  d e r iv e d  from  th e  p lo t  o f

InC vs 1 /Temp. (F ig . 3) •

Knowledge o f  5 ^ , and K f a c i l i t a t e s  th e  c a l c u la t io n  o f  ÔQ-gg f o r

any  te m p e ra tu re  and c o n c e n tra t io n .  F igure- 6 shows th e  ex p e rim en ta l

p o in ts  and th e  l i n e s  p r e d ic te d  from  th e  c a lc u la te d  p a ra m e te rs . F o r

th e  th r e e  s t r o n g e s t  c o n c e n tra tio n s  th e  c a lc u la te d  l i n e s  a g re e  v e ry

w e ll w ith  th e  e x p e rim en ta l d a ta  and o n ly  show s ig n i f i c a n t  v a r i a t i o n  f o r

th e  n e a t s o lu t io n  a t  h ig h  te m p e ra tu re . This i s  to  be ex p ec ted  s in c e

u nder such  c o n d itio n s  th e  d im er i s  a lm ost c o m p le te ly  d i s s o c ia te d  and

& i s  c o n se q u e n tly  in s e n s i t iv e  to  changes i n  th e  e q u i lib r iu m  c o n s ta n t .  
OBS

Changing 6^ by  + 10 ppm s i g n i f i c a n t l y  a l t e r s  th e  c a lc u la te d  l i n e s

in d i c a t in g  th e  s e n s i t i v i t y  o f  to  th e  v a lu e  o f  5 ^ .
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T a tl e  7

209

Temp/K C a lc u la te d  ô^ppm K /m ol”  ̂mean'

293 -2 1 2 .0 5 .4694

297 -2 1 1 .5 6.0731

301 - 216.0 6.6815

305 - 205.0 7.1123

309 - 207.0 8.1281

313 - 208.0 8.8015

2.0

32
10^/T

33 3.4

Figure 5
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F ig u re  6

C a l c u l a t e d  l i n e s  u s i n g  Ô | ^ = - l 4 8 p p ^ a n d  0 ^ =  - 2 1 0 pp m

o, x , n  E x p e r i m e n t a l  p o i n t s . Key a s  in F i g . 1
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The d a ta  f o r  th e .w e a k e s t c o n c e n tra t io n  n3UgSn(0Ac)^ co u ld

n o t he f i t t e d  to  th e  p a ram ete rs  u sed  ahove . I t  i s  p o s s ib le  th a t

a t  th e s e  d i l u t io n s  a  more co m p lica ted  e q u ilib r iu m  o ccu rs  in v o lv in g

in tr a m o le c u la r  h e x a c o o rd in a te d  s p e c ie s  o f  ty p e  I I  as  in d ic a te d  by  
32

Maeda and Okawara as  w e ll as  th e  in te rm o le c u la r  d im er I I I .

Eb f u r t h e r  a ttem p t was made to  f i t  th e s e  d a ta .

The v a lu e  o f  AH^for th e  d i s s o c ia t io n  o f  th e  d i  n -b u ty l  

t i n  d ia c e ta te  d im er i s  somewhat sm a ll compared to  th e  v a lu e s  c a lc u la te d  

by Kennedy e t a l  f o r  v a r io u s  a lk o x id e s  where b r id g in g  o ccu rs  v ia  th e
O

oxygen. T y p ica l v a lu e s  o f  AH f o r  th e  d ia lk o x id e s  a re  ap p ro x im a te ly

60-70 kJ mol \  Our v a lu e  o f  AH^for th e  d i s s o c ia t io n  o f  th e  d ia c e ta te

i s  l8  kJ mol \  This can be a t t r i b u t e d  to  two f a c t o r s :

( i )  th e  oxygen atom o f  an  a lk o x y  group i s  a  s t r o n g e r  e le c t r o n  

donor th a n  an  oxygen atom o f  a  ca rb o n y l and hence form s a  s t r o n g e r  

in te rm o le c u la r  bond to  t i n .

( i i )  th e  s te re o c h e m is t ry  about th e  carbon  atom o f  th e  ca rb o n y l 

group in  th e  d ia c e ta te  i s  such  th a t  o v e rla p  o f  th e  p o r b i t a l s  o f  th e  

oxygen w ith  th e  d o r b i t a l s  o f  t i n  i s  no t as  fa v o u ra b le  as  th e  o v e rla p  

o c c u r r in g  when th e  a lk o x y  oxygen ta k e s  p a r t  in  th e  in te rm o le c u la r  bond.

The two f a c to r s  above c o n sp ire  to  reduce  th e  s t r e n g th  o f  th e  

in te rm o le c u la r  bonds o f  th e  d im er in  nBu2S n(0Ac) 2 compared to  th e  

d ia lk o x id e s  th e re b y  re d u c in g  AH° F u rth erm o re  th e  p lo t s  o f  observ ed  

^^^Sn chem ical s h i f t s  vs te m p e ra tu re  f o r  th e  a lk y l  t i n  a lk o x id e s^  

in d i c a te  t h a t  th e y  e x i s t  a lm ost t o t a l l y  as  d im ers a t  te m p e ra tu re s  

w here th e  d ia c e ta t e  i s  s t i l l  s i g n i f i c a n t l y  d i s s o c ia te d .



212

B

C onclusion

Di n - b u t y l . t i n  d ia c e ta te  e x i s t s  i n  s o lu t io n s  o f  c o n c e n tr a t io n  

1.852 to  0 .8 4 9  mol 1  ̂ a s  an  e q u ilib r iu m  m ix tu re  o f  fo u r  c o o rd in a te d  

monomers ( l )  and p e n ta c o o rd in a te d  dim ers ( i l l ) . I n tra m o le c u la r  

h e x a c o o rd in a te d  monomers ( l l )  may ta k e  p a r t  in  th e  e q u i lib r iu m  a t  

low er c o n c e n tr a t io n s .  The e q u ilib r iu m  c o n s ta n t a t  298*K i s  found 

to  be 6 .2  mol 1  ̂ and AH°= I 8 .I  kJ mol \

C

A dvantage o f  P u lse  FT compared to  I1E)0R

The in v e s t ig a t io n  d e s c r ib e d  in  t h i s  c h a p te r  d em o n stra te s  th e

119s u i t a b i l i t y  o f  d i r e c t  p u ls e  FT o b s e rv a tio n  o f  Sn s ig n a l s .  A ll

p re v io u s  work on s im i la r  system s u t i l i s e s  th e  IIOOR method to  d e te c t

th e  re so n an ces  (se e  r e fe re n c e  6 f o r  in s ta n c e )  . This r e q u ir e s  w e ll 

119re s o lv e d  Sn s a t e l l i t e s  i n  th e  p ro to n  spectrum  to  y ie ld  a c c u ra te

t i n  chem ical s h i f t s .  F or organo t i n  m o lecu les c o n ta in in g  n -b u ty l

groups th e  s a t e l l i t e s  te n d  to  be b ro ad  due to  th e  co m p lex ity  o f  th e

b u ty l  p ro to n  re s o n a n c e s . T in  -119  chem ical s h i f t s  d e r iv e d  from  such

exp erim en ts  a r e  e s tim a te d  to  be a c c u ra te  to  + 3 ppm.^ The u se  o f

d i r e c t  o b s e rv a tio n  by  th e  p u ls e  method and p ro to n  n o is e  d e c o u p lin g

in c re a s e s  th e  a c c u ra c y  to  + 0 .1  ppm i r r e s p e c t iv e  o f  th e  o rg a n ic  groups

119bound to  th e  t i n  atom . Only se v e re  l i n e  b ro ad en in g  o f  th e  Sn

re so n an ce  w i l l  s i g n i f i c a n t l y  a f f e c t  t h i s  v a lu e .  A lthough th e  IlIDOR

119method u t i l i s e s  th e  s e n s i t i v i t y  o f  th e  p ro to n  to  d e te c t  Sn

s ig n a l s ,  s ig n a l  a v e ra g in g  and p ro to n  n o is e  decoupling i n  th e  p u ls e  FT
' 119

mode overcome th e  s e n s i t i v i t y  problem  o f  o b se rv in g  Sn s ig n a ls

d i r e c t l y .  C onsequen tly  d i r e c t  o b s e rv a tio n  by  p u ls e  FT y ie ld s  more
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119a c c u ra te  Sn chem ical s h i f t  d a ta  in  a  s h o r te r  t im e . I f  th e

v a r i a t i o n  o f  o b served  chem ical s h i f t s  i s  s m a ll,  a s  in  t h i s  s tu d y  t h i s  

in c re a s e d  a c c u ra c y  co u ld  be c r u c ia l  as  to  w hether o r  n o t a  m ean ingfu l 

a n a ly s i s  o f  th e  d a ta  can be c a r r i e d  o u t .

