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ABSTRACT 

The r e c e n t  work of Riqny and V i r l e t  on F'19 s p i n  

l a t t i c e  r e l a x a t i o n  processes  i n  l i q u i d  MoF6 has  been 

extended by a s tudy  of t h e  s p i n  r e l a x a t i o n  mechanisms of 

t h e  magnetic meta l  n u c l e i  a t  t h e  c e n t r e  of t h e s e  uncharqed 

oc tohedra l  s p e c i e s .  T1 Re laxa t ion  t r a n s i t i o n s  amon4 t h e  

Zeenan manifold of t h e  n u c l e i  M O ~ ~ ,  bfog5 and w~~~ a r e  

r e f l e c t e d  as T2 mechanisms on t h e  spin-coupled 1719 n u c l e i  

i n  MoF6 and WF6 r e s p e c t i v e l y ,  and t h u s  can  be s t u d i e d  by 

high r e s o l u t i o n  ~ 1 9  spectroscopy over t h e  a v a i l a b l e  l i q u i d  

From a d e t a i l e d  s tudy  of t h e  temperature  dependences 

of t h e  l i n e  widths  of t h e  ~ ~ 9  s e x t e t s  due t o  ~ 0 9 7  and ~ 0 ~ 5 ,  

t o g e t h e r  wi th  a c o n s i d e r a t i o n  of t h e  Mo t r a n s i t i o n  

p r o b a b i l i t i e s  under t h e  u s u a l  mechanisms, we conclude t h a t  

i n  oc tohed ra l  MoF6, t h e  ~ 0 9 7  n u c l e i  r e l a x  by quadrupolnr 

c  o u p l i n ~  wi th  i n s t an t aneous  f i e l d  q r a d i e n t s  produced by 

in t e rmolecu la r  c o l l i s i o n ,  wi th  a n  a c t i v a t i o n  energy of 

(1.4 + 0  - 2 )  Kcels moles-1. However ~ 0 9 5  n u c l e i ,  wl th  smaller 

ausdrupola r  moments, r e l a x  p r e d o n i m n t l y  by modulation of 

i n t r amolecu la r  s ~ i n - r o t a t i  on i n t e r a c t i o n ,  wi th  ac  t i v a t  Ion 

enerqy (2 .2  2 0.3) Kcals mole-l. No evidence w a s  found f o r  

95 Mo - r e l a x a t i o n  by h i g h e r  o rde r  ( o c t o p o l e ,  e t c .  ) i n t e r a c t i o n s  

An a c t i v a t i o n  enerqy of 1.6 Kcals mole-l had been measured 

prev ious ly  f o r  t h e  F~~ s p i n - r o t a t i o n  process  i n  MoF6; t h e  
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d i f f e r e n t  v a l u e s  obta ined f o r  t h e  v a r i o u s  p rocesses  i n  t h i s  , 

l i q u i d  presumably r e p r e s e n t  a breakdown of t h e  microscopic 

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

A similar s tudy  of s p i n  & w183 from F19 d a t a  on 

l i q u i d  WF gave r e s u l t s  cons i s t e n t  wi th  s p i n - r o t a t i o n  i n t e r -  6 
a c t i o n  f o r  t h e  dominant mechanism, w i th  a n  a c t i v a t i o n  energy 

of (3.4 - + 1 . I )  Kcals mole-l .  However, i n  t h i s  c a s e  t h e  

e f f e c t s  of w183 r e l a x a t i o n  on t h e  ~ ~ 9  s p e c t r a  a r e  small and 

l a r g e l y  obscured by in s t rumen ta l  inhomogenei t i e s .  The sp in -  

r o t a t i o n  i n t e r a c t i o n  c o n s t a n t  a t  w183 i n  WF i s  a p p a r e n t l y  6 
s m a l l e r  t h a n  t h e  s p i n - r o t a t i o n  c o n s t a n t  a t  t h e  ~ 0 9 5 ,  a 

remarkable behaviour  p a r a l l e l  t o  t h e  F19 i n t e r a c t i o n  c o n s t a n t s  

i n  t h e  two molecu les ,  and a s c r i b e d  t o  t h e  f i l l e d  4f s h e l l  

between Mo and W .  

An a t t e a p t  was made t o  s tudy  ~ 1 4  r e l a x a t i o n  by  Rotary 

Echo exper iments  on t h e  H' s p e c t r a  i n  aqueous s o l u t i o n s  of 

ammonium ions .  Th is  proved i n s t r u m e n t a l l y  i m p r a c t i c a l  due t o  

t h e  s h o r t  H' T1 va lues .  However, i n  t h e  cou r se  of t h i s  work 

i t  was found p o s s i b l e  t o  p repare  s o l u t i o n s  of d e u t e r a t e d  

aamonium ions  with vary ing  r a t i o s  of t h e  d e u t e r a t e d  components, 

and hence t o  s tudy  t h e  s u c c e s s i v e  deuter ium i s o t o p e  e f f e c t s  

on t h e  p ro ton  chemical  s h i f t s  and t h e  coup l ing  c o n s t a n t s .  

JNH w a s  found t o  d e c r e a s e  s l i g h t l y  wi th  d e u t e r a t i o n  and JHND 

t o  i n c r e a s e ;  both  t r e n d s  can  be exp la ined  as a r e d u c t i o n  i n  

t h e  N-D bendinq v i b r a t i o n  ampl i tude  a g a i n s t  N-H. 
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The observed low f i e l d  p ro ton ,  s h i f t  on s u c c e s s i v e  d e u t e r a t i o n  
+ + + + 

t h r o u g h  NHq, NH D ,  NH2D2, .WD3, a n  e f f e c t  o p p o s i t e  t o  t h a t  
3 

d e s c r i b e d  i n  t h e  d e u t e r a t e d  methanes,  c a n  be accoun ted  f o r  

i n  terms of a n  i n c r e a s e  i n  t h e  s t r e n g t h  of t h e  i o n - s o l v e n t  

hydrogen bond on d e u t e r a t  ion .  
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CHAPTER I 

I NTR ODUCTI ON 

. . . . pa le ,  deluding beams. ( Dido and ~ n e u s  ) 

( i )  H i s t o r i c a l  

Faradayes d i scove r i e s  i n  e l e c  tromagnetism led Maxwell 

t o  p red ic t  and l a t e r  Hertz t o  d i s cove r  radiowaves. Faradayes 

experiments i n  e l e c t r o l y s i s  revealed t h e  quant iza t ion  of 

e l e c t r i c a l  charge and t h e  e l e c t r i c a l  a s p e c t s  of matter  which 

a r e  responsible  f o r  t h e  i n t e r a c t i o n  of t h e s e  radiowaves with 

mate r ia l  p a r t i c l e s .  Faradayes i c e - p a i l  experiments presaged 

the  invent ion of microwave c a v i t i e s  and wave guide. It was 

Faraday's search f o r  a common denominator f o r  a l l  physical  

manifes ta t ions  which led  him t o  h i s  d i s c o v e r i e s  of bas ic  

r e l a t i o n s  between e l e c t r i c i t y  and magnetism, between 

e l e c t r i c i t y  and mat ter  and between magnetism and l i g h t .  T h ~ s  

Faraday's work led  t o  t h e  development of t h e  implements or  

t oo l s  of microwave and radio-frequency spectroscopy (1). 

It w a s  Rutherford, who i n  1910 d i r e c t e d  h i s  s tudents  

Marsden and Geiger t o  pass a beam of p a r t i c l e s  through a t h i n  

metal-f o i l ,  the  d e f l e c t i o n s  of t h e  p a r t i c l e s  being observed 

on a zinc sulphide  screen.  From t h i s  experiment on =-par t ic le  

s c a t t e r i n g  Ernest  Rutherford i n  1911 suggested the  nuclear  

model of t he  atom ( 2 ) .  



I n  1924 W. Paul i  suggested t h a t  the  hyperf ine s t r u c t u r e  

i n  atomic s p e c t r a  might be explained by a small magnetic 

moment of t h e  nucleus ( 3 )  ( 4 ) .  The i n t e r a c t i o n  of t h i s  magnetic 

d i p o l e  with t h e  motion of t h e  e l e c t r o n s  would produce a hyper- 

f i n e  m u l t i p l e t  i n  a similar way as a m u l t i p l e t  i s  produced by 

t h e  i n t e r a c t i o n  of t h e  i n t r i n s i c  magnetic moment of the  

e l e c t r o n  with t h e  o r b i t a l  motion. The in t roduc t ion  of the  

e l e c t r o n i c  s p i n ,  by Uhlenbeck and Goudsmit i n  1925, made it 

poss ib le  t o  exp la in  many h i t h e r t o  mysterious d e t a i l s  of t h e  

spec t ra .  

It appeared appropr ia t e  t o  connect t h e  magnetic 

moment of t h e  nucle i  with r o t a t i n g  charges and t o  a t t r i b u t e  

t o  t h e  nucleus a mechanical sp in .  The evidence f o r  t h e  

nuclear  s p i n  and nuclear  magnetic moment is now manyfold and 

t h e  concept of t h e  spinning nucleus must be considered t o  be 

as well-founded as t h a t  of t h e  sp inning  e lec t ron .  Bloembergen 

( 9 )  points  out s e v e r a l  experimental  techniques t h a t  might be 

performed t o  determine nuclear  s p i n ,  a s  wel l  as the  magnitude 

of t h e  magnetic moment. 

I n  1935 H. Schuler  and T. Schmidt ( 3 ) ( 5 )  observed 

dev ia t ions  i n  t h e  i n t e r v a l  r u l e  i n  t h e  hyperf ine  m u l t i p l e t s  

of Europium, explained by assuming another  i n t e r a c t i o n  between 

t h e  nucleus and t h e  surrounding e l e c t r o n s  v i a  t h e  nuclear  

e l e c t r i c  quadrupole moment. Since then  i t  has been shown ( 6 )  

that f o r  s p i n s  l a r g e r  than  & t h e r e  can be t h e  presence of a n  



e l e c t r i c  quadrupole.  I n  ~ e n e y a l  by knowinq the  s p i n ,  I ,  of 

a nucleus one can  apply  a 2'' r u l e  t o  o b t a i n  t h e  s i z e  of t h e  

r e s p e c t i v e  nuc l ea r  mu l t i po l e ,  remembering a l t e r n a t i o n  i n  

maqnetic and e l e c t r i c  c h a r a c t e r s .  

F u r t h e r  s t imu lus  f o r  t h e  i n v e s t i q a t i o n  between t h e  

nuc l ea r  e l e c t r i c  moments and t h e i r  environments w a s  s t imu la t ed  

b y  R. V.  Pound's t h e o r e t i c a l  work ( 6 )  ( 7 )  and i n  H. Delmelt 

and H. Kruger ' s  exper imenta l  work ( 8 )  on t h e  i n t e r a c t i o n  of 

nuc l ea r  quadrupolar  moments i n  l i q u i d s  and s o l i d s .  I n  1955 

T.  wan^ ( 9 )  pos tu l a t ed  t h a t  a n  unexplained s h i f t  i n  t h e  pure 

quadrupole spectrum of Sb and Sb was due t o  t h e  s t a t i c  

i n t e r a c t i o n  of t h e  nuc l ea r  e l e c t r i c  hexadecapole i n t e r a c t i o n .  

I n  1966, t h e  i n t e r a c t i o n  of t h e  e l e c t r i c  hexadecapole moment 

wi th  e x t e r n a l l y  added phonons was p o s t u l a t e d  t o  be t h e  cause  

of t h e  observed nW = + 3 I n  t r a n s i t i o n s  i n  InAs ( 1 0 ,  11). 

It  w a s  f u r t h e r  pointed out  i n  1967 by H. P. Mahon ( 1 2 )  t h a t  

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

quadrupolar  t r a n s i t i o n  p r o b a b i l i t y  i s  

( i i )  Re laxa t ion  of Nuclear Sp ins  i n  
Diamagnetic Liquids  

I n  a s p i n  system c o n s i s t i n g  of two s p i n  4 n u c l e i  placed 

i n  a c o n s t a n t  maqnetic f i e l d  H o ,  t h e  maqnetic moment of 

nucleus  1 c r e a t e s  a c e r t a i n  a d d i t i o n a l  magnetic f i e l d  HI i n  

t h e  r e g i o n  where nucleus  2 is  loca t ed .  Due t o  c o l l i s i o n s  wi th  
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o t h e r  molecules  of t h e  sample, t h e  nucleus  under c o n s i d e r a t i o n  

w i l l  change i t s  p o s i t i o n  and the reby  v a r y  t h e  f i e l d  H1 w i th  

t ime;  as a r e s u l t ,  t r a n s i t i o n s  between t h e  d i f f e r e n t  magnetic 

enerpy l e v e l s  of nuc leus  2 w i l l  be induced. I n  t h i s  manner 

t h e  magnetic d i p o l e - d i p o l e  i n t e r a c t i o n  between t h e  s p i n s  of 

1 and 2 ,  modulated by t h e  motion of t h e  molecule l eads  t o  a 

process  f o r  t h e  a t t a i n m e n t  of the rmal  eou i l i b r ium between t h e  

s p i n  system and t h e  thermal  molecu la r  motion ( 1 3 ) .  

