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Nuclear  Magnet ic  Resonance and R e l a x a t i o n  

measurements  have been made of e t h y l e n e ,  p r o p e n e ,  some 

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

hydroca rbons ,  and t e t r a  methyl  s i l a n e ,  a l l  adso rbed  on 

z i n c  o x i d e .  The major  emphas is  o f  t h e  s t u d y  is on t h e  

e t h y l e n e  / z i n c  o x i d e  sys t em,  , 

Chemical s h i f t  measurements  were made u t i l i z i n g  a 

Var i an  XL- 100  Nuclear  Magnet ic  Resonance Spec t rome te r  

o p e r a t i n g  a t  100 M H Z , '  and a mod i f i ed  NMR S p e c i a l t i e s  

s p e c t r o m e t e r  o p e r a t i n g  a t  15MHz. For e t h y l e n e  such 

measurements  were made a t  c o v e r a g e s  from . 2  t o  1 
<:* 

monolayer .  I t  was found t h a t  t h e  p r o t o n s  o f  t h e  adsorb,ed 

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

s h i f t  be ing  c o v e r a g e  dependen t .  I t  i s  a rgued  t h a t  t h i s  

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

o f  e l e c t r o n s  t o  t h e  s u r f a c e ,  t h a t  t h e  s p e c i e s  r ema ins  
" - 

o l e f i n i c  i n  c h a r a c t e r ,  i . e .  is pi-bonded t o  t h e  s u r f a c e ,  

and t h a t  t h e - a d s o r p t i o n  ,site is most l i k e l y  a z i n c  atom. 

S t u d i e s  o f  p ropene  at, c o v e r a g e s  above  . 3 '  of a 
/-. 

I 

monolayer showed s i m i l a r  downf i e ld  s h i f t s  f o r  t h e  o l e f i n  

p r o t o n s  w h i l e  t h e  methyl  p r o t o n s  exper ienced1  a s m a l l e r  

downf i e ld  s h i f t .  Evidence of o t h e r  worke r s  f o r  a more 

s t r o n g l y  bound propene  s p e c r e s  a t  low c o v e r a g e s  ( b e l o w  . 3  

rribnalayers) is s u p p o r t e d  i n  t h a t  no r e s o n a n c e  +cou ld  be 
2, . 

3. .* 



observed presttmably because of a  sftort T 2 due to t he  

spec ies  being r e l a t i v e l y  immobile, desp i t e  a  comparatively 

h i g h  population, 

Proton chemical s h i f t s  measured for  spec ies  , . 

considered t o  be physisorbed on the  sur face  such a s  

ethane, propane, butane,pentane, and t e t r a  methyl s i l a n e ,  

were found t o  be only s l i g h t l y  downf i e l d  from the f r e e  

species ,  This small s h i f t  i s  explained a s  a  Van dex Waals 

e f f e c t ,  

Fluorine NMR s t u d i e s  of f l u o r i n e  d e r i v a t i v e s  of 

ethylene adsorbed on zinc oxide showed ra ther  remarkable, % 

upfield s h i f t s  on adsorption, behavior markedly d i f f e r e n t  

than the ethylene case ,  A I 3 c  spectrum was a l s o  obtained 

for  ethylene on a  ZnO p e l l e t .  The , spect ra  showed a  

L \ 

1 
downf i e ld  i f t  and the  J-J coupling was, resolved. The 

coverage for  t h i s  measurement was however very high, so 
, 

t h a t  the system was predominately physisorbed ethylene,  

A model capable of in te rp re t ing  re laxat ion  due t o  

molecular motion of adsorbed species  was constructed along 

the l i n e s  of e a r l i e r  work, but u t i l i z i n g  the Wigner 

~ o t a t i o n a l  Matrices for  coordinate transformation. T h i s  

model enables one t o  ca lcu la te  aj.1 of the  spec t ra l  

d e n s i t i e s  a t  any frequency, dnd t h u s  a  t h e o r e t i c a l  

re laxat ion  time for a  p a r t i c u l a r  motion and re laxat ion  

Extensive re laxat ion  measurements were made on the 



ethylene/ZnO system, Application of t h e  model derived 

reproduced the  the longi tudina l  data  reasonably wel l ,  The 

re l axa t ion  da ta  were best  reproduced by a  model which had' 

the ethylene r o t a t i n g  about the  C 2 a x i s  perpendicular t o  

' ,  the plane of the molecule, while wobbling about the  

surface normal, However it i s  noted t h a t  use of the 

exponential form of the co r re la t ion  funct ion i s  a  poor 

assumption i n  t h a t  the motional processes a r e  non- 
I 

s tochas t i c .  i 

T measurements ' made i n  a  f i e l d  g rad ien t  were - 
0 

unable t o  d e t e c t  the r a t e  of t r a n s l a t i o n a l  d i f fus ion  a t  

coverages below , 4  monolayer, but the d i f fus ion  constant  
i 

was fohnd a t  coverages approaching a  monolayer, I t  is 

argued t h a t  a t  low coverages T I  relax&ion is  caused by 

an intra- '  m o l e ~ u l a r  dipole-dipole mechanism while T2 

re laxat ion  is caused by both intra'  and inter-molecular 

dipole-dipole r e l axa t ion  mechanisms, 
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Chapter  I 

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

S u r f a c e s  and C a t a l y s t s  

S o l i d s  a r e  known f i r s t  o f  a l l  t h r &  t h e i r  s u r f a q q .  

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

t h e i r  s u r f a c e s ,  and t h e r e  e x i s t s  a  l a r g e  a r e a  of  i n t e r e s t  

i n  what happens  between such  s u r f a c e s  and s u b s t a n c e s  i n  

o t h e r  p h a s e s  p a r t i c u l a r l y  t h e  g a s  and l i q u i d z  phase .  

The s u r f a c e  phenomena t h a t  occu r  between a  g a s  o r  

l i q u i d  and a  s o l i d  s u r f a c e  make up t h e  a r e a  of  

h e t e r o g e n o u s  c a t a l y s i s ;  t h i s  and t h e  phenomenon o f  

a d s o r p t i o n  i t s e l f  have been of g r e a t  i n t e r e s t  t o  t h e  

chemis t .  

Both c a t a l y s t s  and a d s o r p t i a n  on s u r f a c e s  have proven  

e x c e e d i n g l y  d i f f i c u l t .  t o  
/ 

u r a t e l y  d e s c r i b d  and wh;& 
a, 

models- o f  t h e s e  phenomena e. been propbsed',  t h e y  rernai.n 

f a r  more s i m p l i s t i c  t h a n  t h e  pheneomena themse lves .  One 

r e a s o n  f o r  t h i s  c o m p l e x i t y  is t h a t  most  c a t a l y t i c  s u r f a c e s  < 
a r e  v e r y  he ' t e rogeneous ,  hav ing  a  wide d i s t r i b u t i o n >  s i t e  

symmetr ies  and o f t e n  an  e q u a l l y  wide d i s t r i b u t i o n ,  of 

a d s o r p t i o n  e n e r g i e s  a t  t h e s e  si tes.  

During t h e  f i r s t  h a l f  o f  t h i s  c e n t u r y  work i n  t h e  

a r e a  sf swface -  was c o n f i n e d  t o  - the 

i n v e s t i g a t i o n  of m p r o p e r t i e s ;  h e a t s  o f  

a d s o r p t i o n ,  and of s u r f a c e  
P 



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

- from them. , 

Two'major b a r r i e r s  h e l d  back deve lopments  i n  t h e  

9 
f i e l d .  The, f i r s t  was l a c k  o f  u l t r a  h i g h  vacuums, s i n c e  

even  a t  t h e  b e s t  vacuum o b t a i n a b l e  ( r o u g h l y  1 0  -' d t o r r )  

a  s u r f a c e  c o u l d  be con tamina ted  by "background" s p e c i e s  i n  

s econds  o r  l e s s .  The second was l a c k  of  i n s t r u m e n t s  t o  

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

The l a s t  twen ty  y e a r s  h a s  s e e n  t h e  removal of b o t h  of  

t h e s e  b a r r i e r s .  U l t r a  h i g h  vacuums a l l o w  one t o  make 

measurements on c l e a n  s u r f a c e s  ( G o l d f i n g e r  1970)  and a  

h o s t  of  new s p e c t r o s c o p i e s  and improvements i n  o l d e r  o n e s  

now encourages  one t o  answer q u e s t i d n s  such  9 s ;  
'a* 

1) what s p e c i e s  a r e  p r e s e n t  on t h e  s u r f a c e ?  

2 )  what s i t e  symmetr ies  a r e  p r e s e n t ?  

- 3 )  what is  t h e  n a t u r e  of t h e  c h e m i c a l  i n t e r a c t i o n ;  

what i s  happening t o  t h e  e l e c t r o n s .  

4 ) '  what mo t ions  -- v i b r a t i o n a l ,  r o t a t i o n a l ,  

d  i f f  U S  i 0na$ and exchange, are occuring . 
No one  t o o l  c a n  p t o v i d e  a l l  t h e  i n f o r m a t i o n  a b o u t  t h e  

mo lecu la r  a s p e c t s  o f  t h e  s u r f a c e .  To d a t e  t h e  most  

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

measurements  ( E i s c h e n s  1958 ,  Hair  1967,  L i t t l e  1966) . 
F i n d i n g s  u t i l i z i n g  t h e  newer t e c h n i q u e s  such  a s  Moss%auer 

- - - - - - - - - -  - - 

o r  Auger s p e c t r o s c o p y  (Duke 1970,  Boncher 1969 ,  Goadanski  

1 9 7 0 ) ,  'low e n e r g y  e l e c t r o n  d i f f r a c t i o n  (LEEDJ (Edmonds 



1969),  e l ec t ron  spectroscopy (ESCA) (Siegbahn 1 9 6 7 )  a re  
4 

now commonly being reported i n  t he  l i t e r a t u r e .  

The Magnetic Resonance Spectroscopies 

The magnetic resonance _ spectroscopies  Electron 

Paramagnetic Resonance ( E P R )  and Nuclear Magnetic 

Res0nanc.e (NMR) a re  capable of giving informat ion about 

s t r u c t u r e ,  physical  and chemical i n t e r a c t i o n s ,  symmetry 

and motion. 