E x p erim en ta l

The sam ple o f  d i  n -b u ty l  t i n  d ia c e ta te  was p u rch ased  from

13Cam brian C hem icals. P ro to n  and C MÎR s p e c tr a  showed no im p u r i t ie s

and th e  i n f r a  re d  spectrum  was i d e n t i c a l  to  an  a u th e n t ic  sp ec tru m .

The sam ple was u sed  w ith o u t f u r th e r  p u r i f i c a t i o n .

119The Sn s p e c t r a  were re c o rd e d  in  p u ls e  mode u s in g  th e

sp e c tro m e te r  d e s c r ib e d  i n  c h a p te r  3 u n d er c o n d itio n s  o f  p ro to n  n o is e  

d e c o u p lin g . The MR sam ple tu b e s  were 12 mm O.D. and th e  f i e l d -  

fre q u e n c y  lo c k  m a in ta in e d  u s in g  p e rd e u te ro  ace to n e  o r  d im ethy l 

su lp h o x id e  in  a  5 mm tu b e  in s e r t e d  i n  th e  l a r g e r  t u b e '( s e e  F ig u re  7 ) .

The te m p e ra tu re  o f  th e  p robe was c o n t ro l le d  u s in g  th e  V arian  u n i t  

V6O4O and was m easured u s in g  a  Comark e l e c t r o n i c  therm ocouple  i n  a  12 mm 

tu b e .  Good th e rm a l c o n ta c t was en su red  by  th e  u se  o f  o i l  (se e  

F ig u re  8) . A pprox im ately  t h i r t y  m inu tes were re q u ir e d  f o r  th e  

te m p e ra tu re  to  s t a b i l i s e  and th e  same w a it in g  p e r io d  was u sed  on 

in t ro d u c in g  th e  sam ple to  th e  p robe p r i o r  to  a  s h i f t  m easurem ent. 

M o n ito rin g  th e  s h i f t  se rv e d  a s  a  f i n a l  check th a t  th e  te m p e ra tu re  was 

s t a b l e .

The s h i f t s  a r e  e s tim a te d  to  be a c c u ra te  to  b e t t e r  th a n  + 0 .1  ppm 

and th e  te m p e ra tu re  m a in ta in ed  to  w ith in  + O.3  K.
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CHAPTER 9 

C oncluding  Remarks
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C onclud ing  Remarks

119The most s t r i k i n g  o f th e  Sn sp in —l a t t i c e  r e l a x a t io n  tim e s  h as

been  t h e i r  le n g th  and th e  la rg e  NOE a s s o c ia te d  w ith  them . These

c h a r a c t e r i s t i c s  have s ig n i f i c a n t  p r a c t i c a l ' i m p l i c a t i o n s  f o r  o b ta in in g  
119F o u r ie r  Sn NMR s p e c t r a .  O bviously  s h o r t  T ^ 's  a re  advan tageous

from th e  p o in t  o f view  o f ( 90—% p u lse  ex p erim en ts  s in c e  th e  d e lay

(% ) i s  k e p t s h o r t .  However under c o n d i t io n s  o f  p ro to n  d e c o u p lin g  th e

p re se n c e  o f  la rg e  NOE f a c to r s  which a re  t y p i c a l  f o r  a lk y l  t i n  compounds

( o th e r  th a n  th e  s m a l le s t )  red u ce s  th e  i n t e n s i t y  o f th e  re so n a n c e s

n e g a t in g  th e  advan tage  o f th e  r e l a t i v e l y  s h o r t  T  ̂ v a lu e s .  S u p p ress io n

o f th e  NOE e f f e c t  by th e  g a te d  d eco u p lin g  te c h n iq u e  r e s to r e s  th e  i n t e n s i t i e s

b u t a  tim e p e n a l ty  has to  be p a id  s in c e  one needs to  w a it 10 T̂  in  o rd e r

to  c o m p le te ly  su p p re ss  th e  NOE. In  p r a c t i c e ,  though i f  s e n s i t i v i t y

i s  th e  o b je c t iv e  th e  experim en t can  be ru n  f a s t e r .  A f u r th e r  c o m p lic a tio n '

a r i s e s  when th e r e  i s  s i g n i f i c a n t  s c a la r  r e l a x a t io n  a s  in  a lk y l  t i n  h a l id e s .

T h is  re d u c e s  T^ (n o t T^) c a u s in g  l i n e  b ro a d e n in g . The u se  o f s h i f t l e s s

r e l a x a t i o n  re a g e n ts  has  on ly  r e c e n t ly  begun to  be in v e s t ig a te d  and such

119compounds w i l l  be welcomed by a l l  in v o lv e d  in  F o u r ie r  tra n s fo rm  Sn NMR.

Such m ethods however a re  o f  l im i te d  u se  i f  r e l a x a t i o n  b eh av io u r i s  u n d er

119in v e s t ig a t io n  and th e  la rg e  NOE f a c to r s  f o r  Sn a re  c e r t a i n l y  a  problem  

when m easuring  T ^ 's .  The u se  o f  g a te d  d eco u p lin g  when m easu ring  T ^ 's  i s  

n o t a d v ise d  s in c e  th e  v a lu e s  th u s  o b ta in e d  may n o t be c h a r a c t e r i s t i c  o f  th e  

t r u e  ^^^Sn T^. U n fo r tu n a te ly  th e n  th e  e x p e rim e n te r  i s  fa c e d  w ith  

d e c re a s in g  s e n s i t i v i t y  as  th e  NOE in c re a s e s  w hich r e s u l t s  in  th e  need  f o r  

many f r e e  in d u c tio n  decays b e in g  accum ula ted  in  o rd e r  to  b u i ld  up s u f f i c i e n t  

s ig n a l  f o r  s p e c tr a  to  be o b served .
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The s p in - r o t a t i o n  r e la x a t io n  mechanism i s  e x p e c te d  to  he im p o rta n t in  

119r e la x in g  Sn because o f th e  la rg e  chem ica l s h i f t  ran g e  o f  t h i s  n u c le u s

and t h i s  has been con firm ed  in  a  number o f  m o lecu le s  in  t h i s  work.

SRThe r e l a t i o n s h ip  betw een R  ̂ and th e  param ag n e tic  te rm  ( U p )  o f  th e  

s c re e n in g  c o n s ta n t  h as  been  d em o n stra ted .

The m o tio n a l b eh av io u r o f  th e  o rg a n o tin  m o lecu le s  s tu d ie d  in  t h i s  

work su g g e s ts  t h a t  th e  o v e r a l l  m otion i s  n o t to o  a n i s o t r o p ic  even where

th e  m o lecu le s  a re  n o t s p h e r ic a l  to p s .  Even fo r  Ph^SnH where th e  a n iso ­

tro p y  i s  e x p e c te d  to  be most marked th e  r a t i o  o f  th e  d i f f u s io n  c o n s ta n ts

D„ /D j_ i s  found  to  be 0 .4 9 .

13In  th e  n - a lk y l  t i n  compounds s tu d ie d  th e  C r e l a x a t io n  d a ta  in d i c a te s  

seg m en ta l m otion w ith  th e  i n e r t i a l  e f f e c t  o f th e  t i n  n u c le u s  e f f e c t i v e l y  

a n c h o rin g  th e  a lk y l  m ethylene g roups d i f f e r e n t i a l l y .

119The v a lu e s  o f  th e  e f f e c t iv e  c o r r e l a t i o n  tim e s  d e riv e d -fro m  th e  Sn 

1 3and a -  C d a ta  a re  c o n s i s t e n t ly  d i f f e r e n t ,  th e  v a lu e s  c a lc u la te d  from  th e  

1 3C d a ta  b e in g  a p p ro x im a te ly  th r e e  tim es  f a s t e r .  T h is  i s  n o t s u r p r i s in g

s in c e  th e  t in - r e m o te  a p ro to n  v e c to r  and th e  ^^C-H v e c to r  make d i f f e r e n t

a n g le s  to  th e  main symmetry a x i s .  A lso th e r e  i s  r o t a t i o n  ab o u t th e  t i n -

13ca rb o n  bond w hich w i l l  reduce  th e  c o r r e l a t i o n  tim e f o r  th e  C-H v e c to r .