I n  a similar manner f o r  s p i n s  l a r g e r  t han  *, thermal  

e a u i l i b r i u m  Is a t t a i n e d ,  e i t h e r  by t h e  coupl ing  of t h e  e l e c t r i c  

f i e l d  ~ r a d i e n t s  a r l s i n a  from t h e  asymmetry of t h e  molecular  

charge  d i s t r i b u t i o n  wi th  t h e  nuc l ea r  auadrupole  moment ( 3 ) ,  

or  by t h e  d i s t o r t i o n  of a s p e r i c a l  e l e c t r o n  c loud due t o  

i n t e r m o l e c u l a r  c o l l i s i o n s  and subseauent  coup l inq  t o  t h e  

nuc l e a r  quadrupole  moment. 

P. S. Hubbard ( 1 4 )  nave a q e n e r a l  t h e o r e t i c a l  t r ea tment  

of t h e  e f f e c t s  of t h e  s p i n - r o t a t i o n a l  i n t e r a c t i o n  on t h e  

nuc l ea r  s p i n - l a t t i c e  r e l a x a t i o n  t ime ,  u s i n g  as a model a 

s p h e r i c a l  t o p  i n  which were embedded e q u i v a l e n t  n u c l e i  which 

i n t e r a c t e d  with t h e  molecular  r o t a t i  on through a n  a x i a l l y  

symmetric t e n s o r .  P. W.  A tk ins  ( 1 5 )  extended Hubbard's r e s u l t s  

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

f u l l y  a n i s o t r o p i c  f o r  molecules  underaoing a n i s o t r o p i c  

r o t a t i o n a l  d i f f u s i o n .  M.  Bloom ( 1 6 )  and H. Gutowsky ( 1 7 ) ,  i n  

a d d i t i o n  t o  many o t h e r  workers,  have a p p l i e d  t h i s  mechanism 



t o  e x p l a i n  t h e  exper imenta l  ' r e s u l t s  of t h e  deutero-and halo- 

methanes r e s p e c t i v e l y .  

Another r e l a x a t  i o n  mechanism which is t ime dependent,  

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

random modulation of chemical  s h i f t  a n i s o t r o p y  l e a d i n g  t o  

s p i n  l a t t i c e  e q u i l i b r a t i o n  and can  t h u s  be s epa ra t ed  f r o a  

s p i n - r o t a t i o n a l  e f f e c t s  through t h e  dependence of G and t h u s  
s 

TI on t h e  H, f i e l d  s t r e n q t h  (18  p. 716).  

summarizing, one can qroup t h e  preceeding mechanisms 

i n t o  i n t e r -  and i n t r a -  molecular i n t e r a c t i o n s  ( 1 9 ) .  Within 

t h e  i n t r a - m o l e c u l a r  i n t e r a c t i o n  one can  a s s o c i a t e  

(a) d ipo le -d ipo le  i n t e r a c t i o n s  ( I  I )  
(b) e l e c t r i c  quadrupolar  i n t e r a c  t i o n s  (eZqQ) 
( c )  S p i n - r o t a t i o n a l  i n t e r a c t i o n s  ( I  g J )  
( d )  Chemical s h i f t  a n i s o t r o p y  ( 5  ) 
( e )  Hiqher o rder  nuc l ea r  m u l t i p o l e  i n t e r a c t i o n s .  

Within t h e  i n t e rmolecu la r  i n t e r a c t i o n  one may group: 

( a )  d ipo le -d ipo le  (1 1) 
( b) e l e c t r i c  quadrupole i n t e r a c t i o n  (eZqQ) (due 

t o  d i s t o r t i o n  of t h e  s p h e r i c a l  t e n s o r ) .  

The above i n t e r a c t i o n s  a r e  u s e f u l  i n  t h a t  they g i v e  

in format ion  on t h e  random n o t i o n  of f l u i d s  and fo l low 

d i r e c t l y  from t h e  p ionee r ina  work of N. Bloembergen, 

E. P u r c e l l  and R.  Pound i n  1948 ( 7 ) .  

( i i i )  Thes i s  Format 

This  t h e s i s  i s  d iv ided  i n t o  p a r t s  A and B. I n  p a r t  

A ,  which c o n s t i t u t e s  t h e  major p o r t i o n  of t h e  t h e s i s  and 

wi th  which t h i s  i n t r o d u c t i o n  is  c l o s e l y  l i n k e d ,  t h e  r e l a x a t i o n  



mechanisms occu r r ing  i n  l i q u i d  molybdenum and tungs t en  

hexaf l u o r i d e s  a r e  cons idered  by s tudyinq t h e  temperature  

dependence of t h e  r e s u l t i n g  h igh  r e s o l u t i o n  l?19 N.M . R .  

s p e c t r a  a t  56.4 Mhz. 

A t h e o r e t i c a l  s tudy  of r e l a x a t i o n  mechanisms i s  out-  

l i n e d  i n  Chapter  11, fo l lowin@ c l o s e l y  t h e  approach of 

Abragam ( 1 8 )  t o  o b t a i n  t h e  r e l e v a n t  t r a n s i t i o n  p r o b a b i l i t i e s  

between t h e  Zeeman s p i n  s t a t e s  of t h e  c e n t r a l  me ta l  nucleus ,  

a l l owing  one t o  o b t a i n  in format ion  on t h e  l i n e  shapes  of t h e  

observed s p i n  coupled n u c l e i .  

The dominant Mo mechanisms found I n  MoF6 were quad- 

r u p o l a r  ( ~ 0 9 7 )  and s p i n  r o t a t i o n a l  i n t e r a c t i o n  ( ~ 0 ~ 5 ) .  The 

d a t a  f o r  t h e  i i l 8 3  mechanism i n  WFg is c o n s i s t e n t  wi th  t h e  

s p i n  r o t a t i o n  i n t e r a c t i o n .  The conc lus ions  f o r  a s s o c i a t i n g  

t h e  above mechanisms wi th  t h e  v a r i o u s  magnetic i so topes  of 

Mo and W were obta ined by i n t e r p r e t i n q  t h e  r e s u l t s  obta ined 

from t h e  tempera ture  dependence of t h e  ~~9 s p e c t r a  (Chapter  

111) and u s i n g  t h e  theory  of Chapter  I1 assuming a slow 

r e l a x a t i o n  l i m i t  ( l e e . ,  R I M  ~ ~ J M - F ) .  

I n  p a r t  B t h e r e  appears  a n  exp lana t ion  of t h e  

observed I n c r e a s e  i n  JD-N-H or  d e c r e a s e  i n  J N - ~ ,  as w e l l  

as t h e  downfield proton s h i f t  noted wi th  succes s ive  

d e u t e r a t l o n s  of t h e  ammonium i o n  i n  s o l u t i o n s  of ammonium 

n i t r a t e ,  as obtained from t h e  H' N.M.R. s p e c t r a .  



CHAPrER I1 
I 

THEORY 

Fuq i t  i r r e p a r a b i l e  tempus 

( 1 ) General  Relaxat  i on 

A system of n u c l e a r  s p i n s ,  I ,  wi th  magnetic moments, 

8%1, h a s ,  a t  equ i l i b r ium i n  a magnetic f i e l d  Ho, a magneti- 

z a t i o n  g iven  by Cur i e ' s  Law:  

where M is  t h e  magnet iza t ion  a s s o c i a t e d  wi th  a f i e l d  H , 
0 0 

and where7 i s  t h e  magnetogyric r a t i o  of t h e  nucleus of 

n u c l e a r  s p i n  I. X = h , k ,  T a r e  Plank 's  cons t an t  d iv ided  
Z 

by 2 h ,  Boltzmannls c o n s t a n t  and tempera ture  i n  degrees  Kelvin 

r e s p e c t i v e l y  . 
Eauat ion  ( 1 ) is approached under normal c i rcumstances  

by a f i r s t - o r d e r  r a t e  process  wi th  r a t e  c o n s t a n t  R = l/T1 1 
where 

d / d t  i n  ((M) - M ) = - l/T1 
z 0 

where < M  > i s  t h e  average  magnet iza t ion  i n  t h e  z d i r e c t i o n .  z 
The t r a n s v e r s e  components M and M l i k e w i s e  approach t h e i r  

X Y 
equ i l i b r ium va lues  of z e r o  by a n o t h e r  r a t e  p rocess ,  

c h a r a c t e r i s e d  by a t ime s c a l e  T . 
2 

The average  magnet iza t ion ,  ( M >, can  be removed from 
Z 

equ i l i b r ium and i t s  subsequent r e t u r n  followed by a number 

of exper imenta l  means, many of which a r e  summarized i n  

1 Abragam ( 1 8 )  and S l i c h t e r  ( 2 0 ) .  

I n  d i s c u s s i n q  r e l a x a t i o n  processes  two po in t s  can  be 



made; f i r s t l y ,  nuc lea r  r e l a x a t i o n  i n  l i q u i d s  i s  genera l ly  

governed by i n t e r a c t i o n s  havi'ng a d i s t ance  s c a l e  of 
*'* * 

molecular dimensions, so t h a t  t h e  dynamical processes  

respons ib le  f o r  bulk t r a n s p o r t  phenomena can be s tudied  on 

a molecular l e v e l .  Secondly, t h e  use of N.M.R. as a  t o o l  

f o r  such s t u d i e s  i s  cha rac te r i sed  by t h e  f a c t  t h a t  t h e  time 

s c a l e  f o r  such processes  respons ib le  f o r  nuclear  r e l axa t ion ,  

8 ( i e .  of t h e  o rde r  of the  l a m o r  period,  10- sec .  ) , i s  

much longer  than  the  time s c a l e  of random motions of 

ind iv idua l  s m a l l  molecules (10- lo  - 10-13 s e c . ) .  (21)  

Since t h e  Hamiltonian, ( t ) ,  f o r  t h e  r e l a x a t i o n  

process  i s  a f 'unction of time, knowledge of how t h i s  

Hamiltonian a t  one time i s  c o r r e l a t e d  t o  i t s  value a t  a 

l a t e r  time i s  gained from the  a u t o - c o r r e l a t i o n  funct ion,  

and i n  such s p i n  i n t e r a c t i o n s  a s  dipole-dipole ,  normal 

e l e c t r i c  quadrupole and chemical anisotropy,  the  associa ted  

c o r r e l a t i o n  func t ions  involve angles  through second rank 

s p h e r i c a l  harmonics e .  g. 

~ ( 7 )  = < y 2 0 ( t )  y 2 0 ( t  + 7)> ( 3 )  

whereas f o r  t h e  s p i n - r o t a t i o n a l  i n t e r a c t i o n  t h e  c o r r e l a t i o n  

func t ion  involves components of angular  momentum e.g.  

where Y ( T )  and G ( T )  a r e  the  r e spec t ive  c o r r e l a t i o n  func t ions .  

The c h a r a c t e r i s t i c  c times T* and T~ f o r  t h e  l o s s  of these  two 

types  of c o r r e l a t i o n  may be q u i t e  d i f f e r e n t ,  and the  

r e l a t i o n  between them depends s e n s i t i v e l y  on the type of 



9 

( r o t a t i o n a l )  random process  involved.  T h i s  i s  analogous 

t o  a  c l a s s i c a l  r o t a t i o n a l  random walk c o n s i s t i n g  of s h o r t  

f r e e  r o t a t i o n s  i n t e r r u p t e d  by ha rd  c o l l i s i o n s  ( 2 1 ) .  The 

a n g u l a r  momentum i s  complete ly  changed i n  every  c o l l i s i o n  

s o  t h a t  T~ i s  v e r y  s h o r t .  However, if t h e  mean r o t a t i o n  
- 

a n g l e  8 between c o l l i s i o n s  i s  v e r y  s m a l l  many s t e p s  of t h e  

random walk a r e  r e q u i r e d  t o  accumulate a  s e n s i b l e  change 

i n  o r i e n t a t i o n  and T i s  long .  By comparing T and T~ 8  G - 
it ought t o  be p o s s i b l e  t o  l e a r n  something about  8 i . e .  

about  where t h e  random walk l i e s  between t h e  hydrodynamic 

Debye l i m i t  T~ << T ~ ,  T~ T~ = c o n s t a n t ,  and t h e  g a s - l i k e  

Depar tu res  from t h e  hydrodynamic l i m i t  were f i r s t  

no ted  by Gutowsky e t  a 1  ( 2 2 ) ,  ( I T ) ,  who observed t h a t  

above a  c e r t a i n  t empera ture  i n  l i q u i d  CHF t h e  'normall  
3 

r i s e  of  T I  w i t h  t empera ture  ( a r i s i n g  from t h e  s h o r t e n i n g  

T ) was r eve r sed  owing t o  a l eng then ing  of T and hence t h e  8 G 

p r o g r e s s i v e  dominance of t h e  s p i n - r o t a t  i o n a l  i n t e r a c t i o n .  