The f i r s t  of these depends upon the  Zeeman s p l i t t i n g  

of the energy l e v e l s  of t h e  magnetic moment of an unpaired 
A 

L 
) 

elec t ron  by a magnetic f i e l d .  The exact  experiment is , 

described.--elsewhere-{, ( S l i c h t e r  1963) and i t s  appl ica t ion  t o  
\ 
-1 

surface  chemistry measurements have been described by 

Kokes ( 1 9 6 7 )  . 
NMB depends on the  Zeeman s p l i t t i n g  of the  energy 

l e v e l s  of the magnetic moment of the nucleus by a magnetic 
b - 

f i e l d ,  and has become one of the major t o o l s  i n  chemistry. 

I t s  major advantage i s  the f a c t  t h a t  sub t l e  changes i n  

physical  or chemical environment, in s t r u c t u r e ,  or i n  

motion make for  l a rge  changes i n  the  pos i t ion  and shape of 

the resonance being measured, and yet the  measurement has 

no apparent e f f e c t  on these  proper t ies ,  I t  appears t o  be 

an idea l  too l  for the  study of spec ies  adsorbed p n  

surf aces. 

NMR, however, has disadvantages too. I t  measures 



p r o p e r t i e s  o v e r  t h e  whole sample ,  t h u s  g i v i n g  an  a v e r a g e ,  

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

s m a l l  amounts o f  s ample ,  a  f a c t  stemming from t h e  s m a l l  

d i f f e r e n c e  i n  , p o p u l a t i o n  d i s t r i b u t i o n  between t h e  Zeeman 

l e v e l s .  

T h i s  second  d i s a d v a n t a g e  h a s  l e d  t o  t h e  f a c t  t h a t  

most o f  t h e  NMR measuremen-ts done on s u r f a c e s  have been 

performed on s o l i d s  o f  h i g h  s u r f a c e  a r e a  w i t h  v e r y  l a r g e  

c o v e r a g e s  (Packe r  1 9 6 7 ) .  

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

a  l a r g e  number of t h e  c h e m i c a l l y  i n t e r e s t i n g  s u r f a c e s  do  
I 

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

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

a t  low c o v e r a g e s .  

The m a j o r i t y  o f  p a p e r s  i n  t h i s  f i e l d  have been on 

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

l a r g e  amount o f  work h a s  been done on wa te r  adso rbed  on 

s e v e r a l  s o l i d s ,  and m o l e c u l e s  such  a s  benzene and s u l f u r  

h e x a f l u o i d e  on s i l i c a  and a lumina .  Such work h a s  

been w e l l  reviewed (Res ing  1968,  Packer  1967 ,  ~ f e i f f e r  

1 9 7 2 ) .  
I 

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

i n t e r a c t i o n s  have r e a c h e 4  t h e  l i t e r a t u r e ,  f o r  example: 

F r a i s s a r d  (1970 ,  1971)  . 
- - - - - - - 

I n  any a r e a  of s u r f a c e  c h e m i s t r y  it is i m p o r t a n t  t o  

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



> 

and  o f  t h e  c l a s s i c a l  t e e k n i g u e s .  Packer  t1967) c o n c l u d e s  

an a r t i c l e  on NMR measurements o f  adso rbed  s p e c i e s  w i t h  

t h e  s t a t e m e n t :  
\ 

'The i n v e s t i g a t i o n  o f  a  h i g h  s u r f a c e  a r e a  a d s o r b e n t  

s o l e l y  by n u c l e a r  s p i n  r e l a x a t i o n  is u n l i k e l y  t o  y i e l d  

unambiguous i n f o r m a t i o n ,  b u t  i n  c o n j u n c t i o n  w i t h  o t h e r  

methods it can  g i v e  d e t a i l e d  i n f o r m a t i o n  a b o u t  t h e  

a d s o r b a t e - a d s o r b e n t  i n t e r a c t i o n s .  " 

S t a t e m e n t  of  t h e  Problem 

When t h i s  s t u d y  was unde r t aken  t h e r e  were no  r e p o r t s  

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

q u e s t i o n  was r e a l l y :  Is it  p o s s i b l e  t o  s t u d y  a  

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

t h e  s p e c t r o m e t e r s  a v a i l a b l e ?  The s p e c t r o m e t e r s  a v a i l a b l e  

were a  new Var i an  XL-100 o p e r a t i n g  a t  100 MHz and a  h i g h l y  

mod i f i ed  semi-home b u i l t  1 5  MHz p u l s e  NMR s p e c t r o m e t e r .  

Both a r e  d e s c r i b e d  i n  more d e t a i l  l a t e r  on. N e i t h e r  was 

. des igned  t o  d o  c a t a l y s t i c  r e s e a r c h .  

A f t e r  some i n i t i a l  i n v e s t i g a t i o n  i n t o  p o s s i b l e  
&' 

sys t ems  t h e  answer t o  t h e  f i r s t  q u e s t i o n  seemed t o  be 

p o s i t i v e .  Sys tems  such  a s  t h e  l i g h t  o l e f i n s  on p l a t i n u m ,  
. 

and t h e  f l u o r i n e  d e r i v a t i v e s  o f  t h e  same on p l a t i n u m ,  were 

found t o  produce  measu rab le  r e sonances .  However t h e  

p l a t i n u m  had- t o  b e  supported on h i g l i  a r e a  s i l i c a  %nd 
/ 

problems of s e p a r a t i n g  t h e  measurement o f  t h e  i n t e r a c t i o n  



of t h e  o l e f i n  w i t h  s i l i c b ,  ffm a of- e l & i n - w i t h  

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

I t  was a l s o  found t h a t  *-resonance c o u l d  be measured 

f o r  o l e f i n s  adso rbed  on zinc? o x i d e .  T h i s  o x i d e  s u r f a c e  i s  

of chemica l  i n t e r e s t  i n  t h a t  i t  c a t a l y s e s  t h e  

hydrogena t ion  of  o l e f i n s ,  t h e  i s o m e r i z a t i o n  of o l e f i n s  

(Kokes 1 9 7 2 ) ,  t h e  o x i d a t i o n  o f  o l e f i n s  (Kubokawa 1973) , 
. - 

t h e  d e h y d r o g e n a t i o n  of s e v e r a l  a l c o h o l s  (Kolboe 1969)  

H2 -D2 exchange (Dowden 1956)  among o t h e r s .  - 
~ $ ' t a l y s i s  by z i n c  o x i d e  h a s  been t h e  s u b j e c t  of  'a 

l a r g e  number o f  p a p e r s ,  among them some e x c e p t i o n a l l y  

comple t e  work of  t h e  l a b  of Kokes and co-workers  u t i l i z i n g  

I. R.  and m e c h a n i s t i c  s t u d i e s .  These s t u d i e s  m e a n t - t h a t  

i n f o r m a t i o n  o b t a i n e d  from NMR cou ld  be i n t e r p r e t e d  i n  a  

b e t t e r  l i g h t  and c o r r e l a t e d  w i t h  o t h e r  measurements .  

A myriad o f  q u e s t i o n s  were p r e s e n t .  Z inc  o x i d e  a c t s  

a s  bo th  an a c i d  o r  a  base .  Would it be p o s s i b l e  t o  

d e t e r m i n e  i f  t h e  s u r f a c e  were donatincf e l e c t r o n s  t o '  t h e  
B 

o l e f i n  o r  v i c e - v e r s a ?  Kokes had conc luded  t h a t  p ropene  on 

z i n c  o x i d e  was adso rbed  p a r t i a l l y  a s  a  p i - a l l y 1  complex. 

Would it be p o s s i b l e  t o  " s e e "  t h i s  s t r u c t u r e  on t h e  

s u r f a c e ?  The b u t e n e s  i s o m e r i z e  over  z i n c  o x i d e .  Could 

one s e e  i n t e r m e d i a t e  s p e c i e s  o r  even " f o l l o w "  t h e  

i s o m e r i z a t i o n  v i a  NMR? The k i n e t i c s  o f  o l e f i n  

h y d r o g e n a t i o n  d e p e n a s  - on m i g r a t i o n  - acros-sp t h e  surFaace. 

Can t h e  mo t ions  o f  an o l e f i n  on z i n c  o x i d e  -- t h e  



' r *r 

s o r a i l e d  skf ace dynamics  -- be m e a s u r e d - m b  t o  w h a t -  .- + 

c o n c l u s i o n ?  

I n  s e e k i n g  answers  t o  t h e s e  and r e l a t e d  que-ons it 

was deemed a d v i s a b l e  t o  u se  t h e  same z i n c  o x i d e ,  o r  a t  

l e a s t  z i n c  o x i d e  from t h e  same s u p p l i e r  a s  t h a t  used  by 

~ Z e s ,  t h u s  e n a b l i n g  one t o  be more c o n f i d e n t  abou t  ' 

i n f o r m a t i o n  o b t a i n e d  from t h o s e  s t u d i e d .  . T h i s  c r e a t e d  y e t  
i 

a n o t h e r  major w o % l e m  a s  t h i s  z i n c  o x i d e  h a s d  bo th  a  

r e l a t i v e l y  smal l .  s u r f a c e  a r e a  pe r  gram, and a  low b u l k  - ' 

- . d e n s i t y ,  t h u s  a low s u r f a c e  a r e a  pe r  volume. For t h i s  
4. 

r e a s o n  c o n c e n t r a t i o n s  o f  t h e  adso rbed  s p e c i e s  measured 

were v e r y  low and t h e  s t u d y  was somewhat p l agued  b y ' s i g n a l  

t o  n o i s e  problems.  L- ,>. 

During f i n a l  s t a g e s  o f  t h i s  p r o j e c t  some t h e o r e t i c a l  

q u e s t i o n s  a r o s e .  Much o f  t h e  i n t e r p r e t a t i o n  o f  t h i s  work 
1 
\ 

and o t h e r  work i n  t h e  f i e l d  h a s  depended on a  mod;? of 

r e l a x a t i o n  due  t o  a n i s o t r o p i c  motion a t  a  s u r f a c e  

devqloped  by D. E .  Woessner ( 1 9 6 3 ) .    his model h a s  been 
4 

\ 
used t o  i n t e r p r e t  r e l a x a t i o n  d a t a  of w a t e r  on s e v e r a l  

s u r f a c e s  (Woessner 1963 ,  1969a ,  1970a ,  b ) ,  benzene  on 

s i l i c a  (Woessner 1 9 6 6 ) ,  methanol  on g r a p h i t e  ( k i e h l  1972) 

and methane on g r a p h i t e  (Anderson 1 9 7 2 ) .  