T h is  i s  q u i t e  a  u s e f u l  a s p e c t o f  th e  carb o n  r e l a x a t i o n  d a ta  s in c e  i t  seems

t h a t  f o r  th e  t in - re m o te  p ro to n  v e c to r  can  b e e s tim a te d  ( a l b e i t  c ru d e ly )

13 13by m easu ring  a  C T^. F o r w orkers w ith  a c c e s s  to  a  C sp e c tro m e te r

119w ith o u t f a c i l i t i e s  f o r  o b se rv in g  "^Sn t h i s  c o u ld  w e ll  be im p o r ta n t .

E xcept f o r  th e  in v e s t ig a t io n  o f  Ph^SnH th e  c h o ic e  o f m o lecu le s  h as  

been  such t h a t  th e  v e c to r s  have been somewhat i l l - d e f i n e d  and have 

c o n se q u e n tly  l im i te d  th e  d e t a i l e d  u n d e rs ta n d in g  o f th e  m o tio n a l b e h a v io u r
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o f th e s e  m o le c u le s . The o v e r a l l  im p re ss io n  from  th e  a v a i la b le  d a ta  i s

t h a t  th e  o rg a n o tin  m o lecu les  r e o r i e n t  somewhat s lo w ly . As has been

shown i t  i s  q u i te  common to  observe c o r r e l a t i o n  tim es  betw een 30 and

100 p s .  T h is  o b s e rv a tio n  sh o u ld  be tem pered  w ith  th e  f a c t  t h a t  th e

v e c to r s  from w hich th e s e  c o r r e l a t i o n  tim es  have been  d e r iv e d  a re  n o t

f ix e d  and must th e r e f o r e  be somewhat im p re c is e . However com parison  w ith

an a lo g o u s  ca rb o n  and s i l i c o n  m o lecu les  (and  th e r e f o r e  c lo s e ly  r e l a t e d

v e c to r s )  r e v e a ls  t h a t  th e  o rg a n o tin  m o lecu les  do in d e e d  r e o r i e n t

c o m p a ra tiv e ly  s lo w ly . T h is i s  a t t r i b u t a b l e  to  th e  la rg e  i n e r t i a l  e f f e c t

o f  t i n .  I t  i s  t h i s  slow r e o r i e n t a t i o n  o f such  o rg a n o tin  m o lecu le s  t h a t

e n a b le s  non-bonded p ro to n s  to  c o n t r ib u te  s i g n i f i c a n t l y  to  th e  d ip o la r  • 

119r e la x a t io n  o f  Sn.
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APPENDIX A



n u

and NOE d a ta  f o r  ^^^Sn and n u c le i  in  

n-Bu-jSniî(neat)

13p T. m easured a t  PCMU on B ruker HX 90

^^^Sn and NOE m easured u s in g  JEOL EX100Q
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T = 233 K »T

I  /s a P Y 5

2 .2 57.0 57 .5

1.9 56 .0

1 .6 52 .5

1 .3 43 .0 51 .0 45.0 39.0

1 .0 39.0 44 .0 40 .0 25.5

' 0 .8 37.0 36 .5 33 .0 19.0

0 .7 33.0 32 .5 22.0 14.0

0 .5 5 28.0 24 .5 15.0 1.0

0 .4 17.0 8 .0 5 .0 - 8 .0

0 .3 9 .0 —2.0 —3 .0 —14.0

0 .1 —18.0 —26.0 - 33 .0 -39*0

0 .0 5 - 28.0 —39 .0 —34.0 —45.0

50.0 59 .5 60.0 64.0

T / S 0.51 0 .51 0 .6 1 0 .7 5

T = 2A3 K Mt

x / s a P Y 5

2 .2 59 .0 4 8 .0

1 .9 49 .0 51.0 4 6 .5 39.0

1 .6 48 .0 50.0 45.0 35.0

1.3 46 .0 43 .0 36.0 22.0

1.0 35.0 30 .0 25.0 16.0

0 .7 30.0 18.0 12.0 0 .0

0 .4 7 .0 —6 .9 -1 1 .0 - 21 .5

0 .1 -2 8 .0 - 39.0 —42.0 —40.0

51 .0 61.0 69.0 64.0

T / S 0 .6 6 0 .7 4 0 .7 9 1 .16
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T = ?53 K

I /s a P Y 5

3.0 50 .5 57 .5 52 .0 51 .0

2 .6 51.5 55.5 50 .5 46 .0

2 .2 44 .0 50 .5 48 .0 35.5

1 .8 43 .0 43 .0 38.0 31.0

1 .4 37.0 33.5 20 .5 18.0

1.0 24.5 12.0 9 .0 0 .0

0 .6 6 .0 —2.0 - 9 .5 —18.0

0 .2 -2 1 .5 —36.0 —38.0 - 39 .5

54.0 62 .0 63.5 65 .0

T/S 0 .8 4 0 .8 9 1.19 1.39

T = 263 K Mx

I / S a G Y 5

3 .6 53 .5 49 .0 45 .5

3.1 46 .5 49 .0 4 2 .6 34.3

2 .6 41.0 41.0 33 .6 28.2

2.1 41 .0 33.0 30.0 22 .2

1 .6 31.0 24.0 20.0 6 .5

1.1 14.8 11.0 0 .0 —1.0

0 .6 —1.0 - 15.0 —17.0 —24.0

0 .1 —40.5 —46.0 - 45 .0 —51.0

51 .0 64.5 61.0 63 .3

T / S 1.03 1.55 1.67 2 .0 3
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T = 273 K

l / S . a (3 Y ô

5 .1 53.0 56.0 44.0 45 .0

4 .4 40 .0 44 .5 34.0 28.0

3 .7 39 .5 4 3 .8 35.0 25.0

3 .0 35.5 33.0 27.0 23.7

2 .3 29.0 25.0 19.0 10.5

1 .6 1 .8 5 .5 0 .0 0 .0

0 .9 0 .0 —7 .0 -1 2 .5 - 17 .4

0 .2 -2 6 .0 -3 6 .5 -3 5 .5 —34 .4

5 7 .0 65 .7 47 .0 64.0

T / S 1.90 2 .2 7 2 .63 3.39

T = 293 K

l / S a P V 5

7 .0 39.3 46.0 35.0 34.5

6 .0 38 .5 41 .0 32 .6 31.5

5 .0 37.0 38.0 28.0 25.0

4 .0 26.5 28.0 22 .0 16.0

3 .0  . 16.5 9 .0 7.5 6 .0

2 .0 8.5 0 .0 —2 .0 - 9 .5

1.0 -1 2 .0 -2 1 .0 —18.0 - 25 .0

K . 51 .0 65.0 5 6 .0 5 4 .6

T / S 3 .33 3 .86 4 .5 6 4 .20
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T = 313

I /S a P y ô

15.0 •47 .0 5 5 .6 4 9 .5 48 .0

13.0 53 .0 58.0 4 6 .5 32 .3

11.0 38.0 48.0 3 9 .3 38.3

9 .0 40 .5 45 .0 34.3 32.0

7 .0 36.0 34.5 26.3 23.3

5 .0 13.0 15.0 13.0 7 .0

3 .0 8 .0 4 .0 3 .0 3 .0

1.0 - 19.5 -2 8 .0 - 29 .3 - 37.3

54 .0 64.0 60.0 63.0

T / S 4 .3 6 5 .2 4 6 .73 7 .32

T = 333 %

T / S a P Y 6

10.8 39 .5 40 .0 33.0 33 .0

9 .6 42 .0 36 .3 31.3 30.0

8 .4 33.0 28.0 23.3 21.0

7 .2 29 .3 24 .0 17.0 15-3

6 .0 22 .0 18.3 10.3 9 .5

4 .8 13.0 3 .0 —1 *0 —1.0

3 .6 5 .5 —4 .0 - 10.3 -1 2 .0

2 .4 -6 .0 —16.0 - 2 1 .4 -2 0 .0

Moo 52 .5 62.0 63.3 62.0

T / S 4 .90 6 .4 4 7.80 7 .83
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T = 353 K Ml

i / s a P y ô

15.0 40.0 41.0 32 .6 35 .2

13.0 38.5 33.0 27.0 2 9 .6

11.0 34.5 27.0 23 .0 24.0

9 .0 30.0 22.0 12.0 15.0

7 .0 20.0 11.0 3 .6 4 .5

5 .0 6 .0 0 .0 - 5 .5 - 5 .5

3 .0 - 7 .0 - 16.0 - 17.5 - 21 .0

1.0 - 27.0 —34.0 —36.0 —41.0

54.0 59 .5 58 .5 63.0

T / S 7 .5 7 9.01 10.91 10.68

T = 383 K

t / s a P 7 ô

15.0 37.5 32.0 23 .0 31.0

13.0 32.0 25.0 18.0 27.0

11.0 25 .0 16.0 8 .5 15.5

9 .0 16.0 7 .5 2 .5 10.5

7 .0 6 .0 1.0 —5 .0 —1.0

5 .0 0 .0 - 6 .0 —14.0 -1 1 .2

3 .0 - 11.5 - 19.0 —24 .0 - 30 .0

1.0 —28.0 -3 1 .0 - 33 .5 - 47 .3

5 3 .2 60 .0 5 6 .0 65 .0

T / S 8 .7 4 12.30 14.00 11.64
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T = 307 K Mi

T /S a P Y 6

0 .5 -3803 -4424 -4710 -5032

1.0 -2051 -2689 -2513 -3336

2 .0 644 -387 -1169 -1437

3 .0 2639 1857 1029 820

4 .0 4238 3621 2942 2694

5 .0 4995 4694 4111 3906

6 .0 6127 5441 5279

7 .0 6684 6159

8516 9601 10622 10303

T / S 3 .43 4 .2 4 5 .1 3 5 .06

1.62 1.49 1.66 1.61

119 Sn and ITOE

T = 307 K

i/s Mr.