I n  s p e c i a l  c a se s  T I  can be measured f o r  two d i f f e r e n t  

s p i n s  a t t a c h e d  t o  t h e  same nuc l ea r  framework ( 2 3 ) ,  t h e  

n u c l e a r  r e l a x a t i o n  process  of one nuc l ea r  species may be 

c o n t r o l l e d  by a n  ang le  dependent c o r r e l a t i o n  f u n c t i o n  T 8  ' 
above, whi le  t h e  o t h e r  n u c l e a r  species may be dominated by 

a n  angu la r  momentum c o r r e l a t i o n  f u n c t i o n  T G '  

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

n u c l e a r  s p i n  r e l a x a t i o n  mechanisms mentioned i n  Chapter I 



s h a l l  be cons idered  wi th  r e f e r e n c e  t o  Appendix 1 .  

( 2) In t r amolecu l a r  Dipole-Dipol e  I n t e r a c t  ion  

I n  t h e  approximat ion ~f r i g i d  molecules t h e  time 

dependence of t h e  i n t e r n a l  d ipo l e -d ipo l e  coupl ing  of t h e  

n u c l e i  comes v i a  r e - o r i e n t a t i o n  of t h e  molecule .  The 

Hamil tonian,  i n  t h e  l a b o r a t o r y  frame, i s  g iven  by Equat ion 

( 1 )  of Appendix 1 ,  where t h e  F ( q ) ( t )  a r e  l a t t i c e  ope ra to r s  

de f ined  by 

where t h e  Y~~ a r e  nqrmal ised second-rank s p h e r i c a l  harmonics, 
II 

r i s  t h e  r a d i u s  v e c t o r  from t h e  ith t o  jth nucleus  and 
i j 

A 

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

l a b o r a t o r y  co -o rd ina t e  system a r e  denoted by 9 and #ij .  i j 

From equa t ion  ( 2 )  of Appendix 1 it i s  p o s s i b l e  t o  show 

t h a t :  

where n  i s  t h e  number of e q u i v a l e n t  h e t e r o n u c l e a r  s p i n s  S, 

assumed independent ,  each a t  a  d i s t a n c e  b from t h e  con- 

s i d e r e d  I s p i n ,  assuming extreme narrowing wi th  r e s p e c t  

t o  t h 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  t ime T and n e g l e c t i n g  9 

c r o s s - r e l a x a t i o n  e f f e c t s .  (18) 



( 3 )  I n t e r m o l e c u l a r  ~ i p o l e - ~ i p o l e  I n t e r a c t  i on  

S i m i l a r l y ,  t h e  I - s p i n  t r a n s i t i o n s  induced by u n l i k e  

S-spins  i n  ne iqhbour inq  n o l e c u l e s  under  t h e  i n t e r m o l e c u l a r  

t r a n s l a t i o n  c a n  be shown t o  be:  ( 1 8 )  

where a i s  t h e  d i s t a n c e  of c l o s e s t  approach between t h e  

I - s p i n  cons ide red  and a neighbour ing S-spin .  

( 4 )  Aniso t rop i c  S h i e l d i n q  

The Hamil tonian f o r  a n i s o t r o p i c  s h i e l d i n g  can  be 

w r i t t e n  ( 2 4 )  

where T ( t )  i s  t h e  t r a c e l e s s  p a r t  of t h e  s h i e l d i n ?  t e n s o r  
= i 

a A 

w r i t t e n  i n  t h e  l a b o r a t o r y  frameand H o  = H k is  t h e  
0 

a p p l i e d  d.c.  f i e l d .  The t ime dependence of t h e  t e n s o r  

( t  ) e n t e r s  throunh random molecu la r  r e o r i e n t a t i o n .  - 
From e a u a t i o n  ( 2 )  of Appendix 2 it i s  p o s s i b l e  t o  show t h a t  

w h e r e y  i s  t h e  component of t h e  chemica l  s h i f t  t e n s o r  i n  t h e  
z 

molecu la r  frame . 
( 5 )  Sp in-Rota t ion  I n t e r a c t i o n  

I The p e r t u r b a t  i o n  H a m i l t  on ian  f o r  s p i n  I under  s p i n -  

r o t a t i o n a l  i n t e r a c t i o n  can  be w r i t t e n  ( 2 4 )  
* 

~ ' ( t )  = I, - C J ( t )  - ( 1 0 )  



-C 

where ~ ( t )  i s  t h e  i n s t an t aneous  a n g u l a r  momentum of t h e  

molecule,  C i s  t h e  s p i n - r o t a t i o n  i n t e r a c t i o n  t e n s o r  f o r  - 

nuc leus  I i n  t h e  molecular  frame. 

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

e q u a t i o n  ( 4 )  Appendix 1 ,  f o r  t h i s  i n t e r a c t i o n  i s  found 

t o  be: 

i w  T 

(where J - ( 7 )  = J ( 0 ) e  e  - -'/'G f o r  T G - Tg of  t h e  J v e c t o r )  

a - i w  7 
Since  by symmetry & ( w I )  = 26 g ( ~ ) e  J 

2  
f o r  J >> J and T~ << 1 ,  f o r  t h e  s p i n - r o t a t i o n  i n t e r a c t i o n  

c o e f f i c i e n t .  From equa t ion  ( 2 )  o f  Appendix 1 i t  i s  p o s s i b l e  

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

2 2 'M, M , t l  = 1/3 C J rG I <M I I$ / M+I > I - ( 1 1 )  

f o r  t h e  s p e c i a l  case  of  a s p h e r i c a l l y  symmetric molecule.  

Equat ion ( 1 1 )  can be s i m p l i f i e d  by  app ly ing  c l a s s i c a l  

mechanics, i. e .  

- 
J2 h2 

- - 2 
E r o t  3 k~ f o r  J >> J 

- 2 1  - 2  

and T~ << 1 .  

J2 = 3 1 k ~ / h ~  



S u b s t i t u t i n g  f o r  J2 from ( 1 2 )  i n t o  (11) 

( 6 )  Nuclear Quadrupole I n t e r a c t i o n  

Quadrupola r e l a x a t i o n  a t  t h e  c e n t r a l  nucleus of a 

molecule which is  octahedral when i s o l a t e d  implies  a 

lowering of t h e  molecular symmetry i n  t h e  l i a u i d .  Two 

mechanisms have been considered : 

( a )  Nuclear c e n t r i f u g a l  d i s t o r t  ion  due t o  molecular 

r o t a t i o n .  

( b )  E lec t ron ic  d i s t o r t i o n  due t o  in termolecular  

c o l l i s i o n s .  

(a) I n  cons ider ing  th e f f e c t  of c e n t r i f u g a l  

d i s t o r t i o n  re fe rence  i s  made t o  a similar e f f e c t  i n  diatomic 

molecules (Banwell p. 42 (25)). 

i .e. cJ = B J ( J + I )  - D J ~ ( J + I ) ~  cm-' (14)  

where CJ = EJ/hc, f o r  EJ t h e  energy of r o t a t i o n  and c  

t h e  speed of l i g h t  and where B,  t h e  r o t a t i o n a l  cons tant  

i s  def ined  as 

2 B = h / 8 ~  IBc 

where IB is the  moment of i n e r t i a  a s soc ia ted  with r o t a t i o n .  

D is  t h e  c e n t r i f u g a l  d i s t o r t i o n  cons tan t ,  where 



Hence it i s  p o s s i b l e  t o  d e f i n e  

Hence from 

s e r i e s  expans ion  

( 15) BJ a I /r2 and by performing a  power 

( b )  Another means of  d i s r u p t i n g  t h e  molecular  

symmetry i s  v i a  i n t e rmo lecu l a r  c o l l i s i o n s ,  caus ing  a 

d i s t o r t i o n  of t h e  e l e c t r o n  c loud  sur rounding  t h e  nucleus  

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

n u c l e a r  quadrupolar  moment. However, t h e  f i e l d  g r a d i e n t  

q ( 8 , t )  observed i n  such a  s i t u a t i o n  f l u c t u a t e s  wi th  t h e  

k i n e t i c  energy of c o l l i s i o n ,  u n l i k e  t h e  c a s e  cons idered  by 

Abragam (18),  where q i s  c o n s t a n t  t o  f i r s t  o rde r  i n  t h e  

molecular  frame. 

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

quadrupolar  r e l a x a t i o n  i s  p o s s i b l e .  T h i s  be ing  t h e  ca se  

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

i n t e r a c t i o n ,  Equat ion ( 3 ) ,  may be used f o r  t h e  e q u i l i b r i u m  

ensemble average .  Here t h e  argument of Y i s  t h e  a n g l e  8 

between t h e  c o l l i s i o n  v e c t o r  and Hok, t h e  d . c .  f i e l d  and 

if t h e  two body c o l l i s i o n  p roces s  i s  Markovian i n  d i r e c t i o n ,  

t h e n  



2 
< ~ ~ ~ ( t )  Y20( t + 7 ) )  = < I  0 )  / > exp ( - t / ~ ~ )  ( 17) 

where T e  i s  t h e  c o r r e l a t i o n  t ime f o r  t h e  molecular  co l -  

l i s i o n  v e c t o r .  S ince  equa t ion  (17) is  a f u n c t i o n  of 

it i s  p o s s i b l e  t o  app ly  Abragam's t heo ry  ( 18) , f o r  

which he shows t h a t  t h e  t r a n s i t i o n  p r o b a b i l i t y  may be w r i t t e n  

and s i n c e  t h e  matrix elements of I,, which i s  d iagona l ,  

a r e  r e p r e s e n t e d  by: 

If t h e  @(I,  M) a r e  normalized, t h e n  it fo l lows  t h a t  

Expanding t h e  terms i n  b r a c k e t s  i n  Equations (18) s e p a r a t e l y  

and o p e r a t i n g  on them g i v e s  



( 7 )  Line Shape Information 

Abragam (18) def ines  the  K -matr ix  i n  terms of an 
a 

A-matrix thus  al lowing one t o  assemble information about - 

l i n e  shape, i . e  

I(.) oC- ~ e ( i %  ~ - l * ? ]  f o r  t h e  S-spectrum (21)  - 

where ; i s  a row e c t o r  whose components a r e  propor t ional  

t o  the  r e l a t i  e  populat ion of the  s p i n  s t a t e s  of the  

I-nucleus -- neg lec t ing  the Boltzrtlarn f a c t o r  ( h i g h  temper- 
-L 

a t u r e  approximation),  and where 1 i s  a u n i t  column e c t o r .  

A - '  - i s  the in . . e r se  of the  A-matrix gi- ,en by - 

where g i s  t h e  diagonal  mat r ix  oT the  d i s c r e t e  s i t e  - 
precess ion  f requencies ,  the  k i n e t i c  r e l a x a t i o n  matrix,K 

=) 

desc r ibes  the  t r a n s f e r  of magnetization of the  nuclear  

magnetic energy l e v e l  spectrum between s i t e s  and the  

r e l a x a t i o n  mat r ix  R2 i s  the diagonal  mat r ix  of the t r ans -  - 

verse  r e l a x a t i o n  r a t e  a s soc ia ted  with o t h e r  r e l a x a t i o n  

mechanisms excluding the  5 processes .  

Hence knowledge of the  t r a n s i t i o n  p r o b a b i l i t y  pe r  
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unit time of transitions occurring between states M and 

M' of spin 1 as stated in the relaxation mechanisms 

mentioned in sections 2, 3, 4, 5, b of' this chapter allow 

a calculation of the &-matrix to be performed and - 
subsequently total analysis of the spectral line shape.(26) 



CHAPTER I11 

EXPERIME.WAL AND RESULTS 

non s ine  pulvare palma 

( 1 ) Experimental 

( a )  Material  Used and Sample Preparation 

WF6 and MoF6 (Alfa Inorganlcs) were pur i f ied  according 

t o  the  procedure of T. A. OVDonnell (27)  by placing 

approximately 3 gms of reagent grade NaF i n t o  the  apparatus 

( s ee  Fig. 1).  A cyl inder  of Mop6 ( o r  w F ~ )  was at tached t o  

the  vacuum system which was then evacuated and baked out f o r  

a day, t he  whole vacuum system having been care fu l ly  checked 

f o r  leaks. An acetone-dry-ice bath w a s  placed under t r a p  1 

and a l i qu id  N2 bath under t r a p  2. The t a p  of the  cyl inder  

containing the  hexafluoride was opened f o r  about th ree  

minutes and the  hexafluoride was thus admitted and trapped 

i n  t r a p  1. Stop-cock 1 w a s  then closed and the  l iqu id  N2 

bath and subsequently the  dry-ice-acet one bath, removed. The 

whole system was warmed t o  room temperature and the  hexa- 

f luor ide  allowed t o  remain over the  NaF f o r  about an hour, 

causing removal of any HF. The hexafluoride w a s  then frozen 

again,  using two l iqu ld  N2 baths,  a t  t r aps  1 and 2 

respectively.  The cylinder containing the  hexaf luoride was 

subsequently sealed from the  vacuum system and removed. 