T h i s  model was " r e c o n s t r u c t e d " ,  and ex tended  s o  t h a t  

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

w h e r e  t h e  k 6 c t r a i  d e n s i t y  is a- f uncciofi o f  t h e  f CequGncy 

and i n  a  r e f e r e n c e  f rame where motion a b o u t  some s-ry 



-- 
- 

a x i s  can be considered simultaneously w i t h  motion of t h i s  

a x i s  i n  r e l a t ion*  , t o  a  sur face  .normal. 
J 

The 

\ "reconstruct ion" , i s  presented i n  Chapter V, while the\ - - 
appl ica t ion  of t h i s  model t o  ethylene adsorbed on zinc 

oxide i s  iound i n  Chapter IX. I n  a p p l y i n g ,  the  model 
i 

severa l  assumptions of both t h i s  model and t h e  Woessner 

model were shown t o  be f a l l i b l e .  . - -  

The S t ruc tu re  of T h i s  Thesis 

I t  is  conceivable t h a t  , t h i s  t h e s i s  w i l l  be of 

i n t e r e s t  t o  sur face  chemists who are  not well acquainted 

w i t h  NMR, or perhaps even t o  those, interesbed i n  NMR who 

a re  not well-acquainted w i t h  surface phenomena. 

The t h e s i s  then includes a  b r i e f  desc r ip t ion  of 

surface phenomena and s t u d i e s  thereof ,  -a chapter on 

nuclear magnetic resopance, one on nuclear magnetic 

r e l axa t ion ,  a  chapter ou t l in ing  the e f f e c t  of a  sur face  on 

the i n t e r p r e t a t i o n  of these  measurements, and a  chapter on 

c a t a l y t i c  p roper t i e s  of zinc oxide. The r e s t  of the 

t h e s i s  is a  descr ip t ion  of the experiments c a r r k d  out ,  

and t h e i r  i n t e r p r e t a t i o n  both i n  the l i g h t  of other  works 

and i n  the  l i g h t  of a  model developed here in ,  capable of 

in te rp re t ing  re l axa t ion  of adsorbed s p e c h s  on a  surface.  

- - -  -- 
- - - - - - -- 

-- -- 
- - 

f 



Chapter 1i 

Surface Dynamics and Models of Surfaces 
'- 

* 

Our concern is  w i t h  what is  happening t o  t h e  molecule 

while it i s ' o n  the  sdrfhce.  We a re  in te res ted  both i n  the  

P physical  and chemicel i n t e r a c t i o n s  between adsorbate and 

adsorbent,  or adsorbate molecules, and the  motion of the  
4- 

holecule on the  surface.  The motion of the molecule is of 

. s igni f icance  i n  any considerat ion of the  k i n e t i c s  .of a  

2 7  react ion s ince  it plays an important r o l e  i n  
5 

t ranspor ta t ion  of reac t ion  int i r rnediates  or products,  or 

i n  c l e a r i n g  s i t e s  where reac t ions  may occur, and ~f  course 

i n  t h e  ac t iva t ion  entropy for  a  react ion.  

The whole process of gas adsorption should be viewed . " 

a s  a  dynamic one. A molecule s t r i k e s  the sur face  and is 

e i t h e r  specular ly-  r e f l ec ted  or res ides  on t h e  sur face  for 

some time and leaves -again when it has gained enough - 

energy t o  desorb. I f  the  average ;esidence t i m 9 f  a  
e 

molecu-le which c o l l i d e s  w i t h  surface i s  tau and n 

molecules s t r i k e  each square cm of surface per second then 

each square cm shou'ld have nxtau molecules adsorbed on it 

a t  equilibrium ( i . e .  when the number desorbing equals  the  

number adsorbing) .  Because tau is . c r i t i c a l l y  dependent on 

temperature ' t he  r e l a t ionsh ip  11-1 i s  of ten  used (deBoer 



where l/co is r e l a t e d  t o  the. f r e q u e n c y  o f  v i b r a t i o n  o f  

t h e  adso rbed  molecule  p e r p e n d i c u l a r  t o  t h e  s u r f a c e  and dH 

i s  t h e  h e a t  of  a d s o r p t i o n .  Z, may be approximated  

u d n g  a b s o l u t e  r e a c t i o n  r a t e  t h e o r y  and may be c o n s i d e r e d  
kk?: 

e q u a l  to (deBoer  1968) :  

where S i s  t h e  e n t r o p y  of  activation f o r  d e s o r p t i o n  and 

f r e q  is t h e  v i b r a t i o n  f r e q u e n c y  'normal t o  t h e  p l a n e .  

Hea t s  o f  a d s o r p t i o n  o f  g a s e s  on s o l i d  s u r f a c e s  run  
< 

from 1 o r  2 kcal /mole  t o  welJ  over  100 kcal /mole .  A s  a  " 

g e n e r a l  g u i d e l i n e  m o l e c u l e s  , a r e  c o n s i d e r e q  t o  be 

p h y s i c a l l y  adso rbed  i f  t h e i r  h e a t s  o f  ' a d s o r p t i o n  a r e  o f  * 

t h e  o r d e r  of  1-10 kcal/rnole,  w h i l e  c h e m i c a l  a d s o r p e i o n  
I 

( c h e m i s o r p t i o n )  is c o n s i d e r e d  t o  . i nvo lve  h e a t s  o f  1 
a d s o r p t i o n  from 18-1-08 kcal /mole .  Phys i - so rp t ion  i n v o l v e s  

& 

i n t e r a c t i o n s  o f  t h e  van  d e r  Waals t y p e ,  t h u s  a  b e t t e r  

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

chemica l  is  t h e  r a t t o  o.f t h e  h e a t  o f  a d s o r p t i o n  o f  t h e  g a s  

t o  t h e  h e a t  o f  e v a p o r a t i o n .  

I t  i s  i l l u s t r a t i v e  t o ,  c a l c u l a t e  t a u  f o r ' 9 e v e r a l  

d i f f e r e n t  h e a t s  o f  a d s o r p t i o n .  &-11-1 g i v e s  s e v e r a l  

e x a m p l e s  ( u s i n g  = 5xl0-" -secs  a n d -  T = - 3 0 0 -  - 

degree-s  K) . 



dH ( a d s )  (kca f /mo le )  t a u  ( s e c o n d s )  

1 2.7~18'" 
r 

10 ~ X I B - ~  

1 3  ' 1 . 4 x 1 K 4  

,l5 4 x1 B - ~  

Tab le  I -- The l i f e t i m e  a s  a  f u n c t i o n  o f  t h e - h e a t  o f  

a d s o r p t i o n  

Our model now, i s  o f  a  sys tem where a  molecule  

c o l l i d e s  w i t h  t h e  s u r f a c e  and ' s t a y s  f o r  some l e n g t h  o f  
* 

time v a r y i n g  from mic roseconds  t o  y e a r s .  Ex tend ing  t h e  

model s o  t h a t  we c a n  d e s c r i b e  what gobs on whi le '  t h e  

mo lecu le  i s  on t h e  s u r f a c e  i n v o l v e s  a  d e s c r i p t i o n  of t h e  
r 

s u r f a c e  i t s e l f .  

Movement on t h p  S u r f a c e  a 

- 
/ 

Dacey ( 1 9 6 5 ) ,  deBoer &1968) ,  and Ross and O l i v e r  

(1964)  among' o t h e r s  give,  d e s c r i p t i o n s  of  movement on 

d i f f e r e n t  s u r f a c e s .  The most i d e a l i z e d  model is  t h a t  o f  a  
: 

'v p l a n e  where ,  t h e  e n e r g y  of i n t e r a c t i o n  between a d s o r b a t e  

and a d s o r b e n t  is t h e  same f o r  e v e r y  p o i n t  on t h e  p l a n e .  - 

such  a  _syst.e_m h a s  a  two d i m e n s i o n a l  s p r e a d i n g  pressure and 

is  d e s c r i b a b l e  by a  two d i m e n s i o n a l  e q u a t i o n  o f  . s t a t e . .  A t  

v e r y  low c o n c e n t r a t i o n s  a  two d i m e n s i o n a l  i d e a l  g a s  law 



9 
holds while a  two dimensional van der Waals type equation 

i s  required a t  - higher concentrations t o  allow for  lacera1  

i n t e r a c t i o n s  between molecules. 

Several  systems where the i n t e r a c t i o n s  a re  d a k  

(physical  fo rces  only) a r e  descr ibable  by such models, 

notably Xe on mercury (Cassel 1936) and some of the 

alkanes on charcoal ( d e ~ o e r '  1 9 5 2 ) .  For such cases  the 

ac t iva t ion  energy for  d i f fus ion  is usual ly  l e s s  than or* 

c lose  t o  RT. 
C 

More of ten  d i f fus ion  on sur faces  is chardcter ized by v 
an ac t iva t ion  energy g rea te r  than RT. I t  is poss ib le  t o  

b 
s t i l l  have a  homogeneous sur face ;  the adsorbed species  

going through an ac t iva ted  d i f fus ion  from s i t e  to, s i t e .  

  iff us ion on such a sur face  can be described a s  a  random 

'5 walk process. deBoer (1968) descr ibes  the  l i f e t i m e  

between hops by the  equation 11-2 

where Ea i s  the  ac t iva t ion  energy necessary for  a  p a r t i c l e  
P 

t o  go from one s i t e  t o  another. Z, w i l l  again be 

re la ted  t o  the  v ib ra t ions  normal t o  t h e  sur face  and may be 

taken t o  equal 2, of equatibn 11-1. I n  t h i s  case the 

number of hops during the l i f e t i m e  on the surface would 
- - - - - -  - 

be: 



J 

The heat  of adsorption w i l l  always be grea ter  than the  

ac t iva t ion  energy of d i f f u s i o n  (Ross 1 9 6 4 )  . For a case 

- where dH equal 1 0  kcal/mole and Ea = 5 kcal equation ( 3 )  -,a 

shows t h a t  a t  3 0 0  degrees K a  molecule w i l l  hop about 6000 

times during the  3 ~ 1 0 ~ ~  seconds i t  res ides  on the  
I 

surf ace. 