0 .2 -8531

0 .5 -7084
1 .0 -5755

1.5 -3995

2 .0 -2434

2 .5 -1121

3 .0 247
4 .0 2237

5 .0 3670

10551
T/S 4 .6 6

- 0 .4 3
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and ÎTOE d a ta  f o r  ^^^Sn and n u c le i

in  nBu^SnCl (n e a t)

119Sn and ITOE m easured u s in g  sp e c tro m e te r  

d e s c r ib e d  in  C hap ter 3

1 C and ITOE m easured u s in g  JEOL PX 100Q



232

T = 2 50 .7  K

l / S

0 .2 -1 6 3 .5
0 .4 -8 2 .0
0 .6 -2 7 .0
0 .8 —11.0
1.0 24.0
1.2 72 .5
1.4 83 .0
1.6 117.5
1.9 150.0

256
T / S 1.30

T = 257 .7 K

l / S

0 .2 -1 5 5 .5
0 . 4 -180 .0
0 .7 - 5 1 .0  '
0 .9 -4 3 .5
1.2 0 .0

1.5 44 .0
1.8 69.0
2.1 81.0
2 .5 123.0

233.0
T / s 1.89

T = 262.9  K

l / S Ml

0 .1 - 190.0

0 .5 —116.0

1.0 - 77 .5

1 .4 0 .0

2 .0 46 .0

2 .5 75 .0

3 .0 131.0

3 .5 146.0

248.0

T / s 2 .30

T = 300.3  K

, T /s M%

0.1 -1 8 3 .0
0 .5 —166.0
1.0 -1 5 0 .5
2.0 - 82.0
3.0 —45.0
5 .0 4 6 .0
6 .5 65 .0
9 .0 111.0

195.0
T / s 5 .7 4

T = 319 .3  K

t / s « t

0 .2 -1 4 9 .0
1.0 —134.0 .

2.0 -7 5 .0
3.0 -3 2 .0
4 .0 0 .0
5 .0 26 .5
6.0 5 3 .0
7 .0 77 .0
8 .5 94 .0

187.0
T / s 6.12

T = 338 K

T /s %

0 .2 —17 0 .0
0 .8 -1 4 3 .0
1.8 —76.0
2.8 - 3 3 .0
3.8 0 .0

5 .0 42 .5
6.0 64 .0
7.0 85 .5
M.O 203
T /s 5 .82
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T = 370.7 T = 381.5

x / s  Mt- x /S

0 .2  - 179.0 0 .1  -1 7 8 .0
1.0 - 108.0 1.0 - 108.0
2.0  -4 0 .0 2 .0  -3 6 .0
3.0  - 6.0 3 .0  25 .0
4.0  48 .5 4 .0  56 .0
5.0  71.0 5 .0  82.5
6.0  103.0 6 .0  116.0
7.0  119.5 7 .0  118.0

213.0 184.0
t / s  4 .75 t / s  3.83

T = 390.4

t / s Mx

0 .2 -1 6 5 .5
0 .7 -9 5 .0
1.2 —70.0
2.0 -1 4 .5
3.0 30.5
4 .0 67.0

5 .0 89 .0
7 .0 123.0

177.0
T / s 3 .73

T = 4 10 .4

i / s «X

0.1 —16 9 .0
0 .6 -1 2 3 .5
1.1 -5 3 .0
1 .7 - 3 3 .0
2 .4 42 .0
3.0 5 2 .0
3 .5 81 .0
4 .5 124.0

192.0
T / s 2.71
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119 Sn FOE d a ta  f o r  nBu^SnCl

Temp/K I n te n s i ty  
(g a ted ) Ig

I n t e n s i t y  
w ith  FOE 

Iw
T)

253.5 204.0 -6 8 .0 - 1.33

266.5 211.5 - 54 .0 —1. 26

■ 276.6 216.0 - 35.5 —1.16

285.0 209.5 —18.0 - 1.09

300 .4 198.0 32.5 —0 .8 4

317.2 215.5 108.0 - 0 .5 0

330 .6 214.0 148.5 - 0 .3 0

341.8 220.5 187.0 - 0 .1 5

348.0 198.5 153.0 - 0 .2 3

368.3 211.0 144.0 - 0 .3 2

394.5 189.0 194.0 0 .0
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13 C In v e rs io n  re c o v e ry  and M)E d a ta

f o r  nBu^SnCl

T = 307°K %

T/S a P Y ô

0 .1 -3618 -4354 -4522 -4887

0 .3 -2106 -3048 -3563 -4049

0 .5 -899 -2212 -2731 -3512

0 .7 336 -1513 -2237 -3206

1.0 1409 -423 -1171 -2241

1.5 2728 1174 424 -1168

2 .0 2369 1364 439'

2 .5 3272 2268 821

3 .0 2947 1671

5491 5947 5970 6560

T / S 1.13 1.83 2.31 3.40

1.90 2 .0 2 .0 1.88
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and HOE d a ta  f o r  ^^^Sn and ^^0 

n u c le i  in  nPr^SnCl (n e a t)

ll^ S n  and HOE m easured u s in g  s p e c tro m e te r  d e s c r ib e d  

in  C hap ter 3

13çj and HOE m easured u s in g  JEOL PX100Q
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119Sn d a ta

T = 279.5  °E

t /s Ml
0 .2 -1 7 3 .5
0 .6 -1 5 3 .5

1.5 - 87 .0

2 .5 -3 2 .0

4 .0 28 .5

7 .5 . 111.5

9 .0 142.0

200.5

T / S 4 .8 4

T = 299.3  K

l / S -

0 .1 - 180.0

0 .3 - 167.0

0 .8 - 127.0

1 .4 - 92 .0

2 .0 . -5 7 .0

3 .2 0 .0

3 .8 27.0

5 .0 60 .0

6 .0 93 .5
192.0

T / S 4 .5 3

T = 313 .6  K

l / S

0 .5 —164.0

1.5 - 101.0

2 .5 - 29 .0

3 .5 6 .0

4 .5 36 .0

5 .5 72.0

6 .5 106.0

7 .5 117.5
213.0

T / S 5.01

T = 331.2  K

i/s Mi

0 .5 - 153.0

1 .5 - 83 .0

2 .5 - 19.0

3 .5 33 .5

4 .5 79.0

6.5 127.0

7 .5 145.0
204.0

T / S 3.83

T = 344.0 K

l / S Ml

0 .3 - 169.5
1.0 - 105.0

1 .7 - 53 .5

2 .4 0 .0

3 .0 41 .0

3 .7 68 .0

4 .5 114.0

5 .4 137.0

Me* 221.0

T / S 3 .2 7

T = 358 .9  K

l / S Ml

0 .5 -1 2 0 .0

1.0 - 77 .0

1.5 - 39 .0

2 .5 22 .0

3 .0 5 6 .5

3 .5 69 .0

4 .0 90 .0

5 .0 124.0

194.5
t / s 3.05
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T = 385°%

I  / s Mi

0 .2 - 170.0

0 .5 - 115.0

0 .8 —66.0

1 .4 0 .0

2 .0 37.0

2 .6 94 .0

3 .1 113.5
3 .7 137.0

M 221.0

" l 2 .2 8

119 Sn MDE d a ta

Temp/ K I n t e n s i t y  
(g a ted ) Ig

I n t e n s i t y  w ith  
HOE Iw

253.5 104.5 - 8 .0 —1 «08

266.5 200.0 5 0 .0 - 0 .7 5
276.6 195.5 5 5 .5 - 0 .7 2

285.0 209.5 8 1 .0 -0 .6 2

300 .4 206.0 137.0 -0 .3 4
317.2 216.0 176.0 - 0 .1 9
3 30 .6 220.0 172.0 -0 .2 2