Stop-cock 1 w a s  opened and the  system pumped on f o r  about an  



half-hour ,  a t  t h e  end of th'is period t h e  apparatus  w a s  sea led  

i n  f r o n t  of t r a p  2 and removed from t h e  cold  baths  and vacuum 

system. This  freeze-thaw-freeze-pump procedure w a s  perf ormed 
1 

t o  a l l e v i a t e  any pressure  bui ld  up wi th in  the  appara tus ,  by 

con tac t  of t h e  hexaf luor ide  and t h e  impur i t i e s  i n  t h e  g lass .  

The system was allowed t o  s t a y  a t  room temperature f o r  a day, 

a t  t h e  end of which t ime t h e  appara tus  shown i n  Fig .  1 was 

Joined t o  t h e  appara tus  shown i n  Fig.  2 and t h e  p u r i f i c a t i o n  

process descr ibed  i n  t h e  above procedure was c a r r i e d  one s t a g e  

f u r t h e r .  Once again ,  t h e  procedure w a s  performed under vacuum 

i n  a d r y  leak-proof system. The hexaf luor ide  was removed from 

t r a p  1 and passed i n t o  t r a p  3, which a l s o  contained reagent  

grade NaF, by s u b j e c t i n g  a temperature d i f f e r e n t i a l  ac ross  

t h e  two t r a p s .  When a l l  t h e  hexaf luor ide  had been t r a n s f e r r e d  

t o  t r a p  3, that part of t h e  appara tus  conta in ing  t r a p  1 was 

sea led  off and removed. The freeze-thaw-freeze-pump procedure 

mentioned above was repeated once more; t h i s  time t h e  hexa- 

f l u o r i d e  remained a t  room temperature f o r  only f o u r  hours,  

be fo re  a sample was t r a n s f e r r e d  t o  one of t h e  two N.M.R. tubes 

by convent ional  methods, t h e  second t r a n s f e r  being c a r r i e d  out 

a day l a t e r .  I n  both cases  i t  was t h e  second sample t h a t  was 

used t o  g ive  t h e  s p e c t r a ,  as It w a s  suspected t h a t  t h e s e  

samples might be of h igher  pur i ty .  The p u r i t y ,  of t h e s e  samples, 

was checked by scanning t h e  complete range, i .e. ,  46.5 Khz t o  

65.5 Khz, of t h e  pi9 s p e c t r a  us ing  a Varian Associates  ~ 5 6 / 6 0  

N.M.R. spectrometer  a t  56.4 Mhz. 



For MoF6, absorp t ion  p'eaks were noted only a f t e r  

a t t a c h i n g  t o  t h e  M.M.R. spectrometer a Schomandl ND30M 

e x t e r n a l  frequency syn thes i se r  s e t  a t  72.5 Khz; while WF6 

gave absorpt ion  peaks only when t h e  frequen&y o f f s e t  was 

s e t  a t  +8 Khz, or  t h e  e x t e r n a l  frequency s y n t h e s l s e r  s e t  

a t  t h e  equiva lent  65.5 Khz. 

Figure 3 shows t h e  F~~ spectrum of MoF6 ( 3 0 ) .  It 

c o n s i s t s  of a weak s e x t e t  a s soc ia ted  with t h e  I = 5/2 

molybdenum i so topes ,  and a s t r o n g  s i n g l e t  a t t r i b u t e d  t o  t h e  

I = O :  molybdenum iso topes ,  t a b l e  1. Due t o  t h e  r a t i o  

~3~~ = 1.02 t h e  s e x t e t  was separated i n t o  sha rp  components, 

a t t r i b u t e d  . t o  M O ~ ~ ,  and much broader components, a t t r i b u t e d  t o  

M O ~ ~ ,  by v i s u a l  inspect ion.  

To determine whether i t  was c o r r e c t  t o  make the  above 

assumptions, t h e  two components of any one peak were c u t  

f ron  the  spec t rua  and weighed. The r a t i o s  of t h e  weights 

( M ~ ~ ~ F ~ / M ~ ~ ~ F ~  = 1.73 + 0.12 @s) were found t o  be,  within 

experimental  e r r o r ,  t he  r a t i o s  of t h e  percent a b n d a n c e  

( M O ~ ~ / M O ~ ?  = 1.64 Table I ) ,  confirmin& t h e  assumption made. 

Figure 4 shows t h e  spectrum of WF6, c o n s i s t i n g  

of a medium in tense  double t ,  a t t r i b u t e d  t o  W I*3 I = ), and a 

very in tense  s i n g l e t  a t t r i b u t e d  t o  t h e  I = 0 i so topes  of 

tungs ten  (Table 1).  

Analysis of t h e  high r e s o l u t i o n  N.M.R. F~~ s p e c t r a  

over a r a n g e .  of temperatures gave t h e  temperature dependence 

of t h e  meta l  s p i n  r e l a x a t i o n  processes.  This was done by 



measuring t h e  r e s p e c t i v e  widtns a t  ha l t -he igh t  f o r  M O ~ ? .  

For ~o~~ t h e  temperature dependence of t h e  width a t  h a l f -  

he ight  of each peak was obtained by measuPing t h e  width a t  

half-height  of t h e  broadest  peak, and t h e  peak height  of 

each peak from t h e  'new* base-line.  The peak he ight  was 

obtained accura te ly  by considering t h e  BoltzmannDistribution 

Law, with re fe rence  t o  42' C a s  a s tandard.  I n  WF6 t h e  temp- 

e r a t u r e  dependence of t h e  widths a t  half-height  w a s  obtained 

by m e a s u r i n ~  t h e  width a t  half-height  of both peaks and 

t ak ing  t h e  average of these  values.  The temperature ranges 

inves t iqa ted  were: 

(a) MoF6 2 2 ' ~  t o  6 8 ' ~  

(b) WFg 9 . ; ~  t o  5 9 . 5 ' ~  

To maintain a high deeree of r e p r o d u c i b i l i t y  i n  doing 

these  temperature runs ,  t h e  spectrometer was f i r s t  checked 

f o r  homogeneity by observing the  proton spectrum of H20 a t  

60 Mhz f o r  each temperature. The temperature of the  p a r t i c u l a r  

run  was observed by measuring t h e  frequency separa t ion  f o r  

t h e  two peaks of the  proton spectrum of e thylene  g lycol  or  

methanol and r e f e r r i n g  t o  p lo t s  i n  Fig.  5 or 6. The spec t ro-  

meter was then  switched t o  56.4 Mhz t o  observe t h e  F~~ spectrum 

of t h e  hexaf luor ide ,  t h e  homogeneity of t h e  instrument being 

maximised a g a i n  by l o c a t i n g  one of t h e  peaks of t h e  s e x t e t ,  

o r  ' s i t t i n g  on' one of t h e  peaks of t h e  doublet  and repea t ing  

t h e  maximising process f o r  each peak recorded. 



To mainta in  reproducibility i n  t h e  s p e c t r a  of MoF6, t h e  

f i l t e r  bandwidth was maintained a t  4 hz and t h e  r e f  f i e l d  a t  

0.03 mgauss, while t h e  sweep r a t e  w a s  maintained a t  0.1 hz 

sec-' and t h e  s p e c t r a l  amplitude a t  50. For WF'g t h e  f i l t e r  

bandwidth was maintained a t  4 hz and t h e  r . f  f i e l d  a t  0.02 
ti 
8 -1 muauss while t h e  sweep r a t e  w a s  maintained a t  0.1 hz sec , 
0 

g. 
% t h e  s p e c t r a l  amplitude being 5.0. 
1 
% 
8 The separation JMo-F and JW-F between adjacent  peaks * 
,% 9 
d of t h e  r e s p e c t i v e  s p e c t r a  w a s  obtained by p lac ing  s ide -  , I 

bands on t h e  two outer  peaks of t h e  s e x t e t  and double t ,  

r e s p e c t i v e l y ,  from t h e  in tense  c e n t r e  band, using a Hewlett- 

Packard 3300 A func t ion  genera tor  connected t o  a C.M.C. Model 

201 B frequency period counter  which was connected t o  t h e  

spectrometer.  This gave 

J ~ 0 9 5 - ~  = 46.7 2 0.1 hz 

Jw183-F = 43.8 f. 0.1 hz 

(ii) Resul t s  

Table '  1 c o n s i s t s  of a l i s t  of the  nuclear  p roper t i e s  

% -I (wi th  r e fe rences )  of W and Mo. 

(a) Molybdenum Hexafluoride t 

To v e r i f y  t h e  r e s u l t s  of t h e  F~~ Ti experiments on 

r*r 
MoF6 performed by Rlgny and V i r l e t  ( 2 4 ) ,  a - I I / 2  T1 pulse  

experiment w a s  performed a t  60 Mhz and 29.c (Fig.  7 ) .  The 

r e s u l t s  obtained were p lo t t ed  i n  Fig. 8 (Rip = 1.2 s e c - l )  



values f o r  Rlq95 a r e  c o l l e c t e d  i n  t a b l e  3. 

Knowing t h e  %p d a t a  from Rigny and V i r l e t ' s  pulse  

experiments on MoF6 (Fig.  9 p l o t  l a b e l l e d  BIF (R+v) ) , and 

t h e  peak widths a t  half-height  ( c o r r e c t e d ) ,  i t  w a s  poss ib le  

t o  u t i l i s e  t h e  t r a n s i t i o n  p r o b a b i l i t y  f o r  t h e  sp in - ro ta t ion  

i n t e r a c t i o n  (Equation 13 Chapter 11) with t h e  a s soc ia ted  

K-Matrix d iagonal  elements (Appendix 2 Eauation 1 ) i .e, , = 

and found t o  be i n  aureement with Rigny and V i r l e t ' s  (24)  

d a t a ,  wi th in  experimental  e r r o r .  

Table 2 conta ins  t h e  peak widths a t  ha l f -he ight  f o r  

M O ~ ~ F ~ ,  as a func t ion  of temperature,  with t h e  corresponding 

values of RIQ97 obtained us ing  Equation 18 Chapter 11, as 

pointed out i n  Chapter I V .  The diagonal  values of t h i s  

K-Matrix(l5 : 23 : 18) a r e  a s soc ia ted  with t h e  average peak- - 
widths a t  ha l f -he ight  of the  two corresponding peaks of t h e  

s e x t e t ,  Using t h e s e  c o e f f i c i e n t s  i t  was poss ib le  t o  obta in  

a value f o r  t h e  quadrupolar term 4 ,  provided a t r u e  

l o r e n t z i a n  l i n e  shape i s  obeyed, and o ther  l i n e  broadening 

mechanisms a r e  neg l ig ib le .  The derived r e l a x a t  ion  p l o t  f o r  

~ 0 ~ 7  w a s  found t o  be l i n e a r  ( ~ l g .  9 p l o t  l a b e l l e d  ~ ~ ~ 9 ~ )  

The rnul t ig le ts  due t o  were t r e a t e d  s i m i l a r l y .  
2 

Knowing t h e  r a t i o  ( 2 8 ) ( 2 9 )  and RTQ97 = 1/TIQ97 a t  

each temperature,  it was poss ib le  t o  c a l c u l a t e  RIq95 s i n c e  



5 r 13 r 17, t o  c a l c u l a t e  t h e  F't9 l inewidth  c o n t r i b u t i o n  f o r  

~0~~ s p i n - r o t a t i o n a l  i n t e r a c t i o n  ( t h e  sp in - ro ta t ion  i n t e r a c t i o n  

term) 1.e. 

_/ 

LAD = fw 
observed R 1 ~ ( ~ + ~ )  +P%lq95 +Au R l ~ o  95 +AH* R2 

where R2* is a measure of t h e  f i e l d  in-homogeneity. Assuming 

Lorentzian behaviour, equat ion (i*) only a p p l i e s  i f  t h e s e  a r e  

t h e  only c o n t r i b u t i n g  mechanisms, Chapter I V  w i l l  g ive  reasons 

f o r  d i s c a r d i n g  a l l  o the r  mechanisms mentioned I n  Chapter 11. 