Heterogeneous Surfaces 

A more r e a l i s t i c  model of a  sur face  fea tu res  a  

d i s t r i b u t i o n  of hea ts  of adsorption and d i f fus ion  

(Somorjai 1972). Figure 11-1 shows the  energy b a r r i e r  for 

d i f fus ion  across  such a  heterogeneous surface.  Such a  

model includes 1) a  d i s t r i b u t i o n  of well depths ( H(ads) ,  

2 )  a  d i s t r i b u t i o n  of b a r r i e r  he ights  associated w i t h  

d i f fus ion  (Ea d i f f )  , 3 )  deep wells  (high energy s i t e )  

associated with a  high ac t iva t ion  energy of d i f f u s i o n ,  4 )  

a jump d i s t ance  d which is the 'same a s  the d i s t ance  

between surface atoms. I n  p rac t i ce  it is d i f f i c u l t  t o  

determine the ac tua l  d i s t r i b u t i o n  of heats  of adsorption 
ii 

although dH may be measured as  a  function of coverage by 

calor imetry,  or derived from isotherms taken a t  various 

temperatures. I 

Macrascopic _Mo_dels and _Measurements - -  - of - Adsorption - - -  - - 

- -  - - 

# 

The most commonly made and one of the most useful  of 

the  c l a s s i c a l  measurements is t h e  p l o t t i n g  of the  amount 





of gas adsorbed agains t  the.  pressure of the  gas a t  

constant  temperature. Such p l o t s  a re  known a s  adsorption 

isotherms. 

There a r e  severa l  c h a r a c t e r i s t i c  shapes of such 

p l o t s ,  the  types being dependent on both adsorbate and 

adsorbent. A c l a s s i f i c a t i o n  of the types of isotherms is 

given i n  Brunauer ( 1 9 4 0 )  . 
The f i r s t  t h e o r e t i c a l  isotherm was derived by 

c 

Langmuir i n  1916 (tangmuir 1916, 1918) . I t  has s ince  been 

derived from severa l  d i f f e r e n t  poin ts  of view (deBoer 

1968). 

The Langmuir isotherm model contains  the assumptions 

t h a t  the heat of adsorption i s  the same for  every s i t e ,  i s  

x n d e p e n d e n t  of other molecules on the sur face ,  and t h a t  9 

molecule which s t r i k e s  another adso w i l l  be 

r e f l ec ted  so t h a t  the upper l i m i t  t o  the 'adsorpt ion i s  a  

monolayer. Often the  Langmuir isotherm is approximated 'by 

gases chemisorbed on a  sur face  a t  low coverage. 

The expression for  the  Langmuir ' isotherm is most 

of ten  seen i n  the  form: 

where t h e t a  equals  the  f r a c t i o n  of the sur face  covered, P 
/ & 

is  the  - - equilibrium - - - - -- gas p r e s s u r e  -above t h e  surf ace and a  -is- - -  - 

a  constant r e l a t i n g  t o  the  r a t e  of condensationfln the  

surface t o  the  r a t e  of evaporation from the  surface.  A 



- - - - - - 

p l o t  o f  t h i s  i s o t h e r m  is shown i n  f i g u r e  11-2. 

Another  u s e f u l  e x p r e s s i o n  f o r  an i s o t h e r m  was d e r i v e d  

by Brunaur ,  E m m e t t  and T e l l e r  (BET) (Brunaur  1938) by #' 

e x t e n d i n g  t h e  Langmuir model t o  a l l o w  f o r  m u l t i l a y e r  

a d s o r p t i o n .  The i m p o r t a n t  added a s sumpt ion  i s  t h a t  t h e  

h e a t  of  e v a p o r a t i o n  f o r  t h e  second  and s u b s e q u e n t  l a y e r s  

is e q u a l  t o  h e  h e a t  o f  evaporakicm from l he  b u l k  - 

a d s o r b a t e .  

The BET i s o t h e r m  is most o f t e n  s e e n  i n  t h e  form 
+-- 

where V is t h e  volume a d s o r b e d ,  Vm is t h e  volume adso rbed  
P 

i n  one comple t e  monolayer ,  P is t h e  p r e s s u r e  and Po is  

t h e  s a t u r a t i o n  p r e s s u r e  of  t h e  a d s o r b a t e  a t  a  t e m p e r a t u r e  

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

f i r s t  l a y e r  and QL is t h e . h e a t  of  v a p o r i z a t i o n  o f  t h e  b u l k  

a d s o r b a t e .  From 11-6 it can  be s e e n  t h a t  a  p l o t  o f  
"4 

P/V(P,-P) v s  P/P, s h o u l d  g i v e  a  s t r a i g h t  l i n e .  From such  

a p l o t  one can  d e t e r m i n e  Vm and t h u s  i f  one knows t h e  

volume o f  one atom o f  t h e  a d s o r b a t e ,  and makes some 

a s s u m p t i o n s  a b o u t  

a r e a  of  a d s o r b e n t  

C a u t i o n  is 
- -- - - -  - 

i s o t h e r m s  s i n c e  

p a c k i n g  on t h e  s u r f a c e ,  t h e n  t h e  s u r f a c e  
r 

can  be  de t e rmined .  I _ - 
n e c e s s a r y  i n  u s i n g  e i t h e r  o f  t h e s e  

-- - --- - - - - - - - - - -- - - - - - 

t h e y  a r e  d e r i v e d  assuming a  v e r y  

homoenerge t ic  s u r f a c e  and t h i s  assumpt ion  d o e s  n o t  h o l d  



srt!aration ?rt=ssure or' t 3 e  adsorbate, zud theta . t h e  

fractional c o v e r q e .  



-- A -- - - -- - -  - -  

t r u e  for many surfaces or adsorbates (Somor j a i  1972)  . 



A Brief Summary of the  Theory of Nuclear Magnetic 

Resonance and Relaxation 

The Basic ~her&ena oJf  Magnetic Resonance 
* 

  his^ chapter and the  next Serve a s  an o u t l i n e  of NMR 
- 

theory. They a re  admittedly incomplete and sometimes 

s i m p l i s t i c  but hopefully w i l l p e  the  reader a f ee l ing  

for the information to be gained from t h i s  t oo l .  . d i 

A complete desc r ip t ion  of NMR ' theory can be found in 

several  p laces  notably S l i c h t e r  (1963) or Abragam (1961). 

A descr ip t ion  of the re laxat ion  theory is found here a s  

wel l ,  most of it following the  c l a s s i c  paper of 

w i t h  any t 

Bloombergen, Purce l l  and Pound (1948). 

Nuclear Magnetic Responance can be observed 
3 

nucle i  having a magnetic moment Mu not equal t o  zero. 

C las ica l ly  fhe  e f f e c t  of a magnetic f i e l d  2 on a magnetic . 
-3 moment Mu is t o  impart 

' "\ + 
a torque L on % equal 

Such a torque is proport ional  t o  the  ti.me r a t e  of 

change of the  angular momentum omega = I* 
r 

T h e  magnetic moment is proport ional  t o  
- - 

t he  spin 
--- 

angular momentum, the  proport ional i ty  constank 
- - -  

be i n g  t h e  

so-called gyromagnetic r a t i o ;  gamma. 



+ 
The magni tude of I and i t s  component a l o n g  t h e  z axis  

-7 
a r e  c o n s t a n t s  o f  mo t ion ,  t h e  r a t e  of  change  o f  Mu w i t h  

3 4 7 

time must be such  t h a t  I ( z )  i s  c o n s t a n t  and I changes  Pn 
4 

d i r e c t i o n  o n l y .  The r e s u l t  o f  ( 3 )  - t h e n  is  a  p r e c e s s i o n  sf 

2 abou t  t h e  d i r e c t i o n  o f  t h e  f i e l d 3  (c&only  t a k e n  a s  

t h e  z d i r e c t i o n )  a s  i n  F i g u r e  1. The s o l u t i o n  , t o  e q u a t i o n  

( 3 )  i s  commonly found by  t r a n s l a t i n g  ' to a  r o t a t i n g  

c o o r d i n a t e  sys tem.  I t  c a n  b e  shown ( S l i c h t e r  1963)  t h a t  
3 --* * * 

! 
t h e  d e r i v a t i v e  of Mu i n  t h e  l a b  f i x e d  f rame (dMu/dtXlab is 

e q u a l  t o  t h e  d e r i v a t i v e  i n  t h e  r o t a t i n g  f rame ( d ~ ; d t ) r o t  

, p l u s  ' t h e  c r o s s  p r o d u c t  o f  t h e  a n g u l a r  v e l o c i t y  o f  t h e  
-+ r o t a t i n g  f rame and t h e  v e c t o r  Mu. 

111-4 ( d g / d t )  l a b  = (d%/dt)  r o t  + (3 x a )  

4 
111-5 ( d $ i / d t )  r o t  =Mu x ( 8 2 +z) . 

3 
Equa t ion  111-5 i s  t h e  same a s  111-3 i f  w e  r e p l a c e  H by 

0 + W / Y  If w e  u s e  a  r o t a t i n g  f r ame  such  t h a t :  

t h a t , i s  t h e  magne t i c  moment is f i x e d  i n  t h e  . r o t a t i n g  

f rame.  T r a n s l a t i n g  back t o  t h e  l a b  f i x e d  f rame w e  see 



The 
Figure I11 - 1 

precession o i  a d i p o l e  l l ~ o u t  z. f i e l d .  

Z i p r e  111 - 2 
T h e  effect OA t:le d ~ , m l e  of  a rot at^" Tie111 at 
r i z h t  s i g l e s  t o  the s t c z d ; ~  f i e l d .  



t h a t  Mu is a  v e c t o r  p r e c e s s i n g  a t  an  a n g u l a r  v e l o c i t y  

omega(o)  g i v e n  by e q u a t i o n  111-6 

Omega(o) is  known a s  t h e  "Larmor f r e q u e n c y " .  ' I t  

s h o u l d  be no ted  t h a t  t h i s  f r e q u e n c y  is t h e  same a s  t h a t  

a r r i v e d  .. a t  by l o o k i n g  a t  t h e  sys tem from a  quantum 

mechan ica l  p o i n t  o f  v iew,  see f o r  example ( S l i c h t e r  1963) . 
/-- 

A - - - -  - 
One o f  t h e  b e a u t i f u l  t h i n g s  a b o u t  t h e  t h e o r y  of  

magne t i c  r e s o n a n c e  i s  t h a t  one i s  a b l e O t o  u s e  e i t h e r  a  

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

t o  s e e  t h e  model of what is o c c u r r i n g  i n  r a t h e r  s i m p l e r  

ways. 