368 .3 221.0 209.5 - 0 .0 5

394.5 209.0 183.5 -0 .1 2
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13 C and M)E d a ta

T = 307 K Mi

l / S a P Y
0 .1 -7369 -7458 -7304

0 .2 -6729 -6955 —6662

0 .4 -5671 -6193 -6108

0 .6 -4533 -5303 -5231

0 .8 -3833 -4738 -4804

1.0 -3054 -4116 -4300

1.3 -1629 -2847 -3009

1 .6 -684 -1959 -2402

2 .0 682 -853 -1505

8682 8601 7751

T / S 2 .7 7 3 .62 3.91

T1 1.89 2 .00 1.87
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d a ta  f o r  in  nBu^SnD (n e a t)  u s in g  

sp e c tro m e te r  d e s c r ib e d  i n  C hap ter 3
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T = 258 K

x / s Mx

0 .005 - 178.0

0 .01 - 157.0

0 .0 3 - 128.0

0 .0 5 - 92 .0

0 .0 7 - 67 .0

0 .0 9 —40 .0

0 .1 5 30 .0

0 .1 8 . 53.5
0 .21 61.0

0 .2 4 83.0

0 .2 8 93 .0

M 00 172.0

T / s 0 .1 8

T = 287.5  K

x / s Mi

0 .0 1 - 184.0

0 .0 1 5 - 170.0

0 .021 - 155.0

0 .0 5 - 138.0

0 .1 0 - 111.0

0 .1 6 - 77 .0

0 .2 2 - 4 5 .5
0 .2 8 —20 .0
0 .3 5 19.0
0 .4 2 39.5
0 .5 0 65.0
0 .5 8 84.0
0 .6 5 101.5

Moo 195.0

T / s 0 .4 4

T = 268 .4  K

x / s Ml

0.01 - 193.0

0 .0 3 - 152.5
0 .0 5 —136.0

0 .0 8 —87 .0

0 .1 0 - 65 .0

0 .1 3 - 48 .5
0 .1 8 —16.5

0 .21 25.0

0 .2 4 41 .0

0 .2 7 66.0

0 .3 0 75.5

0 .3 4 95 .0

0 .4 130.0

Moo 213.0

T / 8 0.25

T = 298.5  K

x / s M-c

0 .0 5 - 190.0

0 .1 0 - 151.0

0 .1 5 - 121.5
0 .2 - 92 .5
0 .2 5 -1 1 .0

0 .3 0 - 50 .0

0 .3 5 - 29 .0

0 .5 0 36.0

0 .5 5 48 .0
0 .6 0 52.0
0 .7 0 80.0
0 .8 0 97 .0

0 .9 0 115.0

M.O 218.0

T / s 0 .6 2

T = 278 K

x / s Mt

0 .0 1  - —196.0

0 .0 5 - 148.0

0 .1 0 - 94 .0

0 .1 5 - 5 8 .0

0 .2 0 - 23 .0

0 .2 4 14.5
0 .2 8 29 .0

0 .3 3 5 1 .5
0 .3 8 63.0

0 .4 3 96 .0

0 .4 8 105.0

Mco 198.0

T / S 0 .3 3

--

T = 311 .7  K

x / s Ml
0 .1 - 135.0

0 .2 —104.0

0 .3 - 6 1 .0

0 .4 —30.0

0 .5 0 .0

0 .6 24 .0

0 .1 4 3 .0
0 .9 66 .0
1.1 9 3 .0
1 .3 107.0

162.0

T / s 0 .7 0
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T = 323.8 K •

I  / s Mi

0 .1 - 161.0

0 .2 - 117.0

0 .3 - 82 .0

0 .4 - 59.0

0 .5 - 42 .0

0 .6 —18.0

0 .8 31.0

1.1 74.0

1.3 100.5

1 .6 122.5

M». 199.0
T / s 0 .9 6

T = 336.0  K

l / S «T

0 .1 —166.0

0 .2 - 125.0

0 .3 - 96 .5

0 .4 —84.0

0 .5 - 51 .0

0 .6 - 33 .0

0 .7 —14.0

0 .9 28 .0

1.1 5 1 .5

1.3 70 .0

1.5 9 6 .5
192.0

T / s 1.09

T = 356.0 K

x / s «T
0 .1 - 171.5
0 .2 —141.0

0 .3 —108.0

0 .4 - 101.0

0 .5 —70.0

0 .6 —61 .5

0 .7 - 57 .0

0 .8 - 37 .5

0 .9 - 15.0

1.1 9 .0

1 .3 35.5

1.5 49 .0

1 .7 62 .5
2 .0 78 .5

M.O 161.0

T / s 1.35



243

119
. and M5E d a ta  f o r  Sn^Me^ (n e a t)

m easured u s in g  s p e c tro m e te r  d e s c r ib e d  in  

C hap ter 3
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T = 331.5

I / s Mi

0.1 - 101.0

0 .3 -5 8 .5

0 .5 —34.0
1.0 16.0
1.2 28 .0

1.4 53.5
1.6 44.0
1.8  • 67.0
2.0 81 .0

125.0
T / S 1.26

T = 341 .4

x / s Mx

0 .1 - 129.0

0 .3 —90.0

0 .5 —42.0

0 .9 22 .5
1.1 43 .0

1.3 69 .0

1 .5 86 .5

1 .7 102.0

2 .0 124.0

199.0

T / s 1.29

T = 347.3

x / s %

0.01 - 178.0
0.1 —147.0

0 .3 - 88.0

0 .4 - 68.0

0 .5 —43.0

0 .9 30 .0
1.0 5 0 .0
1.2 73 .5
1 .4 101.0

1.6 123.0
M^ 212.0

T / s 1.10

T = 356.0 T = 366.0

x / s Mx x / s Mx

0.1 -1 6 0 .0 0.01 -1 9 0 .0
0 .2 -1 3 5 .0 0.1 —144.0
0 .3 —8 3 .0 0 .2 - 108.0

0 .4 —66.0 0 .3 -7 3 .0
0 .5 —3 8 .0 0 . 4 —58.0
0 .8 30.5 0 .5 —17.0

0 .9 43 .0 0 .7 27 .0
1.0 65.5 0 .8 4 6 .0
1.2 88.0 0 .9 5 9 .0
1 .4 114.0 1.1 85 .5
M^ 213.5 1.2 9 5 .0
T / S 0 .9 9 M« 197.5

T / s 0 .8 9
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T = 388.0

i/s Mi

0 .01 -1 2 6 .5
0 .1 -1 0 1 .0

0 .2 -6 8 .0

0 .3 -3 7 .0
0 .4 -1 8 .5

0 .5 8 .5
0 .6 27 .0

0 .7  - 38 .0

0 .8 53 .5

0 .9 60.0

1.0 75.0

130.0

T / S 0 .6 5

T = 403

t / s

0 .01 -1 2 7 .5
0 .1 -8 7 .0

0 .2 -5 7 .0

0 .3 —41.0
0 .6 33 .0

0 .7 49 .0
0 .8 56 .0

0 .9 67 .5
1.0 75 .0

117.5

T / s 0 .5 6

ITOE d a ta

Temp/K I n t e n s i t y  I n t e n s i t y  _ 
(g a ted ) w ith  MDE ’

329 .7
341 .8  

368.3

210.0 166.0 - 0 .0 5  

203.5 199.0 -0 .0 5  
209.0 210.0  0 .0
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d a ta  o f  n-Pr^SnH (n e a t)

M easured a t  PCMU on B ruker HX90
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T = P73 K

i / s a P Y

0 .7 5 - 37.0 - 40 .0 - 37 .0

1.50 -2 2 .0 - 25.0 —24 .0

3.00 0 .0 0 .0 0 .0

6.00 26.0 28.0 26 .5

56.0 63 .5 50 .0

T / S 4 .6 6 5 .0 4 4 .2 2

T = 2%3 K

i / s a P Y

1.0 —36.0 - 39 .5 —34-0

2 .0 —18.0 -2 2 .0 —20.0

4 .0 6 .0 4 .0 3 .5

8 .0 34.0 35.0 33.5

59 .0 64.5 64.5

T / S 5 .2 7 5 .5 6 6 .03

T = 293 K Mx

i/s a P Y

1.25 —28.0 -3 2 .0 - 29 .0

2 .5 - 15.5 - 18.0 - 17.5

5 .0 5 .0 2 .5 5 .0

10.0 30.0 34.0 29 .5

20 .0 58 .0 30 .0

M o . 55 .5  • 64 .0 60 .5

T/S 7 .36 6 .73 8.74
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T = 307 K

t / s a 3 y

0 .7 5 - 36.0 - 39.0 - 35.0

1.5 —30.0 - 31.5 - 28 .0

3 .0 - 16.5 - 20.0 —16.0

6 .0 5 .0 3 .5 3 .0

12.0 31.0 32.0 29.0

24.0 50.0 54.0 49.0

58.0 65.0 59 .0

T / S 9 .3 7 10.28 10.34

T = ^18 K «X

l / S a p y  '