That w e  were j u s t i f i e d  i n  assuming l o r e n t z i a n  behaviour may 

be obtained by r e f e r r i n g  t o  t h e  p l o t ,  Fig. 9 ,  obtained from 

table 4 f o r  RaMo95. 

( b) Tunasten Hexaf l u o r i d e  

Mo and W appear i n  t h e  same qroup of t h e  per iodic  

t a b l e ,  and because of t h e  ' l an thanide  con t rac t ion ' ,  a s soc ia ted  

with a f u l l  4f o r b i t a l ,  they have approximately t h e  same atomic 

r a d l i ;  it might be suspected t h a t  t h e  e l e c t r o n i c  i n t e r a c t i o n s  

with t h e s e  two nuc le i  a r e  similar. 

A s  t h e  dominant r e l a x a t i o n  mechanism i n  is  sp in-  

r o t a t i o n  i n t e r a c t i o n  and s i n c e  tungs ten  has  a s p i n ,  I = &, 
nucleus,  i t  might be expected t h a t  t h e  dominant r e l a x a t i o n  

mechanism f o r  wl83 is  a l s o  s p i n - r o t a t  ion  i n t e r a c t i o n .  To 

ob ta in  Information on l i n e  broadening due t o  t h e  w~~~ c e n t r e  

t h r e e  methods were at tempted,  s i n c e  t h i s  p a r t i c u l a r  c o n t r i b u t i o n  

w a s  very small. 



Firstly, the full-width at half-height of the proton 

spectrum of TMS in CDCL should give a measure of the magnet 3 
inhomogeneity. This value may be subtracted from the F 19 

spectrum of the W 183 doublet, from which R l  had already been 
C _ F 

subtracted. However, due to impurity, the line width was 

wider than expected and this technique was discarded. 

Secondly, the Rotary Echo experiment was attempted 

at 5 6 . k  Mhz sitting on one of the peaks of the w~~~ doublet. 

llagnetic inhomogeneity effects were refocussed by this 

technique, and therefore contributed nothing to the end result. 

However, the separation from the intense W (I = 0 )  peak to 

the weak (I = 4)  peaks was 21.6 hi., and as a result, the 

overlap of this intense peak with the weaker peaks nullified 

the usefulness of this experiment and no results were obtained. 

Thirdly, Pople et a1 (Chapter 3 of (31)) point out that 

if the rate of change of Ho is fast enough, the signal changes 

its shape and shows a series of characteristic wiggles (Fig. 10) 

in the tail after passing resonance. The decay of this 

'envelope' is of the order of the transverse relaxation time, 

-* 

T2. However, during this period the magnetic moment vector 11 

and the r.f. field H I  will be rotating about the direction of 

Ho at different rates, so that they will alternately go in 

and out of phase. The absorption signal which measures the 

out of phase component will show a series of damped oscillations 

through resonance. Performing this experiment on each of the 



, 
peaks of tungsten doublet, and recording the decay signal on 

a recording scope will yield a value for (R2)wiggle beat where : 

=R + R2* + R (R ) le eat zF ariAb9fi&0~ 
+ R 

8iMirve9 IW 
(iii) 

3 

To remove the effects of radiation damping, which 

Abragam (P (18)) points out is a function of the magnetization 
76 

Mo, the filling factor? and the Q of the tuned receiver circuit. 

2H = bb)QMO~inO 
r ( i d  

which in turn yields a characteristic timezgiven by 

Z = (2- .rC o p  

where W ,  is the larmor frequency and where 'Cis found to be 

shorter than Tidue to suppression of the free precession of the 

nucleus. Detuning the spectrometer off-resonance decreases the 

radiation damping by the factor d / ~ .  Performing this experi- 
ment on the intense centre line ( R ~ ) ~ ~ ~ ~ ~ ~  beat may be defined 

as: 

- 
(R2)wiggle beat - RIF + R2* 

since for the centre peak W (I = 0). 

Assuming the effects due to radiation damping are small, 

a value for R may be obtained by subtracting (vi) from 
1 p 3  

(iii). This experiment did not work because the line-widths 

do have a factor associated with inhomogeneity. 



However, by  combining t h e  f a s t  sweep method f o r  t h e  c e n t r e  

peak ,  t h e  i n s t r u m e n t  h a v i n g  been  d e t u n e d ,  w i t h  t h e  c o n v e n t i o n a l  

X?19 High R e s o l u t i o n  N.M.R. exper imen t  on WF6 a  v a l u e  f o r  R 
lw 

was o b t a i n e d .  T h i s  expe r imen t  was pe r fo rmed  a t  a s e r i e s  of  

t e m p e r a t u r e s  and  a n  a n a l y s i s  o f  t h e  r e s u l t s  made u s i n g  Equa t ion  

13, Chap te r  I1 w i t h  t h e  a s s o c f a t e d  K-Matrix d i a g o n a l  e l e m e n t s  
3 

(Appsndix 11, I = *). These  r e s u l t s  a r e  c o l l e c t e d  i n  t a b l e  5 

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

mechanism, and  i f  t h e  ' s low w183 r e l a x a t i o n  l i m i t *  h o l d s ,  s o  

t h a t  t h e  l i n e s  a r e  l o r e n t c i a n .  T h i s  d a t a  i s  p l o t t e d  i n  F ig .11  

l a b e l l e d  RlwlS3 f rom which t h e  s m a l l  r e l a x a t i o n  e f f e c t  due  t o  

w l a 3  i s  n o t e d ,  as w e l l  as t h e  t r e n d  o f  i n c r e a s i n g  R w i t h  de- 

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

a c t i o n .  



I 

CHAPTER I V  

DISCUSSION 

Fes t ina  Lente 

(1) General 

I n  t h i s  chap te r  a n  at tempt  w i l l  be made t o  show why 

t h e  s p i n - r o t a t i o n  and quadrupolar nuclear  s p i n  r e l a x a t i o n  

mechanisms a r e  t h e  dominant r e l a x a t i o n  mechanisms of t h e  

c e n t r a l  meta l  nucle i  of molybdenum and tunqs t e n  hexaf luor ides .  

Comparison of t h e  r e s u l t s  obtained by ~~9 N.M.R., wi th those 

from t h e  d i f f u s i o n  experiments of Rigny and V i r l e t  (24)  f o r  

MoF6 and WF6, sugqested a means of conparing t h e  a c t i v a t i o n  

energies  a s soc ia ted  with molecular r o t a t i o n ,  as obtained by 

N.M.R., w i t h  those  obtained by the  c l a s s i c a l  d i f f u s i o n  co- 

e f f i c i e n t  as suggested i n  Debye's 'Polar  Molecules' Chapter 5 
/- 

( 3 2 ) .  This comparisofl has lead t o  a c r i t i c a l  study of t h e  

d i f  f e r e n t  c o r r e l a t i o n  times. 

( 2 )  Dominant Relaxat ion '  Mechanisms 
a t  the  Mo Nuclei i n  M0F6 

I t  w a s  poss ib le  t o  e l l a i n a t e  nuclear  s p i n  r e l a x a t i o n  

by a n  intra-molecular  dipole-dipole  mechanism by u t l l i s  i n 8  t h e  

theory on t h i s  mechanism out l ined  i n  s e c t i o n  2 Chapter 11. 

Using the  t r a n s i t i o n  p robab i l i ty  out of any s i t e  f o r  t h e  F 19 
e 

nucleus (Equat ion 6 Chapter 11) Rigny and V i r l e t  (24)  el iminated 
\ 



Cons ide r ing  a n  i n t r a m o l e c u l a r  d i p o l e - d i p o l e  mechanism 

a t  t h e  Mo nuc leus  (Equa t ion  6 Chapter  11) a l l o w  a c a l c u l a t i o n  

of t h e  t r a n s i t i o n  p r o b a b i l i t y  ou t  of any s i t e  f o r  t h e  Mo 

nuc l e u s  i . e. 

makinq u s e  of Riqny and Vir le t ' s  r e s u l t ,  and comparing t h e  

r a t i o  

al lows u s  t o  d i s c a r d  t h i s  mechanism. F u r t h e r  evidence f o r  no t  

c  o n s i d e r i n g  t h i s  mechanism came from t h e  t empera tu re  dependence 

p l o t s  ( ~ i g .  9 ) .  ~0~~ w a s  shown t o  g i v e  t h e  oppos i t e  t empera tu re  
d 

dependence t o  what would be  expec ted  f o r  a n  i n t r a m o l e c u l a r  

d i p o l e - d i p o l e  mechanism. A l t h o ~ q h  ~0~~ Gave t h e  same t y p e  of 

s l o p e ,  as would be expected f o r  a d i p o l e - d i p o l e  mechanism, 

t h i s  was only  t o  be expec ted ,  s i n c e  a  auadrupole  mechanism 

was used t o  o b t a i n  t h i s  p l o t ,  and bo th  quadrupole  and d i p o l e -  

d i p o l e  r e l a x a t i o n  mechanisms depend i n  similar manner on t h e  

molecu la r  o r i e n t a t i o n ,  with r e s p e c t  t o  t h e  l a b o r a t o r y  

r e f e r e n c e  frame. 

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

mechanism u s e s  t h e  d i s t a n c e  of c l o s e s t  approach,  a ,  between 



the I-spin considered and a) neighbouring S-spin (Chapter 11, 

Section 3), and because of the similarity of the expressions 

for the transition probability (Equations (6) and (7) Chapter 

11), it becomes possible to eleirninate this mechanism, in 

like manner as the intramolecular dipole-dipole mechanism. 

The transition probabilities associated with chemical 

shift anisotropy, as set out in Equation 9 Chapter I1 are 
' 2 

proportional to 
%lo . H: *< and since we were obtaining 

information about the central metal nucleus, which was in a 

spherical environment, 5 = 0 and the mechanism is ineffective 

to first order. 

These eliminations leave nuclear spin relaxation 

mechanisms associated with spin-rotation and quadrupolar 

interactions at the Elo nuclei in MoF6, and the possibility 

of higher order nuclear interactions. 

In considering the two field gradient mechanisms 
w 

mentioned in Section 6 Chapter I1 an estimation of the nuclear - 
centrifugal distortion was made using the values *e = 741 ern-' 
for the totally symmetric stretching frequency 3 , ( 3 3 ) ,  

'ij = 1.9 A' (24) in Equation 15 Chapter 11. A maximum J = 5 0  

was used in this calculation, since this was the value expected 

0 
at temperatures of about 70 C, assuming equipartition of energy. 

The result of performing this calculation indicated that such 

C- 
a distortion yields a bond extention J / $  of about 4 x lo-' 

perpendicular to the rotation axis, and hence could not account 

for any sizable molecular field gradient for quadrupolar 



coupling. , 

Another means through which a quadrupolar mechanism 

might operate in a spherical environment entails disrupting 

the molecular symmetry via intermolecular collisions, as 

pointed out in Chapter 11, Section 6 (b). Using the 

transition probabilities associated with this mechanism 

(Equation 18 Chapter 11) the corresponding - K - Matrix for - 
I = 512 was obtainedJAppendix 11). The ratio of the 

transition probabilities to the square of the matrix elements 

yields a value for the spin-lattice relaxation rate R1 
I 

It was found that quadrupolar relaxation was the dominant 

mechanism of BIog7 (Fig. 9 plot labelled ~ ~ ~ 9 7 )  due to its 

large nuclear quadrupole moment (Table 1). The slope of 

this plot yielded an activation energy of (1.4 & 0.2) Kcals 

-1 mole . 
The dominant r-xation mechanism observed for ~ 0 9 5  

was spin-rotation, as pointed out in Chapter 111. A temperature 

dependence plot for this mechanism (Fig. 9 plot labelled 

RI- J ~ 0 ~ ~ )  yielded an activation energy of (2.2 2 0.3) Kcals 

mole '1. Since these relaxation mechanisms completely accounted 
/ 

for the observed ~~9 multiplet line widths we conclude that 

higher multipole relaxation mechanisms (e.g., electric hexa- 

decapole) are absent. Since the F~~ TI pulse experiment 

agrees with Rigny and Virletts results, within experimental 
i 

C error, it was possible to conclude that there were no para- 

magnetic species present in the solution of MoF6. As the 

i 



a c t i v a t i o n  e n e r g i e s  f o r  quadrupola r  and s p i n - r o t a t i o n  i n t e r -  

a c t i o n s  of t h e  Mo n u c l e i  were found t o  be  a n  o r d e r  of 

magnitude lower t h a n  t h e  energy r e o u i r e d  t o  b r eak  t h e  Mo-F 

bond, it was concluded t h a t  no chemica l  exchanqe phenomena 

occurred i n  t h i s  sample. 