A t  t h i s  p o i n t  we have  been  a b l e  t o  d e s c r i b e  t h e  - \. -- 
magne t i c  d i p o l e  when p l a c e d  i n  a  magne t i c  f i e l d .  I t  c a b \  

be shown t h a t  t h e  e n e r g y  of  a  d i p o l e  i n  a magne t i c  f i e l d  
--* 4 

i s  s imp ly  - Mu . H o  , t h a t  is, it is a  f u n c t i o n  o f  t h e  

a n g l e  between t h e  d i p o l e  and t h e  f i e l d .  S i n c e  t h i s  a n g l e  

i s  n o t  chang ing  d u r i n g  t h e  p r e c e s s i o n  (see F i g u r e  I 

a g a i n ) ,  t h e r e  i s  no change  i n  energy .  
c3 

I f '  however,  w e  add a second magne t i c  f i e l d  Ha 

p e r p e n d i c u l a r  t o  t h e  f i r s t  and r o t a t i n g  a b o u t  t h e  a x i k  o f  
-sv 
Ho , a t  some f r e q u e n c y ,  it can  be  s e e n  t h a t  3 w i l l  

a t t e m p t  t o . p r e c e s s  a b o u t  t h i s  f i e l d  a s  w e l l .  However, it 

3 - 

c a n n o t  p r e c e s s  a b o u t  b o t h  and H, u n l e s s  Hz is 

is  t h e n  t o  f l i p  a s o  t h a t  t h e  component o f  ?u on t h e  a x i s  
3 

o f  Ho is  t u r n e d  .back and f o r t h  t h r o u g h  180 d e g r e e s .  



A + 
T h i s  change  i n  a n g l e  between Mu and H, l e a d s  t o  a  change 

i n  ene rgy  of  t h e  sys tem.  

* 
A s  . shown i n  F i g u r e  111-2 MU can  o n l y  p r e c e s s  abou t  

H1 i f  H1 r o t a t e s  a b o u t  H, a t  f r e q u e n c y  omenga ( o ) ,  
7 

t h a t  i s  HI i s  i n  r e s o n a n c e  w i t h  t h e  p r e c e s s i o n  of  Mu 
i 2 

- ,  abou t  H, . One c a n  measure  t h e  e n e r g y  changes  i n  t h e  

system' e i t h e r  i6 t h e  f req i lency  domain (NMR A b s o r p t i o n  o r  - 

h 

NMR I n d u c t i o n )  o r  i n  t h e  time domain ( P u l s e  NMR). S i n c e  

bo th  t e c h n i q u e s  a r e  employed i n  t h i s  r e s e a r c h  a  s h o r t  

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

NMR i n  t h e  Frequency  Domain 

we c a n  produce  r o t a t i n g  l' i n  t h e  xy p l a n e  i t s  

e q u i v a l e n t  by a p p l y i n g  a n  o s c i l l a t i n g  v o l t a g e  t o  a  c o i l  of 

w i r e  which h a s  i t s  a x i s  p e r p e n d i c u l a r  t o  H o  . A c t u a l l y  

t h i s  p roduces  a  l i n e a r l y  o s c i l l a t i n g  f i e l d  H x  e q u a l  t o  

2 H a  c o s ( W t  ) .  S u c h  a l i n e a r l y  o s c i l l a t i n g  f i e l d  is 

e q u i v a l e n t  t o  two r o t a t i n g  f i e l d s  r o t a t i n g  i n  o p p o s i t e  

d i r e c t i o n s  w i t h  t h e  same a n g u l a r  v e l o c i t y .  If t h e  

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

111-8 9 = 2 Hy COS ( w .  t ) s 

t h e n  t h e  r o t a t i n g  f i & l d s  w i l l  be described by: - 



one  o f  which w i l l  r o t a t e  i n  t h e  same d i r e c t i o n  a s  t h e  

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

h a v i n g  no e f f e c k ,  - 

9 

The s i g n a l  c o u l d  b e  d e t e c t e d  by making t h e  H I  c o i l  

w i t h  t h e  sample i n s i d e  i t  p a r t  o f  an LC c i r c u i t .  The 

i n d u c t a n c e  L o f  , t h e  c o i l  is a  f u n c t i o n  of  t h e  

s u s c e p t i b i l i t y  which changes  d r a s t i c a l l y  a t  r e sonance .  

The r e s o n a n c e  c o n d i t i o n  cou ld  b e  met by s t e p w i s e  changing  

t h e  a n g u l a r  v e l o c i t y  omega of t h e  o s c i l l a t i o n  o f  t h e  HI 

f i e l d ,  o r  mare commonly by l e a v i n g  omega f i x e d  and 
< 

sweeping H, t h rough  t h e  p o i n t  o f  t h e  r e sonance  

c o n d i t i o n .  

More commonly t h e '  s i g n a l  i s  d e t e c t e d  a s  a  c u r r e n t  

induced  by t h e  p r e c e s s i n g  s p i n s i f i d s e t  o f  r e c e i v e r  c o i l s  

a t  r i g h t  a n g l e s  t o  t h e  t r a n s m i t t e r  c o i l  and  t o  H ( z )  ( t h e  

d i r e c t i o n  of H ) The re+ance c o n d i t i o n  i s  met a s  

b e f o r e .  

The o u t p u t  o f  e i t h e r  d e t e c t i o n  d e v i c e  is  a  c u r v e  of 

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



NMR i n .  t h e  Time Domain 

If we a r r a n g e  f o r  H x  = H L  cos ( W : t )  t o  have a  

f r e q u e n c y  omega(oa) such  t h a t  C3 = xwH0 b u t  
A .  Q P 

t u r n  Hx on f o r  o g l y  a  s h o r t  p e r i o d  o f  t i m e  ti, w e  c a n  

e x p e c t  t h a t  th'e magne t i c  d i p o l e  w i l l  foJlow Hi f o r  t, . , 

r, 
3 Mu t h e n  would p r e c e s s  t h r o u g h  a n  a n g l e  6 - = - &H< t w  

and f o r  example w e  c o u l d  choose  . = -Tf which 

would i n v e r t  t h e  magne t i c  moment o r  choose  - = */2 

which would t u r n  t h e  moment from t h e  z a x i s  i n t o  t h e  xy 
/ 

p l a n e .  D e t e c t i o n  .of  t h e  movement of Mu c o u l d  be made i n  

same way a s  f o r  t h e  f r e q u e n c y  domain e x p e r i m e n t s .  T h i s  i s  

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

r e l a t i o n  between t h i s  t r a n s i e n t  r e s p o n s e  and t h e  s t e a d y  
'B 

s t a t e  r e s p o n s e  ( f r e q u e n c y  domain) w i l l  b e  shown a f t e r  a  

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

The ' fo regoing  1s o f  c o u r s e  v e r y  s i m p l i s t i c  s i n c e  it . - 

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

we a r e  f o r c e d  t o  d e a l  w i t h  a  macroscopic  sample c o n t a i n i n g  

a , l a r g e  ensemble  of s p i n s .  A s i m p l e  quantum approach  t o  

an i s o l a t e d  s p i n  l e a d s  one t o  21 + 1 d e g e n e r a t e  ene rgy  

l e v e l s .  The d e g e n e r a c y ' i s  l i f t e d  when t h e  n u c l e u s  is 

p l a c e d  i n  a  magne t i c  f i e l d .  The e n e r g y  of e a c h  l e v e l  i n  

t h e  magne t i c  f i e l d  i s  t h e  e igen -va lue  o f  t h e  Hami l ton ian  
- - --- - - -- - - - - - -- - - -- 

(Abragam 1961):  
%F 



s o  E = - 8 fi H, m I  . where mz t a k e s  t h e  i n t e g e r  o r  
-? 

h a l f ' ?  i n t e g e r  v a l u e s  from 1,I-1, t o  -I; and t h e  d i f f e r - e n c e  

between any two energy  l e v e l s  is 21 -6 H, . For I = 

+ 1/2 ,  m l  = - 1 / 2  and we have a  two e n e r g y o l e v e l  system 

comple te ly  analogous t o  t h e  system p r e v i o u s l y  d e s c r i b e d .  

The magnetic  moment can b e ' o r i e n t e d  a long  t h e  f i e l d  ( i n  

t h e  lower energy  l e v e l )  o r  opposed t o  t h e  f i e l d  ( i n  t h e  
+ upper energy l e v e l ) .  An i n p u t  of energy can  f l i p  Mu from 

one o r i e n t a t i o n  t o  t h e  o t h e r  or t h e  n u c l e u s  from one 

energy l e v e l  t o  t h e  

S a t u r a t i o n  

Consider now an ensemble of mangetic  n u c l e i  of s p i n  
9 

i 1 / 2 ,  w i t h  ene rgy  l e v e l s  which d i f f e r  by 8 4'1.8, . 
%-- The r a t i o  of p o p u l a t i o n  i n  t h e  low l e v e l  t o *  t h e  upper 

l e v e l  is  g iven  by t h e  Boltzman equa t ion :  

1 1 1 - 1 0  n / n ( - 2  = e x p ( -  fi H, /kt) 

where n (1 /2 )  is  t h e  p o p u l a t i o n  of t h e  energy l e v e l  a e s c r i b e d  ' 

by m 1  =1/2, n(-1/2) t h e  p o p u l a t i o n  o f  l e v e l  r n ~  = -1/2. 

Gamma f o r *  a  p ro ton  = 4257.6  hz/gauss.  'For  a  f i e l d  of 23.4 

K g a u s s  the e x c e s s  p o p u l a t i o n  i n  t h e  lower l e v e l  is on ly  

16 i n  1 m i l l i o n  a t  3- =-300 d e g r e e s  K,--Since we-have e q u a l  - - f- 
L 

p r o b a b i l i t y  of upward and downward r a d i o  f requency induced 

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



- - -  - - -  - 

e m i s s i o n  i s  v e r y  s m a l l  f o r  a mgnet ic  d i p o l e  (Abragam 1961) 

we can  s e e  t h e  d i s t i n c t  p o s s i b i l i t y  o f  e q u a l i z i n g  t h e  

p o p u l a t i o n  o f  upper and l&r s t a t e s  s o  t h a t  t h e r e  w i l l  be 

no a b s o r p t i o n  of  a e r g y .  T h i s  phenomenon ' i s  known a s  

s a t u r a t i o n .  

R e l a x a t i o n  and t h e  Bloch e q u a t i o n s ,  TI and T2 . 

E x p e r i m e n t a l l y  one  f i n d s -  t h a t  s a t u r a t i n g  a  sample  

i s  n o t  s o t  e a s y  a s  t h e  f o r e g o i n g  would s u g g e s t .  We s h a l l  

see t h a t  t h e r e  a r e  t i m e  v a r i a t i o n s  i n  t h e  l o c a l  magnet ic  

f i e l d s  i n  a  sample which c a u s e  t h e  m a g n e t i z a t i o n  t o  come 

back t o  e q u i l i b r i u m .  