2 . 0 - 29.0 - 32.0 - 27 .5

4 .0 —13.0 —14.0 —13.0

8 .0 11.5 7 .0  • 8 .0

16.0 40.0 39.5 36.0

64.0 63 .5 62.0

T / S 10.32 10,18 11.34

T = 333 K «X

i / s a p y

1.5 —30,0 - 35.0 —34.0

3 .0 —18.0 - 27 .0 - 21 .5
6 .0 —5.0 —10.0 . - 3 .5

12.0 15.0 15.0 18.0

24.0 37.0 36.0 39.0

48 .0 46.0 52.0

48 .5 54.5 53 .0

T / s 12.64 13.09 12.39
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T = 353 K

Vs a P Y
1.5 - 25 .0 —26.0 - 23 .5

3 .0 - 19.5 -2 1 .0 —16.0

6 .0 —4.0 - 7 .0 - 5 .0

12.0 8 .0 5 .0 8 .0

24.0 25.0 26.0 22.0

42.0 40.0 37.0

T / S 16.57 14.63 16.37
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13çj and ITGE d a ta  f o r  Ph^SnH (90^ v /v  in  to lu e n e  dg) 

M easured u s in g  J e o l  PX100Q
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T = 303 K «X

i / s G0 cm %

0 .01 -5192 -4513 -1129

0 .0 2 -4874 -4401 -949

0 .0 3 -4704 -4151 -762

0 .0 5 -4316 -3817 -423

0 .0 6 -4099 -3681 -296

0 .0 7 -3844 -3602 -159

0 .1 0 -3273 -3136 268

0 .1 3 -2126 -2614 618

0 .1 6 -2279 -2233 886

0 .2 0 -1575 -1717 1129

IVU 5517 4973 2244

T / 8 0 .4 6 8 0 .543 0 .1 6 8

Tj 1.80 1.71 1.75

T = 303 K %

l / S
Carbon 
a d ja c e n t 
to  t i n

0 .2 -2083

0 .5 -1900

1.0 -1481

1.5 -926

2 .0 -434  ,

3 .0 389

4 .0 1145

5 .0 1750

7 .0 2723

5335

T / S 6.490

T) 1.40
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and M)E d a ta  f o r  n e a t riBu2Sn(0Ac) ^ 

M easurem ents a t  22 .37  MHz u s in g  sp e c tro m e te r  

d e s c r ib e d  in  C hap ter 3«
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T = 980 K

t / s Ml

0 .0 5 - 193.5
0 .1 0 - 115.0

0 .1 5 -4 9 .0

0 .2 5 51 .0

0 .3 0 68.0

0 .4 0 112.0

0.A5 151.0

'0 .5 0 174.0

0 .6 0 206.0

% , 288.0

T / S 0 .3 2

T = 299 .8  K

i/s «T
0 .1 - 173.5

0 .3 - 83 .5

0 .5 —26.0

0 .8 54 .5
1.0 9 1 .5
1.2 116.0

1 4 153.0

235.0

T/s 0 .8 4

T = 312.7 K

t / s %T

0 .1 - 164.5

0 .3 - 137.5

0 .4 - 92 .5
0 .6 - 5 9 . 0

1.0 - 9 .0

1 .4 5 2 . 5

1.6 79.0

1 .8 109.0

1.0 116.0

223.0

T / s 1.44

T = 319 .3  K -

x/s

0 .1 -1 2 2 .0

0 .3 —117.0

0 .5 - 75 .5
0 .8 - 39.0

1 .2 0 .0

1.5 35.0

1 .8 68.0

2 .2 93 .0

2 .6 116.0

Mao 218.0

T/s 2.00
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T = 325.8  K .

I / S Mx

0 .1 - 179.0

0 .5 -1 1 1 .0

0 .8 -8 9 .0

1.1 - 54 .0

1.5 - 17.0

2 .0 29 .5

2 .5 67.0

. 3 .0 89 .0

3 .5 116.0

Mx, 234.0

T / s 2 .74

T = 337.5  K

I  / s

0 .5 - 139.5
1.0 - 69 .0

1.5 - 30 .5
2 .0 33.0

2 .5 65 .0

3 .0 94 .0

4 .0 136.0

M^ 233.0

T / s 2 .58

T = 350.3 K

t / s Mx

0 .5 - 137.0

1.0 - 95 .0

1.5 - 52 .0

2 .0 —5 .0

2 .5 35.0
3 .0 53 .5
4 .0 100.5

4 .5 123.0

5 .0 142.5
Mx, 230.5

T / s 3.17

T = 372.0

t / s Mx

0 .5 —144*0

1.0 —113.0

• 1 .5 - 59 .0

2 .5 14.0

3.0 32.0

3 .5 64 .0

4 .0 96 .0

4 .5 102.0

M.O 232.0

T / s 3 .5 8
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T = 402 K

l / S %

0 .5 - 118.0

1.0 - 85 .0

1.5 —42.0

2 .5 11.5
3 .0 48 .5

3 .5 58 .0

4 .0 71 .0

4 .5 9 7 .5
203.0

T / S 3 .67

I n t e n s i t y I n t e n s i t y 71Temp/K (g a ted ) (norm al) '1

276 .6 180.0 117.0 - 0 .3 5

284.3 208.0 137.0 -0 .3 4

300 .7 228.0 154.0 - 0 .3 3

317.2 196.5 131.0 -0 .3 3

348.0 219.0 133.0 -0 .3 9

368 .3 219.0 153.0 - 0 .3 0
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APPENDIX B
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7 4 / 7 4  0 P T = 2  F I N  4 . 4 + 4 2 8

p r o g r a m  i n e r t  ( I N P U T , O U T P U T , T A P E 5 = I N P U T , T A P E 4 = 0 U T P U T )  I
D l r F N S I O N  X ( 9 0 ) , Y ( 9 9 ) , 7 ( 9 9 ) , AMASS( 9 9 ) , S Y M ( 6 ) , A F X ( 6 ) , A F Y ( 4 ) , A H X ( ,  

1 A H Y ( 4 ) . T ( 3 , 3 ) , V E C A ( 3 ) , V ^ C R ( 3 ) , V E C C ( 3 ) , P A T ( 3 , 3 ) , T A P ( 3 , 3 ) , A M ( 3 , 3 )  
? A I ( 3 , 3 ) , 4 ( 9 9 )

FEAT NEWX 
W R I T F ( 4 , 1 0 0 )

1 0 0  F O F u a T f *  HOW KANY ATOMS APE THERE I N  THE MOLECULE* )
R E aO ( S ,  1 0 1 )  rJATOM

101 FORMAT( I j )
W R I T E ( 4 , 1 0 2 )

102  f o r m a t ( *  p l e a s e  e n t e r  t h e  X , Y  a n d  Z COORDI NATES OF EACH ATOM *
1 / *  F o l l o w e d  b y  i t s  a t o m i c  m a s s ,  u n i t s  t o  b e  u s e d  a e  a n g s t r o m s *
? / *  ÛNIÜ A . M . U ' S . X , Y , Z , A N 0  mass  f o r  EACH ATOM ARE ENTERED AS FOUR 
3 / *  F 9 . 4  NUMBERS P i R  L l N ^ * / )  

on 1 0 4  J = 1 , N A T 0 M  
R E A 0 ( 5 . * ) X ( J ) , Y ( J ) , Z ( J ) , AM AS S ( J )

1 0 4  CONTI NUE
: CAl ri .JLATE THE CO ORDI NATES OF THE CENTRE OF G R A V I T Y

CX = 0 .  0 
CY = A ,  0 
C Z = 0 . 0  
T O T = 0 . 0
DO 4 k = 1 , N A T 0 M  
a = a m a s s ( k )
TOT=TOT+A
C X = C X + A * X ( K )
CY-” Cy + A*Y (K)