( 3 )  Dominant R e l a x a t i o n  Mechanisms a t  
t h e  'dl83 Nucleus of WFg 

Due t o  t h e  s i m i l a r i t y  i n  t h e  bond l e n g t h s  rW-F and 

qo -~ ,  caused by t h e  ' l a n t h a n i d e  c o n t r a c t i o n ' ,  and s i n c e  f o r  

MoF6 i n t e r -  and i n t r a -  molecu la r  d i p o l e - d i p o l e  mechanisms 

were d i s c a r d e d ,  i n  l i k e  manner i n t e r -  and i n t r a -  molecu la r  

d i p o l e - d i p o l e  r e l a x a t i o n  mectanisms may be  d i s c a r d e d  f o r  WFg. 

A s  w i t h  t h e  Mo n u c l e i ,  it  was a l s o  p o s s i b l e  t o  e l i m i n a t e  

r e l a x a t i o n  due t o  chemical  s h i f t  a n i s o t r o p y ,  because  of t h e  

s p h e r i c a l  symmetry a t  t h e  w l R 3  c e n t r e .  Also  wl87 has  s p i n  

I = $ and consequen t ly  no auadrupole  o r  h i ~ h e r  moment. 
r 

A dominant s p i n - r o t a t i o r a l  r e l a x a t i o n  mechanism was 

t h u s  expected f o r  w183. Th is  mechanism was suppor ted  by t h e  

observed t empe ra tu r e  dependence (Fia. 11 p l o t  l a b e l l e d  

~ ~ ~ ~ 8 3  ) . The approximate  a c t i v a t i o n  energy measured from 

t h e  s l o p e  of t h l s  p l o t  i s  ( 3.4 + 1 . I )  Kcals  mole-'. 

S i n c e  t h i s  mechanism accoun t s  f o r  t h e  observed F  19  

l i n e  w id th s ;  i t  was p o s s i b l e  t o  d i s c o u n t  any e x t r a  broadeninq 

p roces s  due t o  paramagnetic i m p u r i t i e s ,  chemical  exchanqe, 

e t c .  Chemical exchange is  a l s o  r u l e d  out  from t h e  magnitude 

of t h e  observed a c t i v a t i o n  energy.  



( 4 )  C o r r e l a t i o n s  between ~ p e c t r o s c  opic 
and D i f f u s i o n  R e s u l t s  

The v a l u e s  of t h e  a c t i v a t i o n  e n e r g i e s  a s s o c i a t e d  wi th  

t h e  s p i n - r o t a t i o n  r e l a x a t i o n  mechanisms a s s o c i a t e d  wi th  Mo 95 

and w l R 3  and t h e  quadrupola r  r e l a x a t i o n  mechanism of ~ 0 9 7  were 

conpared w i t h  t h e  r e s u l t s  of t h e  d i f f u s i o n  exper iments  on MoF6 

and WF6 ob ta ined  by R i ~ n y  and V i r l e t  ( 2 4 ) .  The disagreement  

between t h e s e  v a l u e s  p o i n t s  out  t h e  weakness i n  c o r r e l a t i n g  

n u c l e a r  s p e c t r o s c o p i c  r e s u l t s  on r e l a x a t i o n  concern ing  

molecu la r  r o t a t i o n s  w i th  t h e  c l a s s i c a l  model of Brownian 

t r a n s l a t i o n a l  d i f f u s i o n .  

To a n a l y s e  t h i s  model f o r  r e l a x a t i o n  t h e  approach 

t aken  by Debye ( 3 2 )  w i l l  be used i n  d e f i n i n g  t h e  r e l a x a t i o n  

t ime  and t h e  c o r r e l a t i o n  f u n c t i o n  i . e . ,  by c o n s i d e r i n g  h i s  

d e s c r i p t i o n  of t h e  anomalous d i s p e r s i o n  and a b s o r p t i o n  of 

p o l a r  l i q u i d s .  Th is  mosel assumes t h a t  it i s  p o s s i b l e  t o  

r e l a t e  i n fo rma t ion  ob ta ined  from t r a n s l a t i o n a l  d i f f u s i o n  t o  

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

t h e s e  two p roces se s  l e e . ,  7 = 9 y e  Debye s tates ' t h a t  f o r  

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

shou ld  be r e p r e s e n t e d  by 

where 9 i s  t h e  i n n e r  f r i c t i o n  c o n s t a n t ,  as d e f i n e d  by 

S k ~ k e s '  T h i s  r e l a t i o n ,  however, was d e r i v e d  by Debye f o r  

t h e  t h e <  sy of d i e l e c t r i c  ' r e l a x a t i o n  of p o l a r  l i q u i d s ,  and does  



not  s t r i c t l y  app ly  t o  our  spherical n o l e c u l e .  I n  c o r r e l a t i n g  

d i f f u s i o n ,  TG may be r e l a t e d  th rough  a d i f f u s i o n  equa t i on  t o  

a r o t a t i o n a l  d i f f u s i o n  c o n s t a n t  D,, and hence t o  t h e  micro- 

s cop i c  v i s c o s i t y , ?  , and t h e  molecu la r  d i ame te r ,  a ,  through 

t h e  S t o k e s - E i n s t e i n  r e l a t i o n  ( 3 2 )  

Hence i n  a n a l y z i n g  molecu la r  motions on t h e  b a s i s  of 

t h e  above c o n s i d e r a t i o n s ,  one presupposes  a s p e c i f i c  model 

f o r  t h e  t y p e  of random motion. Another model o f t e n  used 

assumes t h a t  r e o r i e n t a t i o n  is a t h e r m a l l y  a c t i v a t e d  p rocess ,  

by which t h e  molecule  as a whole f l i p s  from a t o r s i o n a l l y  

o s o i l l a t i n g  s t a t e  i n  one p o t e n t i a l  minimum t o  a similar s t a t e  

i n  a n  e a u i v a l e n t  minimum (34) .  Th is  model l e a d s  t o  t h e  

r e l a t i o r ,  

where E i s  t h e  a c t i v a t i o n  enerqy r e l a t e d  t o  t h e  h e i q h t  of 

t h e  p o t e n t i a l  b a r r i e r  s e p a r a t i n g  t h e  minima. Nhen as commonly 

occurs  l/T1 depends on t empera tu re  i n  a manner c o n s i s t a n t  

wi th  t h e  preceedinq equa t i on ,  one i s ,  t o  a deq ree ,  j u s t i f i e d  

i n  a c c e p t i n q  t h e  model proposed and proceedinq t o  draw con- 

c l u s i o n s  abou t  t h e  a c t i v a t i o n  enerqy.  

To account  f o r  t h e  quadrupola r  i n t e r a c t i o n  i n  t h e  c a s e  

of a s p h e r i c a l  molecule  having a n u c l e a r  auadrupole  moment 

( M O ~ ~ F ~ ) ,  a n  i n t e r m o l e c u l a r  s t i m u l a t e d  r e l a x a t i o n  mechanism 



has been suggested. The model used in this case suggests 

that intermolecular collisions are responsible for distorting 

the molecular electron cloud causing a field gradient to arise. 

To suggest that this model has a correlation time?, which is 

a function of a second order spherical harmonic, may be seen 

by realising that instantaneous distortions to the molecular 

symmetry caused by collisions allow a measure of the reorientation, 

occuring exponentially in time, of the disturbed spin system at 

thermal equilibrium. This is similar to the relaxation mechanism 

of xei3' observed by Staub ( b l ) ,  in which distortion of the atom 

occurs chiefly by the Van der Waals forces, allowing for the 

establishment of an efficient quadrupolar relaxation mechanism 

(Ixe = 3/2). However, Staub mentinns that the correlation time, 9 

differs from that defined by Bloembergen, Purcell and Pound ( 7 ) ,  

because of the statisticaa time dependence of the field gradient 

caused by collisions with a uniform spectrum of frequencies to 

frequencies of the order **Vt>)G), . Staub then says that 

RO/T = RO/? . Hence 

Where R is $he minimum distance between two molecules, Cw is defined 
0 

in terms of the Van der Waals constants 4 and f l  , and is the 

average speed of the molecule, while E l -  Eo  is the energy for a 

transition. 

It should be kept in mind that these distortions are only 

instantaneous and are, in fact, time averaged to zero. 



The u s u a l  model of a ; p i n - r o t a t i o n a l  i n t e r a c t i o n  

which has  been shown by Hubbard (14)  t o  b e  a f u n c t i o n  of t h e  

a n m l s r  momentum of t h e  molecu le ,  s i n c e  t h e  nuc leus  jumps 

from one J - s t a t e  t o  a n o t h e r ,  may be  c o n s i d e r e d  f o r  ~ 0 ~ 5 ~ ~  

and WF6. I n  t h i s  c a s e  no v i s c o s i t y  term s h o u l d  a p p e a r  i n  

t h e  S t o k e ' s - E i n s t e i n  model ( E q u a t i o n  2 ) .  

S e v e r a l  papers  have r e c e n t l y  appeared  i n  t h e  

l i t e r a t u r e  a t t e m p t i n g  t o  c o r r e l a t e  mic roscop ic  r e s u l t s  t o  

N.M.R. (351,  ( 3 6 ) ,  ( 3 7 ) ,  ( 38 ) .  A l l  of t h e s e  papers  c o n s i d e r  

t h e  Brownian mot ion  of c o l l o i d a l  p a r t i c l e s  f l o e t i n 3  i n  a 

l i q u i d  medium and a l l  s u g g e s t  t h a t  any f l u c t u a t i o n s  o c c u r r i n a  

a r e  due  t o  t h i s  t y p e  of motion.  However, t h e  a t t a c k  on t h i s  

problem *changes w i t h  t h e  model used  (e .q . ,  h a r d  c o r e  o r  s o f t  

c o r e ,  e t c . ) .  The a e n e r a l  approach t a k e n  by c h e m i s t s  i n  t h e  

t h e o r y  of t r a n s p o r t  phenomena t e n d s  t o  emphasize s n o d e l  

based on t h e  k i n e t i c  t h e o r y  of q a s e s .  

( 4 )  R e l a t i o n  between 7. and 7. 

By c  o n s i d e r i n q  t h e  t h e o r y  of t r a n s l a t i o n a l  Brownian 

mot ion  of a s p h e r i c a l  p a r t i c l e  and u s i n q  t h e  Lanqevin e a u a t l o n  

where U d e n o t e s  t h e  l i n e a r  v e l o c i t y  of t h e  p a r t i c l e ,  Hubbard (14)  

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

t h e  v e l o c i t y  of t h e  molecule .  Modifying ( 4 )  t o  c o n s i d e r  

r o t a t i o n a l  Brownian mot ion  Hubbard o b t a i n s  a n  e x p r e s s i o n  f o r  



t h e  p r o b a b i l i t y  d e n s i t y  fo$  t h e  a n a u l a r  v e l o c i t y  of a 

s p h e r i c a l  p n r t i c l e .  From a knowledre of t h e  a n ~ u l a r  momentum 

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

two c o n d i t i o n a l  p r o b a b i l i t i e s  he d e f  i n e s  

where 

where f' is t h e  f r l c t i o n  c o n s t a n t  and I i s  t h e  moment of 

i n e r t i a  of t h e  molecu le .  
L 

Bubbard t h e n  uses  t h e  d i f f u s i o n  c o e f f i c i e n t  D/ 

o c c u r r i n a  I n  F u r r y ' s  t h e o r y ,  re la tin^ i t  t o  t h e  v i s c o u s  

r e t a r d i n e  t o r o u e  p e r  u n i t  a n q u l a r  v e l o c i t y  i .e. ,  ~ q u a t i o n ( 6 )  

w 

a n i  by t h e  u s e  of W i ~ n e r  r o t a t i o n  n a t r i c e s  h e  d e f i n e s  

from which i t  f o l l o w s  t h a t  

?;owever t h e  t h e o r y  used  by Hubbard i s  only  v a l i d  when heavy 

p a r t i c l e s  n r e  immersed i n  a l i q h t  medium and may no t  be v a l i d  

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



R i ~ n v  and V i r l e O  ( 2 C k )  .p&n% wt that r s t i Z l .  .more 

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

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

bbeyed , and t h e  pa ramete r s  ~ o v e r n i n y  r o t q t  i o m l  mot i o n s  

c a n n o t  be simply deduced from t h e  cor respond  i n s  pa ramete r s  

of t r a n s l a t i o n a l  motion. T h i s  suqqes  ts t h e  lnadequscy of 

t h e  u s u a l  t e c h n i q u e s  mentioned I n  S e c t i o n  ( 4 )  t o  our  problem. 