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

f i e l d  t h a t  c a u s e  t h e  r e l a x a t i o n  u n t i l  I have o u t l i n e d  t h e  

d e s c r i p t i o n  o f  t h e  r e l a x a t i o n  due  t o  Bloch.  
4 

B e f o r e  p u t t i n g  a  sample i n  a  magne t i c  f i e l d  t h e  xy 

and z components o f  t h e  n b t  m a g n e t i ~ a t i ~ o n  M a r e  o b v i o u s l y  

e q u i v a l e n t i  ( i s o t r o p i c  sample)  . I n  a  l a r g e  magne t i c  f i e l d  

however, w e  c a n  see t h a t  t h e r e  i s  a  m a g n e t i z a t i o n  $ i n  

t h e  d i r e c t i o n  of t h e  f i e l d  ( c u s t o m a r i l y  t a k e n  a s  t h e  z  

d i r e c t i o n )  w h i l e  t h e  x ,  and y  components f a l l  t o  z e r o .  . 
-9 

I f  i n  a  s t a t i c * f - i e l d  Hz = H, w e  d i s t u r b  MZ = & 

t h e n  we o b s e r v e  t h a t  it w i l l  approach  i ts o l d  e q u i l i b r i u m  . 
M, i n  a  way w h i c h  i s  o f t e n  - - a d e q u a t e l y  d e s c r i b e P  - by: - 

- - - - 



T h a t  is e q u i l i b r i u m  is approached  e x p o n e n t i a l l y  w i t h  a  

t i m e  c o n s t a n t  8~~ . $ere Mo,M,,My,M2,are components o f  M 

i n  t h e  l a b  f i x e d  f rame.  

T is  known a s  t h e  l o n g i t u d i n a l  r e l a x a t i o n  time. 

I ts ,  i n v e r s e  R I  g i v e s  t h e  r a t e  t h a t  t h e  component o f  

m a g n e t i z a t i o n  a l o n g  t h e  f i e l d  w i l l  app roach  i t s  

e q u i l i b r i u m  v a l u e ,  TI i s  a l s o  known a s  t h e  s p i n - l a t t i c e  

r e l a x a t i o n  time s i n c e  e n e r g y  l o s t  by t h e  s p i n s  i h  go ing  t o  ' 

t h e  lower e n e r g y  l e v e l  is abso rbed  by t h e  s u r r o u n d i n g  

sys tem,  commonly known a s  t h e  l a t t i c e .  

We no ted  t h a t  M, 7 bly = 0 a t  e q u i l i b r i u m .  1fC w e  

d i s t u r b '  t h e  sys t em i n  such  a  way t h a t  w e  g e t  a  component 

o f  M i n  t h e  xy p l a n e  t h e n  it w i l l  approach  z e r o  a t  a  r a t e  

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

and dMy/dt = -My/' T2 

, . 

T is  c a k l e d  t h e  t r a n s v e r s e  r e l a x a t i o n  time, s i n c e  it 
b 

d e s c r i b e s  t h e  decay  of  t h e  component of  M which i s  

t r a n s v e r s e  t o  t h e  d i r e c t i o n  of  t h e  f i e l d .  I t  is  a l s o  

known - a s  t h e  s p i n - s p i n  r e l a x a t i o n ' t i m e ,  s i n c e  a s  w e  s h a l l  

s e e  i t  r e s u l t s  from an  i n t e r a c t i o n  between t h e  magne t i c  

d i p o l e s  ( s p i n s )  . 
Bloch assumed t h a t  i n  t h e  p r e s e n c e  o f  an a p p l i e d  D. 

C .  f i e 1 d - g  (0) , 3nd-a- much-s-maller r . f .  f i e l d  Ha-. i h a t  - 

t h e  motion due t o  r e l a x a t i o n  c o u l d  be added t o  t h e  motion 

of  t h e  f r e e  s p i n s  ( e q u a t i o n  111-3) g i v i n g ;  



where  i , j  ,k a r e  t h e  normal u n i t  v e c t o r s .  

The s o l u t i o n  .to t h i s  e q u a t i o n  is: 

rY rV 

M k  = Mx c o s  ( w t )  - M.j s i n ( w t )  
u ry 

= .M, s i n ( & )  + M~ c o s ( u t 1  

4 

where zx and gy a r e  t h e  t r a n s v e r s e  components  o f  M i n  a  

r o t a t i n g  f r ame ,  and have t h e  v a l u e s :  

where A = (W - a,) 

Thus t h e  t r a n s v e r s e  components o f  t h e  m a g n e t i z a t i o n  i n  t h e  

l a b  f i x e d  f rame a r e  f u n c t i o n s  o f  time, and w i l l  p roduce  a 

v o l t a g f  o f  f r e q u e n c y  omega i n  a  c o i l .  

I f  H i s  s m a l l  enough t h a t  t h e  l a s t  term i n  t h e  

denomina tor  i s  s m a l l  i n  compar i son  t o  1, s a t u r a t i o n  w i l l  

n o t  o c c u r ,  I n  t h i s  c a s e  



where • ’ { A f  T Z )  = l/Tl TI / {  1 + ~ ~  1 

which i s  t h e  no rma l i zed  L o r e n t z i a n  shape  f u n c t i o n  w i t h  a  

h a l f  w id th  a t  h a l f  i n t e n s i t y  o•’  l./ T  . 
I t  h a s  become cus tomary  t o '  l ook  a t  t h i s  i n  terms o f  

- t h e  magne t i c  s u s c e p t i b i l i t y ,  S i n c e  w e  have a  f i e l d  E l x  - 

2 H I  c o s  ( u . t  ) t h e n  w e  must have a  m a g n e t i z a t i o n  M x  

p r o p o r t i o n a l  t o  H x  t h u s  M X  . = XHx where X is t h e  

magne t i c  s u s c e p t i b i l i t y .  However, M x f  %, and H y  a r e  a l l  a  

f u n c t i o n  o f  w and it i s  c o n v e n i e n t  t o  c o n s i d e r  X a s  hav ing  

a  r e a l  and imag ina ry  p a r t  ' j u s t  a s  w e  c a n  c o n s i d e r  M x  . and 

H t o  have  a  r e a l  and imag ina ry  p a r t .  E q u a t i o n  ( 8 )  can  

b e  w r i t t e n  a s :  

A 

where X = X '  - i ~ "  

and where t h e  h a t s  reminds  u s  t h a t  we have w r i t t e n  t h e  

q u a n t i t i e s  a s  complex numbers,  111- (17b)  may be r e w r i t t e n  

t h e n  a s :  

111-18 M x  ( t )  = 2 H I  {XO ( u ) c o s  Y t  -x'*(Y) s i n  ~ t )  

A comparison '  w i t h  e q u a t i o n  111- ( 1 4 )  

shows t h a t :  , 



- - - 

and by s u b s t i t u t i n g  X . H~ f o r  M o ,  and o f 9 r  gamma 

Ho w e  c a n  w r i t e :  

so- l o n g  a s  HI is  s m a l l  enough t o  a v o i d  s a t u r a t i o n .  

f  ( A ,  T2 1 is t h e  no rma l i zed  L o r e n t z i a n  d e f  rned b g  (16) , 

X" ( W )  and X '  (Y) a r e  g e n e r a l l y  known a s  t h e  a b s o r p t i o n  and 

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

o t h e r ,  t h e  r e l a t i o n s h i p  b e i n g  t h e  Kramers-Kronig 

r e l a t i o n ' s ,  Proof  o f  t h e s e  r e l a t i o n s  c a n  b e  found i n  

Abragam (1963 p .  9 3 ) .  Knowledge o f  ~ ' ( w )  a t  a l l  

f r e q u e n c i e s  g i v e s  X" ( w )  a t  a l l  f r e q u e n c i e s .  

The impor t ance  o f  X n ( u )  is t h a t  it can  a l s o  be 

de t e rmined  t h e o r e t i c a l l y  f rom a tomic  (quantum mechan ica l )  

c o n s i d e r a t i o n s  g i v i n g  us m i c r o s c o p i c  i n f o r m a t i o n  from a  

mac roscop ic  measurement.  

The R e l a t i o n s h i p  Between t h e  S i g n a l  i n  t h e  T i m e  

Domain and t h e  Frequency  Domain 

W e  wish t o  know t h e  m a g n e t i z a t i o n  d ~ ~ ( t )  produced a t  

a t i m e  t due  t o  a  magne t i c  f i e l d  E I X ( t 0 ) o f  d u r a t i o n  d t *  

t u r n e d  on a t  time t '  where t '  is  e a r l i e r  t h a n  t. 

d K , ( t )  is p r o p o r t i o n a l  t o  a x ( t 0 ) d t '  



- -- - ---  - 

1 1 1 - ( 2 2 )  dM*(t! = m ( t - t * ) ~ ~ ( t * ) d t *  

where  t h e  p r o p o r t i o n a l i t y  c o n s t a n t  m ( t - t * )  d e p e n d s  o n  how 

l o n g  a f t e r  t h e  p u l s e  o f  f i e l d  t h a t  we w i s h  t o  know d M x ( t )  

The t o t a l  m a g n e t i z a t i o n  a t  time t is t h e  i n t e g r a l  o f  

e q u a t i o n  ( 2 2 ) .  

111- ( 2 3 )  M, (t) = J m ( t - t * ) ~ ,  ( t ' )  d t *  
-OD 

L 
\ 

A s  b e f o r e  we wr i te  M x ( t )  and ~ ~ ( t * )  as complex  numbers  

( a l w a y s  w i t h  t h e  u n d e r s t a n d i n g  t h a t  w e  a r e  o n l y  

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

E q u a t i o n  23 now becomes:  

But  p r e v i o u s l y  ( e q u a t i o n  1 7 b )  w e  wro te :  

where  t h e  h a t s  remind u s  t h a t  t h e  q u a n t i t i e s  a r e  complex.  

Compar ison w i t h  ( 2 4 )  shows t h a t :  



- - 

Tha t  i s ,  i n  t h e  p u l s e  expe r imen t  w e  . d e t e r m i n e  some 

q u a n t i t y  ~ ( 2 )  "hose F o u r i e r  t r a n s f o r m  is t h e  q u a n t i t y  XCw) 

w e  d e t e r m i n e  i n  t h e  s t e a d y  s t a t e  e x p e r i m e n t ,  

S i m i l a r l y  MCZ) is t h e  F o u r i e r  t r a n s f o r m  o f  t h e  

complex s u s c e p t i b i l i t y .  