4 C Z = C 7 + A * Z ( K )
C x = C x / T O T
C Y = C Y / T 0 T
C Z = C 7 / T 0 T
W R I T E ( 4 , 7 ) C X , C Y , C Z

7 f o r m a t ( I X , *  FOR T H I S  MOLECULE THE CENTRE OF G R A V I T Y  HAS CO-OROS  
1 / , F 4 . 3 * , * F 4 . 3 * , * F 6 . 3 )

: I N I T I A L I Z E  THE TENSOR MAT RI X
Do i n  K = l * 3
DO 10 J = l , 3  

10 T ( K , J ) = Ü . O
: c a l c u l a t e  THE e l e m e n t s  o f  t h e  t e n s o r  MARI X

DO A k = i , n a t o m

R (K)  = ( ( ( Y ( K ) - C Y ) * * 2 )  + ( ( V ( k ) - C X ) * * 2 ) ) ♦ ( ( Z ( K ) - C Z ) * * 2 )
A=AMASS( K)
T ( 1 , 1 ) = T ( 1 , 1 ) + A * ( 4 ( K ) - ( ( X ( K ) - C X ) * * 2 ) ) 
T ( l , p ) = T ( l , 2 ) - A * ( X ( K ) - C X ) * ( Y ( K ) - C Y )  
T ( 1 , 3 ) = T ( 1 , 3 ) - A * ( X ( K ) - C X ) * ( Z ( K ) - C Z )
T ( 2 , ? ) = T ( 2 , 2 ) + A * ( R ( K ) - ( ( Y ( K ) - C Y ) * * 2 ) )  
T ( 2 , 3 ) = T ( 2 , 3 ) - A * ( Y ( K ) - C Y ) * ( Z ( K ) - C Z )

8 T ( 3 , 3 ) = T ( 3 , 3 ) + A * ( 4 ( K ) - ( ( Z ( K ) - C 7 ) * * 2 ) )
T ( 3 , ? ) = T ( 2 , 3 )
T ( 2 , D = T ( 1 , 2 )
T ( 3 , 1 ) = T ( 1 , 3 )
T Z A = T ( 1 , 1 )
T Z B = T ( 1 , 2 )
T Z C = T ( 1 , 3 )
T Z D = T ( 2 , 2 )
T Z r = T ( ? , 3 )
T 7 F = T ( 3 , 3 )
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7 4 / 7 4  0 P T = 2  FTN 4 . 4 + 4 2 8  1 9 / 0 9 /

W R I T E ( 4 , 1 1 )
11 F O R M A T ( 1 X * T H E  TENSOR MA T R I X  I S  * )  

c a l l  p r i n t  ( T , 3 , 3 )
CALCULATE THE E I GE NV A L UE S
n = T ( l , l ) * T ( 2 , ? ) * T ( 3 , 3 ) + T ( i , 3 ) * T ( 2 , l ) * T ( 3 , 2 ) + T ( l , 2 ) * T ( 2 . 3 ) * T ( 3 , l )  

1 - T ( 1 , 3 ) * T ( 2 , 2 ) * T ( 3 , 1 ) - T ( 1 , 1 ) * T ( 2 , 3 ) * T ( 3 , 2 ) - T ( 2 , 1 ) * T ( 1 , 2 ) * T ( 3 , 3 )  
B = T ( l , l ) + T ( 2 , 2 ) + T ( 3 , T )
C = T f ? , 3 ) * T ( 3 , 2 ) + T ( 2 , 1 ) * T ( i , 2 ) + T ( 3 , l ) * T ( l , 3 ) - T ( l , l ) * T ( 2 . 2 )  

1 - T ( 1 , l ) * r ( 3 , 3 ) - T ( 2 , 2 ) * T ( 3 , 3 )
O L R X = 1 . 0

1 N E u X = U L U x - ( O L D X * O L D X * O L n x - B * O L D X * O L D X - C * O L D X - D ) / ( 3 . 0 * O L D X * O L D X -  
1 2 . n * 0 L n x * B - C )

DEL X = Nt  wx-OLOx 
n f L X = A H S ( O E L X )
I F ( h e l x - e q . q . o ) go  t o  ? 
o l o x = n e w x
CO TO 1

2 I F ( O L U X . t o . 0 . 0 ) GO TO 3 
GARMAcOLUX
GO«'Pl R = SORT (APS ( ( ( GAm m a *GAMMA-B*GAMMA)  * * 2 )  - 4 . Q * G A M M A * 0 )  ) 
R O n T = u O H B L E / ( 2 * 0 * 3 A M w A )
CO TO 4

3 H O o T = 0 . U  
G A r M A = 0 . 0

4  A l p h a s  ( c - G A M M A ) / 2 *  O + ' ^ n o T  , /

H F T A = ( M - G A M M A ) / 2 . 0 - R n n r  
W R I T E ( ^ , 1 2 ) ALPHA, BETA. GAMMA

12 FQI ' m a T ( 1 X , * T H F  t h r e e  E I GENVA LUES OF THE TENSOR MA T R I X  AR E*
1 / , M 4 . m , G X , E 1 4 . H , 5 x , C 1 4 . B )

C A I C i i l a I l  t h e  E I GENVECTOR GENERATED BY ALPHA
T F S T = 0 .
CALI t I G E N  ( T 7 A , T Z b , T 7 C , T 7 D , T Z E , T Z F , G A M M A , V E C C A , V E C C B , V E C C C , T E S T )  
R A T ( l , l ) = V E C C A
P A T ( ? , I ) = V F C C R  *
P A T ( 3 , 1 ) = v ECCC
c a l l  E l G t N  ( T 7 A , T Z B , T 7 C ' T Z D , T Z E , T Z F , B E T A  , V E C C A , V E C C B , V E C C C , T E S T )
P A T ( I , ? ) = V E C C A  
p a t ( ? f P ) = V E C C B  
P A T ( 3 , 2 ) =VECCC
CALI. E l  GEN ( T Z A , T Z d , T Z C , T Z O , T Z E , T Z F , A L P H A , V E C C A , V E C C R , V E C C C , T E S T )
P A T ( 1 , 3 ) =VECCA
PAT ( ? , 3 ) =VFCCR I
PAT n ,  3 )  =VECCC ■ i
I F  ( T E C T . G T . O . O ) C A L L  D I G ( P A T )  !
F O R M  JHL I NVERSE OF RAT l E T A P
PO 39  3 = 1 , 3  !
0 0  39  < = 1 , 3

39 T A f M K , J ) = P A T ( J , K )
FORM t h l  p r o d u c t  o f  t h e  t e n s o r  MA T R I X  WI TH PAT AND LABEL THE PRODUCT AM 
CALI M A T R I X ( T , P A T , A M , 3 , 3 , 3 )  Î
F O R M  t h e  p r o d u c t  OF TAR WI TH AM TO G I V E  M . O . I . M A T R I X  1
CAL L m a T R 1 X ( T A P , A M , A I . 3 , 3 , 3 )  I
w r i t e ( 4 , 4 0 )  I

40  F O R M A T ( 1 X , * T H E  P R I N C I P A L  A X I S  TRANSFORM MA T R I X  I S * )
CALI P R I N T ( P A T , 3 , 3 )
W R I T F ( 4 , 4 1 )

41 FORMAT( I X , * T H F  MOMENT OF I N E R T I A  MATRI X  I S * )
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7 4 / 7 4  0 P T = 2  FTN 4 . 4 * 4 2 8

CALL P R I N T ( A I , 3 , 3 )  
1 0 0 0  c o n t i n u e

STOP
END
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7 4 / 7 4  0 P T = 2  FTN 4 . 4 + 4 2 8

SUBROUTINE ZERO (A)
V A L X = A + ü . 0 0 1  
V A L M s A - Ü . O O l  
I F  ( V A L X ) 1 , 2 , 2

2 I F ( V A L m ) J , 3 , l
3 A = 0 .
1 RETURN 

EMO
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7 4 / 7 4  0 P T = 2  FTN 4 . 4 + 4 Z

SUBROUTINE" E i n E N ( A , B , C , D , E , F , E I , V l , V 2 , V 3 , T E S T )  
A L P H A = C * 0 - E * B - C * E I  
BE t A = E * a —C * B —t * E I  
G A M M A = 4 * F - C * E - P * E I  
c a l l  Z E K ü ( a l p h a ) 
c a l l  Z E R O (BETA)  
c a l l  ZERU(GAMMA)
I F  ( A L P H A , E Q . 0 . 0 . A N D . B E t A . E Q . 0 . 0 . A N D . G A M M A . E Q . O . O ) G O  TO ] 
I F  ( û l Pm A . E Q . O . O . A N O . B E t A . E Q . O . O )  GO TO 2 
GO TO 3

2 Z = 0 . 0  
X —1 * 0
Y = ( ( A - H - E I ) ) * X / ( D - H - E I )
GO TO 4

3 I F ( A L P H A . E Q . 0 . 0 . A N D . G A M M A . E Q . 0 . 0 )  GO TO 5  
GO TO 4

5 X = 0 .
Z — 1 • 0
Y = ( F - E - E I ) * Z / ( D - E - E I )
GO TO 4

6 I F  ( R E T A . t C Î . 0 . 0 . A N J . g a m m a , e Q . 0 . 0 )  GO TO 7
GO TO 8

7 Y = 0 .
X — 1 .  "
Z = ( A - C - L I ) * X / ( F - C - E I )
GO TO 4  

fl I F ( A L P H A ) 9 , 1 0 , 9
10 x=n.