By q l e a n i n ~  i n f o r m a t i o n  on bo th  t r a n s p o r t  p r o p e r t i e s  and 

r o t a t i o n a l  Brownian n o t i o n  from Morl ' s  paper  ( 3 9 ) ,  and by 

u t l l i s i n a :  t h e  F l u c t u a t i o n - D l s s l p a t i o n  Theorex of Kubo (4O), 

Riqny and V i r l e t  were a b l e  t o  o b t s l n  i n f n r n a t i o n  which d i d  

n o t  r e a u i r e  t h a t  t h e  p a r t i c l e  under  o b s e r v a t i o n  be h e a v i e r  

t h a n  t h e  molecu les  i n t e r a c t i n g  w i t h  i t .  3owever, t o  r e -  

c a l c u l ~ l t e  s new r e l a t i o n s h i p  between 3 2nd Tq i s  beyond the  

scope  of t h i s  t h e s i s .  

( 6 )  F u r t h e r  York? 

S i n c e  t h e  o r d e r  of maani tudes  of t h e  l i n e  wid ths  beinq 

measured were l e s s  t h a n  1 hz f o r  t h e  s p i n - r o t a t i o n  i n t e r a c t i o n ,  

t h e  N.M.R. s p e c t r o m e t e r  w a s  S e i n g  pushed t o  i t s  l i m i t s .  The 

r e s u l t s  may be improved by c o n n e c t i n n  t o  t h e  machine a s i g n a l  

a v e r a p e r ;  with t h i s  i n s t r u a e n t  t h e  r e s l r l t s  c o u l d  be  recorded  

I n  d i ~ i t a l  code  which cou ld  oe a n a l v s e d  by computer! 

A t h e o r y  oq t r a n s p o r t   ropert ties s h o u l d  be developed 

t o  c o n s i d e r  t h e  r e l a t i o n s  between t h e  c o r r e l a t i o n  t imes  used 

i.e., To and Tc ; however,  i t  would be n d v i s a b l e  f o r  such  a 



t heo ry  t o  take a n  approach uhh@~differs from t he  Debye 

theory, because of t h e  s p h e r l c a l  symmetry and uncharged 
s 

n a t u r e  of t h e  system. 
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'The t o t a l  Hamiltonian f o r  a nene ra l  r e l a x a t i o n  process  

mag be w r i t t e n  i n  terms of a p e r t u r b a t i o n  Hamiltonian 

A# ( t )  where ( t )  = C ~ ( ~ ) ( t )  A ( ~ )  
4 

(1) 

where ~ ( q )  ( t )  i s  a random l a t t i c e  f u n c t i o n  of t ime and 

A(')  a random ope ra to r  a c t l n q  on t h e  s p i n  v a r i a b l e s .  (18) 

Followinn: Abra~am (18)  a n  express ion  f o r  t h e  t r a n s i t i o n  

p r o b a b i l i t y  of s p i n  I may be obta ined as 

where%(uMMl ) i s  t h e  s p e c t r a l  d e n s i t y  a t  t h e  t r a n s i t i o n  

frequency uyM' which can  be w r i t t e n  In  t e r n s  of an  a u t o -  

c o r r e l a t i o n  f u n c t i o n  as fo l lows:  - 

where 

I f  It i s  assumed t h a t  t h e  f l u c t u a t i o n s  o f # l  t) 

a r e  such t h a t  t h e  a u t o  c o r r e l a t i o n  f u n c t i o n  q(7 )  decays 

exponen t i a l l y  t h e  i n t e q r a t i o n  may be  c a r r l e d  out.  It  has  

been found t h a t  t h i s  t ype  of a u t o c o r r e l a t i o n  f u n c t i o n  

fo l lows  from t h e  assumptions made i n  t h e  t heo ry  of Brownian 

motion and l e a d s  t o  a l o r e n t z i a n  l i n e  shape. Hence I t  



'+ 3 

i s  p o s s i b l e  t o  wri t ,e  

-T/'Tc g(7) = e  I (5) 

where 7 i s  t h e  c o r r e l a t i o n  time c h a r a c t e r i s t i c  of  t h e  
C 

f l u c t u a t i o n s  of 14/( t )  . SLlb~f , i ? l~ t<~1g  (5) ir, ( 2 )  we ;b ta l r l  

= / /  i n  t h e  extreme narrowing l i m i t  i .  e .  w T,,, 1 .  

To e v a l u a t e  t h e  ( M I A I M'> Matr ix  e lements  use  

i s  made of t h e  r e l a t i o n s :  

APPENDIX I1 

The t r a n s i t i o n  m a t r i x  of  K - m a t r i x  ( c h a p t e r  I1 - - 
Equat ion 22) can be eva lua t ed  from t h e  r e s p e c t i l r e  t r a n s i -  

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

mechanism. 

For I = 5/2 t h e  K - matrix of t h e  a s s o c i a t e d  sp in-  - - 
r o t a t i o n  i n t e r a c t i o n  becomes: 



44 

For I = 1/2 the K - Matrix associated with the 

spin-rotation interaction becomes: 

For I = 5/2 t h e  K-Matrix a s s o c i a t e d  w i t h  nuc l ea r  

e l e c t r i c  auad rupo la r  r e l a x a t i o n  may be ob ta ined  i n  terms 

of H1 by modifying Eaua t i on  18 of Chapte r  I1 t o  g i v e  

from which 



SYMB CL MEA NI NG 

Nuc l e s r  s p i n  cuantxm number. 

P lanck ' s  c c n s t a n t  Dn 2 i i  . 
Nuclear  mapneto- ~ y r l c  rat  i o .  

Appl ied  r a a n e t i c  f i e l d .  

Boltzmann c  ons t a n t  . 
Temperature O Kelvin .  

C u r i e  m a a n e t i z a t  i c n .  

M a n n e t i z a t l o n  a l o n q  a  c a r t e s i a n  a x i s .  

S p i n  l a t t i c e  r e l a x a t i o n  r a t e  c o n s t a n t .  

L o n ~ i t u d i n a l  r e l a x a t i o n  r a t e  c o n s t a n t .  

C o r r e l a t i o n  t i m e s  

L a t t i c e  o p e r a t o r s  

T r a n s i t i o n  p r o b a b i l i t y  ou t  of a  Zeeman 
s t a t e +  . 
Time dependent  H a m i l t  on ian .  

Chemical s h i f t  s h i e l d i n n  t e n s o r .  

S p i n - r o t a t i o n a l  i n t e r a c t i o n  c o n s t a n t .  

Molecu la r  a n g u l a r  momentum. 

A u t o c o r r e l a t i o n  f u n c t i o n .  

S p e c t r a l  d e n s i t y  af a n n u l a r  f requency . 
Speed of l i q h t .  

Molecv.lar n u c l e a r  r o t a t i o n a l  c o n s t a n t .  

Moment of i n e r t i a .  

Molecu la r  n u c l e a r  c e n t r i f u g a l  d i s t o r t i o n  
c o n s t a n t  . 



Yolecu la r  e l e c t r o s t a t i c  f i e l d  g r a d i e n t .  

F u i l  l i n e  width  i n  hz. 

YUC I P ~  q u a d r i p o l e  moment. 

Inner f r i c t i o n  c o n s t a n t .  

3 o t a t i o n a l  d i f f u s i o n  c o n s t a n t .  

Quadrupolar  r e l a x a t i o n  c o e f f i c i e n t .  

S p i n - r o t a t i o n  i n t e r a c t i o n  c o e f f i c i e n t ,  

T ransve r se  dephas ine  rate due t o  maunet 
I nhmoaene i t y .  
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Figure 1. 

VACUUM APPASA'TUS FOR P U 8 I F I C A T I O N  OF V.M.R. S A M P L E  
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F i g u r e  2 .  

VAClJUM APPARATUS FOR TRANSFERRING N,M ,Re 
SAMPLE TO N0M.R. TUBE 





Figure 3. 

F~~ SPECTRUM OF MoF6 AT 3 3 ' ~  





Figure 4. 

F~~ SPECTRUM OF WF6 AT 2 8 ' ~  





Figure 5 .  

METHANOL SHIFT VS. TEMPERATURE 
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Figure  6 .  

ETHYLENE GLYCOL SHIFT VS. TEMPERATURE 





Figure 7. 

- 7/2 PULSE SEQUENCE FOR MoF6 





Fiaure 8. 

TIME V S  LOGlO PEAK HEIGET FOR 7 - m/2  PULSE EXPERIMENT 



TIME (sec.)  



T E I 4 W R A T U R E  DEPENDENCE OF ~0~~ AND ~o~~ R E L A X A T I O N  

MECHANISMS FRCM F~~ S P E C T R A  
FOR C O M P A R I S O N  F ~ ~ ~ . ~  R E L A X A T I O N  R A T E  AND TH5 F~~ 

S P I N  D I F F U S I C N  DATA OF R I G h Y  AND V I R L E T  A R E  ALSO P L O T T E D  



'Dif fusion 



WIGGLE BEAT DECAY CENTRAL PEAK OF !dF6 

WHEN DETUNED AT 2 7 O ~  

(2 seconds f u l l  w i d t h )  





Figure 11. 

TEMPERATURE DEPENDENCE OF w~~~ RELAXATION FROM F~~ S P E C T R A  
FOR COMPARISON ~ 1 9 ~  .J RELAXATION RATE 

AND ~ ' 9  S P I N  D I F F U S I O N  DATA OF ( R + V )  ( 2 4 )  A R E  A L S O  PLOTTED 





P.M .R. STUDY OF DEUTERATED AMMONIUN I O N S  

( 1 )  I n t r o d u c t i o n  

An a t t e m p t  was made t o  s t u d y  t h e  N~~ r e l a x a t i o n  

mechanism by r o t a r y  echo (1  ) exper iments  on t h e  s p e c t r a  

i n  aqueous s o l u t i o n s  of a c i d i f i e d  ammonium ions  as a 

f u n c t i o n  of t empera tu re .  

To perform such a n  exper iment  it was necessa ry  t o  

s a t i s f y  two c o n d i t i o n s .  F i r s t l y  a s o l v e n t  had t o  be  

ob ta ined  i n  which t h e  ammonium sa l t  w a s  ve ry  s o l u b l e .  

Secondly,  as po in ted  out  by Oqg ( 2 ,  3 ) ,  t h o s e  p rocesses  of 

r a p i d  chemical  exchanqe o c c u r r i n ~  i n  aaueous s o l u t i o n s  of 

t h e  ammonium i o n ,  shown i n  s e c t i o n  ( 2 )  of t h i s  c h a p t e r ,  had 

t o  be ' f r o z e n '  t o  o b t a i n  a w e l l  r e so lved  t r i p l e t  (IN$+ = 1).  

It w a s  thought  t h a t  a n  a c i d i f i e d  s o l u t i o n  of D20 would 

s a t i s f y  t h e  above c o n d i t i o n s .  However, t h e  H' spectrum of 

t h i s  sample, r un  a t  60 Mhz, y i e l d e d  i n  a d d i t i o n  t o  t h e  

expected t r i p l e t ,  f i n e  s t r u c t u r e  on each member of t h i s  

t r i p l e t .  The split tin^ of t h e  t r i p l e t  i n t o  sub  m u l t i p l e t s  

was f u r t h e r  a s s o c i a t e d  wi th  t h e  se t  of d e u t e r a t e d  ammonium 

i s o t o p e s  . 
A Po ta ry  echo experiment w a s  performed on an aqueous 

e c  i d  i f  i e d  sample of ammonium n i t r a t e .  S i n c e  r e l a x a t i o n  w a s  

observed t o  be very fast  i t  became i n s t r u m e n t a l l y  i m p r a c t i c a l  



t o  s t udy  t h e  r e l a x a t i o n  mechanism of ~1~ by t h i s  t e chn i aue .  

However, i t  d i d  seem necessa ry  t o  p repare  s o l u t i o n s  of 

d e u t e r a t e d  ammonium ions  wi th  vary ing  r a t i o s  of t h e  

d e u t e r a t e d  components t h u s  a l l owing  f o r  a s t udy  of t h e  

s u c c e s s i v e  deu te r ium i s o t o p e  s h i f t  i n  t h e s e  ions  u s i n q  

P.M .R .  t echn iques .  