The i n f o r m a t i o n  g a i n e d  by an a n a l y s i s  o f  an expe r imen t  i n  

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

t h e  t ime  domain exper  iment  , 

Some U s e f u l  P u l s e  NMR Exper iments  

Cons ider  a g a i n  a  sample i n  a magne t i c  f i e l d  a i n  

t h e  z d i r e c t i o n  w i t h ' a  m a g n e t i z a t i o n  M ,  from t h e  p o i n t  o f  

v iew o f  t h e  r o t a t i n g  f rame ( s e e  page  20) , An r  , f a  f i e l d  

H i n  t h e  x  d i r e c t i o n  a t  f r e q u e n c y  Lb = gamrna.Ho , w i l l  

c a u s e  M t o  p r e c e s s  a b o u t  H1 , I f  H L  is  t u r n e d i o n  o n l y  . 

f o r  t i m e  t t h e n  M w i l l  o n l y  f o l l o w  H I  f o r  t h a t  l o n g ,  

Cons ider  t t o  be  long  enough t o  o n l y  t u r n  M o n t o  t h e  y  

a x i s .  ( T h i s  is n o r m a l l y  c a l l e d  a  90 d e g r e e s  p u l s e ) .  

Suppose immedia te ly  a f t e r  t h e  p u l s e  Hz = 0 ,  Mx = 0  and My 

= M,, NOW My must d e c a y  t o  z e r o ,  I f  t h e  a p p a r a t u s  i s  set  

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

w i l l  d ecay  w i t h  a  time c o n s t a n t  , T h i s  can  b e  s e e n  
- --  - - - - - - - - - - -  - - -- 

from a  c o n s i d e r a t i o n  o f  e q u a t i o n s  1 1 1 - ( 1 2 ) ,  Such a  s i g n a l  

i s  g e n e r a l l y  known a s  a  f r e e  i n d u c t i o n  d e c a y  o r  F.I ,D, 
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The above  picture d e n i e s  the f a c t  lAat-M~-fscomposd- 

of  many i n d i v i d u a l  s p i n s .  I f  t h e  f i e l d  was p e r f e c t l y  

homogeneous t h e n  t h i s  would n o t  m a t t e r  and t h e  above would 

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

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

w o  o f  d u r a t i o n  t w i l l  c o n t a i n  a l l  f r e q u e n c i e s  from 

w o  -2</ t  t o  - w ,  + 2 7 ~ / t ,  - a l l  t h e  s p i n s  w i l l  s t i l l  be - 

t u r n e d  o n t o  t h e y '  a x i s .  However same w i l l  be go ing  

s l o w e r ,  some f a s t e r  t h a n  cd0 . 
I n  t h e  r o t a t i n g  f r ame  w e  can  p i c t u r e  some s p i n s  

t u r n i n g  i n t o  t h e  x 'y '  q u a d r a n t  o t h e r s  i n t o  t h e  - x * y 8  

q u a d r a n t  a s  i n  f i g u r e  111-3 below. The s i g n a l  now d e c a y s  

a s  t h e  s p i n s  dephase  i n  t h e  x'y '  p l a n e  a s  w e l l  a s  d e c a y i n g  

t h r o u g h  t h e  normal T2 p r o c e s s e s ,  The d e c a y  time 

c o n s t a n t  is now T2 * g i v e n  by:  b 
/ 

where T ( i n ) .  is  t h e  time c o n s t a n t  d e s c r i b i n g  t h e  p r o c e s s  of 

dephas ing  i n  t h e  x ' y '  p l a n e ,  caused  by , t h e  inhomogenei ty  

of  t h e  f i e l d .  

The o u t p u t  from such  an  expe r imen t  would be a  c u r r e n t  

d e c a y i n g  w i t h  t i m e  c o n s t a n t  T Z  * a s  i n  F i g u r e  111-4. 

I f  ins tea 'd  o f  u s ing  a  p u l s e  e x a c t l y  a t  omega(o) , w e  

u se  a  p u l s e  a t  W ,  +dad t h e n  M w i l l '  s t i l l  be t u r n e d  o n t o  
- -  - - - - ~ - - - - -  - -- -~~ -- ~ -----p- -- - ~ p-p--- 

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

d e t e c t i n g  t h e  s i g n a l  w i t h  a phase  s e n s i t i v e  d e t e c t o r  which 
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t h e  o u t p u t  w i l l  be modula ted  a s  t h e  xy component o f  M (now 

t r a v e l l i n g  f a s t e r  o r  s l ower  t h a n  t h e  r o t a t i n g  f rame)  

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

r e f e r e n c e  p h a s e .  The o u t p u t  w ? l l  t h e n  l o o k  l i k e  F i g u r e  .. 

111-5. 

The le-ngth o f  t h e  b u l s e  - - t can  be  v a r i e d  s o  t h a t  M is  
- 

t u r n e d  t h r o u g h  any  number o f  d e g r e e s  ( a l t h o u g h  i t  shou ld  

m 2 - l  be  s h o r t  e g h  t h a t  T I  and T 2  e f f e c t s  a r e n e g l i g i b l e  

d u r i n g  t ) , For  example  a  180 d e g r e e  p u l s e  would t h e n  * 

t u r n  M o  from t h e  z  a x i s  t o  the  -2. a x i s .  

T I  Measurements J 

A s  a l r e a d y  men t ioned ,  n o r m a l l y  a  s p e ~ t ~ o m e t e r  is se t  

up t o  mon i to r  t h e  component a of t h e  m a g n e t i z a t i o n  i n  t h e  xy 

p l a n e ,  and t h u s  from t h e  Bloch e q u a t i o n s ,  one  can  s e e  

means o f  measu r ing  T 2  o r  a t  l e a s t  T2 *. 

T 1 might  b e  measured by measur ing  t h e  h e i g h t  p f  t h e  

F. I .  D. a s  a  f u n c t i o n  t h e  r e p e t i t i o n  r a t e  o f  t h e  90 

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

a  90 d e g r e e  p u l s e  w i l l  be  a  f u n c t i o n  o f  T 1 , 

A more common and p r e c i s e  way is t o  mon i to r  t h e  xy 

component o f  t h e  m a g n e t i z a t i o n  by u s i n g  a 180 d e g r e e  p u l s e  

f o l l o w &  by  a  90 d e g r e e  p u l s e ;  b o t h  a l o n g  t h e  x  a x i s .  The 
- - - - - - - - -  - p  - - - p-- - 

180 d e g r e e  p u l s e  t u r n s  t h e  z c o m p o n e n t  -ofpe t h e  

m a g n e t i z a t i o n  from M t o  -M . No s i g n a l  is  s e e n ,  as t h e  
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rece.iver "sees" only the  xy component of M. 

Tau seconds a f t e r  the 180 degree pulse the sample is 

subjected t o  the 90  -degree pulse. During the  in te rva l  
I *  

between pulses  M was decaying w i t h  time constant  T L  . 
NOW t h e  i n i t i a l  amplitude of the F. I. D. following the 

9 0  degree pulse w i l l  be a function of tau.  
- +  - 

BY measuring the amplitude of the F. I. D. a s  a 

function of tau  one can e a s i l y  determine TI , from 

equation 111-11. or the in teg ra l  of 111-11. 

111-28 Mt = M (1-2exp(-t/ TI ) 

Typical output i s  diagrammed i n  Figure 111-6.  

T 2 Measurements 

Accurate measurement of Tz: is a problem s ince  i n  

both c .  w .  experiments and normal 90 degree pulse 

exper iments one i s  a c t u a l l y  measuring T 2 * ,  and 

furthermore one m u s t  be c e r t a i n  i n  c,w. experiments not 

to  s a t u r a t e  the sample; ( see  equa.tions 111-15) . 
Carr and Purcel l  (1954) developed a mult iple  pulse 

experimenk for measuring T 2 which was l a t e r  modified by 

Meiboom and G i l l  ( 1 9 5 8 ) .  The Carr-Purcell pulse t r a i n  is 

a 90 degree pulse about the x a x i s  followed by a 180 

degree pulse a t  t ime-tau,  fallawed by ano the r  sk t ime 3 - 

t au ,  which i s  i n  turn followed by m o r U 4 0  degree pulses  
L;J_ 

every 2 t au ,  i . e ,  the t r a i n  is 90 degrees - tau - 180 
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-- - -  - 

degrees - 2 tau - 180 degrees - . . . )  , 

A considerat ion of Figure 111-7 shows the  experiment. 

A l l  pulses a r e  along the x '  a x i s ,  and the diagrams a r e  a s  

seen i n  the ro ta t ing  frame. 

Upon being h i t  w i t h  a 90 degree pulse M is turned 

about x '  t o  the  y 0  ax i s  ( a ) ;  because of the  inhomogeneous 

f i e l d  My now s t a r t s  t o  dephase i n  the  x s y O  plane ( b ) ;  the 
5 

1 8 0  degree pulse now tu rns  those components of M i n  the 
Z 

x'y:  quadrant ( those with V > U, ) i n t o  tke x(-y) 
Lj * 

quadrant,  ,and those i n  the ( -x)y  quadrant ( those  w i t h  til < 
) i n t o  the  ( -x ) ( -y )  quadrant ( c ) ;  those components 

t h a t  had @,! > Wk are now going t o  rephase w i t h  those w i t h  

W < U, along 

current  maximum i n  

180 degree pulse 

the x (-y) quadrant 

( x )  y )  quadrant 

the (-y) ax i s  (d)  and w i l l  produce a  

the receiver  a t  time 2 t au ;  a  fu r the r  

a t  time 3 tau c a r r i e s  the components i n  

t o  the  xy quadrant, and those i n  the 

t o  the  (-x)y quadrant ( e )  ; where they 

rephase along the y  a x i s  producing another cu r ren t  maximum 

nowl a t  time 4 tau ( f )  . Subsequent 180 degree pulses  a t  
4 

times 5 t au ,  7tau . e t c  produce s i g n a l s  
a 

refer red  to  a s  echos a t  times 6 t au ,  8 tau e t c ,  

The amplitude of the echos i s  dependent upon the 

spacing time t au ,  and t o  the  r e a l  T Z  , ( s e e  for  example 

Farrar 1 9 7 1 ) ,  T t  can a l so  depend on the r a t e  of d i f fus ion  
- - - -- -- - - - - - - 

a s  wi l l -be  seen shor t ly .  A close considerat ion of the  
, A  

above leads  one t o  the.  con'clusion t h a t  e r r o r s  i n  the  pulse 
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1 

w i d t h  a r e  cumrnulative i n  t h i s  expe r imen t .  - - - - -  - - -- 

The v a r i a t i o n  o f  t h e  C a r r - P u r c e l l  e x p e r i m e n t  proposed  

by  Meiboom and G i l l  (1958)  u s e s  a  90 degree- tau-180 deg ree -  

2 t a u  - 180 d e g r e e  - ... p u l s e  t r a i n  a s  b e f o r e  b u t  

t h e  P h a s e s  o f  t h e  90 and .I88 d e g r e e  p u l s e s  a r e  90 d e g r e e s  

a p a r t ;  T h i s  i s  t h e  same a s  a p p l y i n g  t h e  180 d e g r e e  p u l s e  

a l o n g  the y a x i s .  F i g u r e  111-8 shows t h e  r e s u l t  of t h i s  , 
- 

v a r i a t i o n .  ~ o i l o " i n ~  a  90 d e g r e e  p u l s e  a b o u t  t h e  x 0  a x i s  