Z = 0 .
Y = l .
GO TO 4

9 I F ( R E T A ) 1 1 , 1 2 , 1 1
12 Y = 0 .

Z = 0 .  *
X — 1 .
GO TO 4

11 I F ( G A M M A ) 1 3 , 1 4 , 1 3  
14 X — 0 .

Y — 0 .
Z = l .
GO TO 4

13 X = l .
Y = r »F TA * X / AL PH A '
z = p f t a * x / gamma

4 A N O R M = S O P T ( X * X + Y * Y + Z * Z )
V 1 = Y / A N 0 R M  
V 2 = Y / A N 0 R M  
V 3 = 7 / A N 0 R M  
RFTUPN

1 V l = n ,
V 2 = 0 ,
V 3 = 0 .
CALL S N U G ( E I , F , V 3 )  
c a l l  S N U G ( E I , D , V 2 )  
c a l l  S N Ü G ( E I , A , V 1 >  '
A M P F P = V 1 + V 2 + V 3  ,
I F ( A M b E K . G T . l . O ) T £ S T = 1 . 0
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7 4 / 7 4  0 P T = 2  FTN 4 . 4 + 4 2 8

RETURN
E n d
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7 4 / 7 4  0 P T = 2  FTN 4 . 4 + 4 2 8

SUBROUTI NE S N U O ( A , b , C )
D = A - R  ■ 
c a l l  ZF RO( O)
I F ( 0 . t O . O . O ) C = 1 . 0
RETURN
END
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SUBROUTI NE D I G  ( P )  
D I M E N S I O N  P ( 3 , 3 )  
no  1 J = l , 3  
DO 1 K = l , 3  
P ( J , K ) = 0 .
P ( J , J ) = 1 .
CONTI NUE
R E T U R N
E N D
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SUBROUTI NE MATRI X  ( A . B . 0 , l »M♦ N ) 
d i m e n s i o n  a ( M , M) , b ( N , L ) , C ( M, L )

C THE F I R S T  TWO OQ l ü Op s  AREC USED TO TAKE EyERY ELEMERT OF TH^
DO 1 J = 1 , M  
0 0  1 K = 1 , L

C THE t h i r d  DO LOOP I S  USED TD EXECUTE THE SUMMATION = A ( J , N ) * R ( N , k  
C c l e a r  a n s w e r  m a t r i x

C ( J , K ) = 0 . 0  
DO 3 N N = 1 , N
C ( J . K ) = C ( J , K ) + ( A ( J , N N ) * R ( N N , K ) )

3 COr. 'TJNUt  
r e t u r n  
End
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7 4 / 7 4  0 P T = 2  F T N  4 . 4 + 4 2 8

SUBROUTI NE P R I N T  . ( A , K , J )
O I m F n S I Ü N  A ( K , J ) , d O R M A T ( 7 ) , O U T P ü T ( 3 0 )

C START wl fH THE ALPHANUMERIC SYMBOLS TO BE USED IN THE COMPIL AT
C FORMAT STATEMENT

d a t a ( B O R m A T ( L ) , L = 1 , 7 ) / 4 M (  , 4 H 2 H * * , 4 H , 5 X , , 4 H F 9 . 3 * 4 H , / / ) , 4 H  lH<
1 /

C NEXT CLEAR THE FORMAT ARRAY ‘
DO 1 1 7 = 1 , 3 0  
O U T P U T ( I Z ) = B O R M A T ( 7 )

1 CONT I NUE
C PLACE OPENI NG AND CL OSI NG P A R E N T H E S I S  I N  YE ARRAY
C A L S O  PUT THE F I R S T  SPACI NG SYMBOL

O U T P U T ( l ) = a O P M A T ( l )
O U T P U T ( 2 ) = B 0 R m a t ( 2 )
OUTPUT ( 3 )  =BORM'aT ( 3 )

C I NI TI ATE THE CELL COUNT
I TEST=4

c y c l e  Fo p  t h e  r o w s  u f  l e n g t h  j  
[10 ?  I K = 1 , J

C PLACE I N  A F 7 . 2  AND A 4% I N  THE NEXT A V A I L A B L E  CELLS
O U T P U T ( I  T E S T ) = M 0 R M a T (4)
O U T P U T ( I T E S T + 1 ) = R 0 R M A T ( 3 )

C INCREMENT THE CELL C O U N T
I T F S T = I T E S T + 2

2 COr ' T I NUE
C PUT THE CLOSI NG *  TO THE OUT PUT TO S I G N I F Y  THE END OF A ti

O U T P U T ( I T E S T + D = B O R m a t ( ^ )  .
O U T P U T ( l T E S T + 2 ) = 3 0 R M A T ( 8 )

C C Y C I . E  O U T P U T  F O R  THE K E L E M E N T S  OF  T H E  C O L U M N  TO E N A B L E  O U T P U T
n o  3  K L M = 1 , K
W R I T E ( ^ , O U T P U T ) ( A ( K L M , N ) , N = 1 , J )

3 COMTI Ni J t  ,
r e t u r n
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7 4 / 7 4  F T N  4 . 4 + /

I

1  PKOGOAM AMOr(IMPMT, OUTPUT,TAPE 1 = I^PUT,TAPE2=0UTPUT) \
REAl ME4wf,K i
DIMENSION A(10) ,K (I0)  »SP(10) ,CtlOj ,0 ( 1 0 )  j
RE** ( 1 , 8 )  D )

5 6 f O U H A X  ( F l O ^ O )  j
Do 300 L = l ,6  I
T=- 2 0 0 . 0  
REAt (1 /9 )  TEMP 

9 f o r m a t ( F io .o )  ;
1 0  WRITE ( 2 , 4 )  TfMP

4 F0RMAT(/»BX*TEMP=*F6.4) j
write (2 ,  SI)

51 FORMAT(/ / / ,3X*GFLTAO*4%*CONC*)
DO 1 0 2  1 = 1 ,3

15 REAL ( l , 2 o ) 0 f l ) , C ( i )  1
20 FORKAT('2flO-0) ;

WRITE ( 2 ,5 0 ) 0 ( 1 )  ,C fI)
So formatC / / / , 3 X ,F 1 0 .4 ,1 X ,F 8 .4 )

1 0 2  CONTINUE j
20 J - o  i

200 SUMK%O.0
DO 100 1=1,3
A ( I ) = ( o(1>-T) / (  ( 2 - 0 ^ 0 ) -T -0 (1> )
K (I> = I (4 .0  *A(I> *^A(I) *C Cl) ) /  ( 1 - 4 Cl) ) )

25 SUMfrSUMKfK (I)
1 0 0  CONTINUE 

'SSRrO.O
MEANK=SUHK73. O 
DO 101 1=1,3  

30 Sf?(l) = (HEANK-K ( I ) ) * * Z
SS(=SSR+SR (1)

1 0 1  CONTIWuE 
S&=S0*T((SS4)/2 .0)
S D 4 k S D /1 .7 3 2 0 S 0 8

iS  6*#= (SUM»100.0) /MEAN<
WRITE ( 2 / 5 )  I C ( 1 ) , K ( 2 ) , K ( 3 )

5 FO(?MRT ( / / / / 5 X , F 6 . 4 / 3 X , F 0 . 4 , 3 X , F 8 - - 4 )
WRITE( 2 . ,6 )  S!>,SDM,ER(^

6 F ormat ( / / , F 6 . 4 / 3 X t F 6 . 4 , 3 X > F 8 - 4 )
4 0  T = r * o . s

wR iTe(2 /7)  r
7 FORKAT C/ /  3X*DelTATr &F S .Z >

J= J+ 1
I F  ( J . L E . 4 0 )  GO TO 2 0 0  

4 5  3 0 0  CONTINUE
STOP 
E N l