( 2 )  Chemistry of Aqueous Ammonium Ions  

It is well known ( 2 ,  3, 4 ,  5 )  that  aaueous s o l u t i o n s  

of ammonium ions  undergo a double  exchanqe process  as a 

f u n c t i o n  of pH 1.e .  

pN2 .5  [NH~H*]+ + HOH 2 T N H 4 ] +  + HOH* ( 1  

Thus when c r y s t a l l i n e  ammonium sa l t s  a r e  d i s s o l v e d  i n  

' n e u t r a l 1  D 2 0 ,  t h e r e  i s  r a p l d  e q u i l i b r a t i o n  of t h e  p ro tons  

among a l l  a v a i l a b l e  s i tes of a l l  p o s s i b l e  d e u t e r a t e d  ammonium 

Ions  and s o l v e n t  s p e c i e s .  T h i s  phenomenon ( 6 ,  7 ,  8 )  has been 

used t o  p r epa re  t h e  complete seauence  of d e u t e r a t e d  i ons  t o  

i n v e s t i g a t e  i s o t o p e  e f f e c t s  on t h e  Rross JN14H coup l inq  i n  

t h e  p ro ton  s p e c t r a .  

I t  w i l l  be shown t h a t  by quenchinq bo th  e a u i l i b r l a  (1) 

and (21, by r educ ing  t h e  pH, and by r educ inq  t h e  t empera tu re  
0 

t o  15 C It becomes p o s s i b l e  t o  r e s o l v e  t h e  s m a l l e r  JD-N-H 

coup l in@ f o r  each s p e c i e s  of t h e  comple te ly  d e u t e r a t e d  

sequence,  i n  s p i t e  of t h e  r e s i d u a l  q u a d r u p l e  r e l a x a t i o n  a t  

2 t h e  d4 and D c e n t r e s .  



( 3 )  Exper imenta l  
I 

One of t h e  samples  of d e u t e r a t e d  ammonium n i t r a t e  

used  I n  t h e s e  exper iments  was prepared  by d i s s o l v i n g  1.50 QES 

of r e a a e n t  g r a d e  ammonium n i t r a t e  (The Nicho l ' s  Chemical 

Company Ltd.  -98-1009 p u r e )  i n  0.905 m l s  of D20 ( S t o h l e r  

I s o t o p e  Chemlcals  99.8% D ~ )  y i e l d i n p  a w e l l  r e s o l v e d  spectrum 

( i  .e. ,  showing w e l l  r e s o l v e d  s u b m u l t i p l e t s  a s s o c i a t e d  wi th  
+ b4, k 3 ~ ,  6 H 2 D 2 ,  NHD?). On d i s s o l u t i o n  t h e  r a p i d  e q u i l i -  

b r a t i o n  p r o c e s s e s  (1)  and ( 2 )  were found t o  t a k e  f o r t y -  

f i v e  m i n u t e s  a t  room t e m p e r a t u r e ,  a t  which t ime  f o u r  d r o p s  

of c o n c e n t r a t e d  n i t r i c  a c i d  ( A l l i e d  Chemical ,  Canada 70%)  

were added t o  ' f r e e z e '  t h e s e  p r o c e s s e s .  The sample w a s  t h e n  

p laced  i n  a 5 mm O.D.N.M.R. t u b e  and degassed  by c o n v e c t i o n a l  

t e c k n i q u e s  b e f o r e  b e i n q  s e a l e d  i n  vacuo. 

The H' spect rum was o b t a i n e d  a t  1 5 ' ~  on a Var inn  

A s s o c i a t e s  A56/60 s p e c t r o m e t e r  a t  60 Mhz and a sweep r a t e  of 

0.05 hz  s e c - l ;  w i t h  t h e  r a d i o  f reouency  f i e l d  H1 s e t  a t  0.01 

mqauss and f i l t e r  band w i d t h  of 2 hz and spect rum arnpt i tude  

of 20. 

The w a t e r  peak which o c c u r s  a t  h i g h  f i e l d  of t h e  

ammbnium i o n  t r i p l e t  was used as a  means of l a y i n g  s i d e  bands 

on each  peak (h,+) of t h e  t r i p l e t .  The s p l i t t i n ~ s  t h u s  

observed were o b t a i n e d  u s i n g  a 

g e n e r a t o r  connec ted  t o  a Model 

which was i n  t u r n  connec ted  t o  

Hewlet t-Packard 3300 A f u n c t i o n  

201 B f r e a u e n c y  p e r i o d  c o u n t e r  

t h e  s p e c t r o m e t e r .  



( 4 )  R e s u l t s  and D i s c u s s i o n  ' 

The r e s u l t s  o b t a i n e d  i n  a n  a n a l y s i s  of t h e  P.M.R. 
0 

s p e c t r a ,  a t  1 5  C ,  a r e  s i v e n  i n  Tab le  1. T h i s  t a b l e  i n d i c a t e s  

t h a t  JN-H d e c r e a s e s  s l i q h t l y  on d e u t e r a t i o n  w h i l e  J HND 
i n c r e a s e s  on d e u t e r a t i o n ;  n s u c c e s s i v e  d e c r e a s e  i n  t h e  

chemica l  s h i f t  was a l s o  cbserved on d e u t e r a t i o n ,  a l l  v a l u e s  
+ 

b e i n p  t a k e n  r e l a t i v e  t o  t h e  peak a t t r i b u t e d  t o  t h e  NHb ion .  

To i n t e r p r e t  t h e  H I  s p e c t r a  r e f e r e n c e  was made t o  t h e  
+ 

c e n t r a l  peak of t h e  NHl, t r i p l e t  ( F i q .  1 ) .  F i q u r e  1 a l s o  shows 

a n  a n a l y s i s  of t h e  s u b a u l t i p l e t s  u i v i n ~  r i s e  t o  t h i s  ' spect rum' ,  
+ + 

a r i s i n a  from t h e  v a r i o u s  d e u t e r a t e d  components (NHII,  NA3D, 
+ + 
NH2D2, N H D ~ )  of t h e  ammonium ion .  T h i s  f i ~ u r e  a l s o  c o n t a i n s  

t h e  r e l a t i v e  i n t e n s i t i e s  of e a c h  member of t h e s e  s u b m u l t i p l e t s ,  

c a l c u l a t e d  by t h e  u s u a l  v e c t o r  a d d i t  i o n  mavlner f o r  e q u i v a l e n t  
+ 

s p i n  1 p a r t i c l e s  i . e . ,  f o r  NHjD t r i p l e t s  of r e l a t i v e  i n t e n s i t y  
+ 

1 : 1 : I ,  f o r  N 2 D 2  q u i n t e t s  of i n t e n s i t y  1 : 2 : 3 : 2 : 1 
+ 

and f o r  NHU3 s e p t e t s  of t h e  form 1 : 3 : 6 : 7 : 6 : 3 : 1. 

However, t h e  s p e c t r a  a r e  not s u f f i c i e n t l y  w e l l  r e s o l v e d  t o  

a l l c w  measurement of t h e  expec ted  l i n e  width  d i f f e r e n c e s  

between the con tpo~en t  mul t  i p l e t s  under  d e u t e r i u m  ouadrupo le  

The observed d e c r e a s e  i n  JN-H o r  i n c r e a s e  i n  J D -U-H 

on d e u t e r a t i o n  may be  e x p l a i n e d  ( 9 )  th rough  a d e c r e a s e  i n  t h e  

bond a n a l e  HVD due  t o  a d e c r e a s e  i n  t h e  l i b r a t i o n a l  a m p l i t u d e  

of t h e  N-D bending mode a a a i n s t  t h e  N-H bendinq.  The argument 

i s  t o  c o n s i d e r  a v a l e n c e  b o ~ d  approach  ( 1 0 )  t o  t h e  ammonium 

i o n  and t o  n o t e  how t h e  bond a n q l e  H/'\H chanqes on 



d e u t e r a t i o n  of t h e  i o n ,  a t t r i b u t i n g  any chanee t o  a r e d u c t i o n  

i n  s - c h a r a c t e r  a t  t h e  N of t h e  N-H c-bond,  and a n  o v e r a l l  

change i n  t h e  h y b r i d i z a t i o n  of t h e  molecule .  

From t h e  r a t i o  D.H = 1/6.53, and Tab le  1 f o r  va lues  

of JD-N-H9 i t  is  p o s s i b l e  t o  c a l c u l a t e  a t h e o r e t i c a l  va lue  

f o r  JH-x-H if it e x i s t e d  i n  t h e  same molecu la r  environment 

as t h e  d e u t e r a t e d  s p e c i e s  i .e.  

These r e s u l t s  were t h e n  r e f e r r e d  t o  t h e  Karplus curve  

(10). s u g q e s t i n g  t h a t  on d e u t e r a t i o n  t h e  v14 c e n t r e  undergoes 

a change i n  h y b r i d i z a t i o n  due t o  a d e c r e a s e  i n  t h e  a n g l e  1 
H-N-H. The assumpt ion b e i n 8  made t h a t  qeminal  J dependence 

+ 
i n  the  charqed  -Wh-,Dn s p e c i e s  i s  similar t o  t h a t  i n  uncharged 

methanes. 

I n  comparing our r e s u l t s  wi th  t h o s e  of Fraenke l  (ll), 

who obta ined a c o n s t a n t  v a l u e  f o r  JD-N-H w i t h  a downfie ld  

deu te r ium i s o t o p e  s h i f t ,  it was p o s s i b l e  t o  i n t e r p r e t  a s l i g h t  

change i n  t h e  coup l ing  c o n s t a n t  JD-N-H by c  ons i d e r i n q  

d i f f e r e n t i a l  e f f e c t s  of slow chemical  exchanpe on t h e  v a r i o u s  

i s o t o p i c  s p e c i e s .  

I t  is  a we l l  known f a c t  t h a t  t h e  d e u t e r a t e d  i o n  is 

more s t r o n ~ l y  s o l v a t e d  t han  t h e  non-deutera ted  i o n  ( 1 2 ) ,  due  

t o  t h e  lower z e r o  po in t  l i b r a t i o n a l  f requency of t h e  -X-D-Y- 

bond a q a i n s t  t h e  -X-H-Y- bond. A n  i n c r e a s e  i n  t h e  s t r u c t u r e  



a b o u t  t h e  d e u t e r a t e d  molecule  bauses  a n  i n c r e a s e  i n  t h e  

a m p l i t u d e  of l i b r a t i o n a l  o s c i l l a t i o n  and hence  a d e c r e a s e  i n  

t h e  k i n e t i c  ene rqy  of t h e  molecule .  Hence i n  c o n s i d e r i n g  t h e  

f o r m a t i o n  of a more e f f i c i e n t  H-bond, and by assuming a n  

i n d u c t i v e  e f f e c t  towards  t h e  d e u t e r i w - h y d r o q e n  bond i .e .  

it i s  p o s s i b l e  t o  a c c o u n t  f o r  t h e  observed downf ie ld  chemica l  

s h i f t ,  as due  t o  a d e c r e a s e  i n  t h e  d i a m a ~ n e t i c  c o n t r i b u t i o n  

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

Hence as t h e  amnonium i o n  becomes p r o g r e s s i v e l y  more d e u t e r a t e d ,  

t h e  e f f i c i e n c y  of t h e  above mechanism shou ld  i n c r e a s e ,  t h i s  i s  

i n  f a c t  borne  o u t  by t h e  l i n e a r  p l o t  F iq .  2 .  

I t  i s  i n t e r e s t i n q  t o  n o t e  t h a t  t h e  maqni tude  of t h e  

u p f i e l d  c h e m i c a l  s h i f t  ( 9 )  observed by Gutowsky f o r  t h e  
'. 

sequence  of d e u t e r a t e d  methanes i s  of t h e  same magnitude as 

t h e  downf ie ld  s h i f t  observed by u s ;  s u ~ n e s t i n ~  t h a t  t h i s  

mechanism, which c a u s e s  a d e c r e a s e  i n  t h e  d iamaqne t i c  

s h i e l d i n a  c o n s t a n t  was t w i c e  as l a r q e  as t h a t  a s s o c i a t e d  

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

v i b r a t i o n  e f f e c t  f o r  a n  uncharaed ,  s o l v a t e d  n o l e c u l e  of t h e  

s a x e  a p p a r e n t  symqetry.  

Subsequent  t o  our work McFarlane and Dean ( 1 3 )  r e p o r t e d  

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

ammonium bromide. I n  t h i s  r e p o r t ,  c o n s t a n t  v a l u e s  f o r  

J ~ - ~ - ~  and J N - ~  a re  s i v e n ,  b u t  a p r o g r e s s i v e  downf'ield s h i f t  

on d e u t e r a t i o n  w a s  a t t r i b u t e d  t o  t h e  f o r m s t i o ?  of H-bonds. 
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F i g u r e  1. 

CEWRE PEAK OF AMMONIUM I O N  T R I P L E T  
SIIO.dING S U 3 M U L T I P U T S  AND A S S I G N M E N T S  
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JD-N-H = 1.63 hz. 



Figure 2. 

CHEMICAL SHIFT ( p . p . m . )  VS 
NUMBER OF HYDROGENS ON THE AMMONIUM I O N  
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