( r o t a t i n g  frame) ; Mz i s  t i p p e d  t o  t h e  y: a x i s  ( a )  ; t h e n  

b e g i n s  t o  dephase  i n  t h e  x * y O  p l a n e  ( b ) ;  t h e  180 d e g r e e  
* 

p u l s e ,  e f f e c t i v e l y  a long  y ,  c a r r i e s  components o f  M i n  t h e  

x ' y '  q u a d r a n t  t o  t h e  ( -x ' )yO q u a d r a n t  and t h o s e  i n  t h e  

( -x ' )  y ' q u a d r a n t  t o  t h e  x ' y *  q u a d r a n t  ( c )  ; t h e y  r e p h a s e  

a l o n g  t h e  y '  a x i s  p r o d u c i n g  an echo  ( d ) .  Subsequen t  180 

d e g r e e  p u l s e s  exchange  components from t h e  x 'y '  t o  t h e  

( - x ' ) y O  and v i c e  v e r s a  and a r e  fo i lowed by an echo .  I f  

i t h e  180 d e g r e e  p u l s e  is  less  t h a n  180 d e g r e e s  t h a n  t h e  
b 

components o f  M a r e  c a r r i e d  t o  a  p l a c e  o u t  o f  t h e  xy p l a n e  

( a s  i n  t h e  C a r r - P u r c e l l  e x p e r i m e n t )  (e)  t h e y  r e p h a s e  w i t h  

s l i g h t l y  s m a l l e r  a m p l i t u d e  t h a n  t h e y  would have i f  t h e  

p v l s e  had been o f  t h e  p r o p e r  - l e n g t h  ( f )  ; b u t  t h e  n e x t  180 

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

t o  t h e  xy p l a n e  ( g )  , The e r r o r s  i n  t h e  Meiboom-Gill 

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

F i g u r e  111-9 shows t h e  o u t p u t  o f  a  ~~iboom- ill 

v a r i a t i o n  o f  a  C a r r - P u r c e l l  ' exper  i- ment ,  f o l l o w i n g  t h e  
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f i r s t  180 d e g r e e s  p u l s e .  I n  t h i s  c a s e  t h e  s p e c t r o m e t e r  

h a s  been tuned  o f f  r e s p s n a n c e ,  a  p r a c t i c e  which means t h a t  

t h e  90 d e g r e e  and 180 d e g r e e  p u l s e s  a r e  less w e l l  d e f i n e d .  

An Experiment  t o  Measure D i f f u s i o n  ./ 

The  a c t u a l  a m p l i t u d e  o f  t h e  echo  a t  t i m e  2 t a u  i s  
i 

e q u a l  to  ( C a r r  1954): 

t 
11-29  echo) = K e x p [ - t /  T 2  - 1/3 8 . G= D zZt1 

where G i s  t h e  s p a t i a l  g r a d i e n t  o f  t h e  magn&ic f i e l d  and 

D i s  t h e  d i f f u s i o n  c o n s t a n t .  E f f e c t i v e l y  t h i s  means t h a t  

i f  a n u c l e u s  moves t o  an a r e a  where t h e  magne t i c  f i e l d  is 
-\ 

d i f f e r e n t  t h e n  t h e  measured r e l a x a t i o n  time w i l l  be 

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

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

c o n s t a n t .  

Chemical S h i f t s  
I 

Each c h e m i c a l l y  d i f f e r e n t  s p e c i e s  when p l a c e d  i n  a  
\ 

magne t i c  f i e l d  w i l l  e x p e r i e n c e  a  s l i g h t l y  d i f f e r e n t  f i e l d  

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

t h e  phenomenon o f  chemica l  s h i f t s ,  which i s  t h e  c h i e f  

k c h a r a c t e r i s t i c  o f  NMR s p e c t r o s c o p y  t h a t  h a s  made it - uch a  

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

- - - - - - - 

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

e l e c t r o n i c  env i ronmen t s  r e s u l t  from t h e  o r b i t a l  motion 



46 

induced  i n  t h e  e l e c t r o n s  when p l a c e d  i n  a  m a g n e t i c  f i e l d .  - 

The moving e l e c t r o n s  produce  a  s e c o n d a r y  f i e l d  which 
a 

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

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

a p p l i e d  f i e l d  H, , s o  t h a t  t h e  f i e l d  a t  which a  

p a r t i c u l a r  n u c l e u s  w i l l  r e s o n a t e  is  g i v e n  by: 

where s igma;  i s  t h e  s c r e e n i n g  c o n s t a n t  o r  s h i e l d i n g  

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

d i f f e r e n t  n u c l e u s  w i l l  r e s o n a t e  a t  a  d i f f e r e n t  f r equency .  

G e n e r a l l y  t h e  new f r e q u e n c y  w i l l  be  lower t h a n  t h e  

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

s econda ry  f i e l d  i s  t o  b r i n g  t h e  e n e r g y  l e v e l s  c l o s e r  
\ 

t o g e t h e r .  I n  a  f i x e d  f r e q u e n c y ,  swept  f i e l d  expe r imen t  

t h e  same s i t u a t i o n  r ~ u l t s  i n  having  t o  u s e  a  h i g h e r  f i e l d  
.-.PI 

/?' 

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

S i n c e  it i s  d i f f i c u l t  t o  measure  a n  a b s o l u t e  v a l u e  of  

a  magne t i c  f i e l d ,  chem0ical s h i f t s  a r e  g e n e r a l l y  measured 

from a s t a n d a r d  r e f e r e n c e .  The amount o f  t h e  chemica l  

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

expe r imen t  i s  c a r r i e d  o u t  and t h e  s h i f t s  a r e  u s u a l l y  

measured i n  p a r t s  p e r  m i l l i o n  (ppm) . Thus 



where d e l t a  is t h e  c h e m i c a l  shf  f t  i n  parts per m i r l i o n .  

I n  most  o f  t h e  p r o t o n  work T e t r a  methyl  s i l a n e  (TMS) 

is used f o r  t h e  s t a n d a r d .  By way o f  i l l u s t r a t i o n  methyl  

p r o t o n s  i n  n -a lkanes  have  chemica l  s h i g t s  o f  t h e  o r d e r  o f  

1 ppm down f i e l d  from TMS ( u s u a l l y  q u o t e d  a s  -1 ppm) , 
V 

w h i l e  t h e  methylene  p r o t o n s  have  chemica l  s h i f t s  o f  f rom -1 

1/4 t o  -2 ppm. O l e f i n i c  p r o t o n s  i n  a l k e n e s  on t h e  o t h e r  

hand have s h i f t s  o f  t h e  o r d e r  of  -5 ppm. 

I f  t h e  r e f e r e n c e  sample  used is s e p a r a t e  from t h e  

sample  b e i n g  measured t h e n  a  c o r r e c t i o n  must  be a p p l i e d  

f o r  t h e  d i f f e r e n c e  i n  b u l k  s u s c e p t i b i l i t i e s  o f  t h e  two 

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

sample  and is  s u c h  t h a t  no c o r r e c t i o n  i s  n e c e s s a r y  f o r  a  

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

( r e a l )  is found by: 

C 

111-32 & ( r e a l )  = (obs )  

+ 2 ~ T / 3  (Xv ( r e f )  -Xv (sample)  ) 

where d e l t a  ( o b s )  = t h e  obse rved  chemica l  s h i f t  and X v ' a r e  

t h e  volume s u s c e p t i b i l i t i e s  of, t h e  r e f e r e n c e  and sample 

s u b s t a n c e s  r e s p e c t i v e l y .  

S i n c e  t h e  c o r r e c t i ' o n  invo lved  i s  n o t  d e r i v e d  i n  any 

o f  t h e  s t a n d a r d  t e x t s  a l t h o u g h  it is s t a t e d  i n  some (Pop le  

1959)  and s i n c e  i t  i s  n o t  obv ious ;  itpis C r l v e d i n -  
- 

\4'? 

appendix  A.  



Chapter IV 

Relaxation Analysis 

i Dipole-Dipole Relaxation 

y s i s  of NMR re laxat ion  (measurement of T ,  

ives  information about t h e  molecular dynamics - 

of the  system involved. A considerat ion of what causes . 
the re laxat ion  t o  take place or more exact ly ,  the  nature 

of the coupling between the  sp ins  and t h e i r  environment, 

i s  necessary. 

If one considers  a  system composed of many d ipo les  i t  

i s  not surpr is ing  t h a t  these d ipoles  w i l l  be coupled to  

each other s ince  each w i l l  produce a  magnetic f i e l d  a t  

4 
another d ipole  approximately< equal t o  'i;r;;/r3 where Mu 

i s  the d ipole  moment and r is  the d i s t ance  between the 

dipoles .  (For a  proton a t  chemical bond d i s t ances  from 

another proton ~ u / r ~  = ca. 1 gauss which can e i t h e r  

oppose or r e in fo rce  H, so t h i s  coupling is 

considerable.)  Such coupling is known a s  dipole-dipole 

coup1 ing . 
However the  s t rength  of t h i s  i n t e r a c t i o n  alone does 

not determine T ,  and T 2  s ince  a  modulation of coupling 

a t  an appropriate  frequency is necessary. T h i s  modulation 

I t  i s  i n s t r u c t i v e  t o  consider the p ic tu re  f i r s t  from 

a  c l a s s i c a l  poin t  of view, 



- *  pp-p--p-p-pp--pp 

Each d ipole  causes a small f i e l d  h a t  each other  

dipole.. A s  before (Chapter 111) a f i e l d  ?; produces a 

torque iftra on 3. Consider and f? i n  the r o t a t i n g  frame 

\\ so tha t :  

4 ,  -3, -9 r 3f = i h x  + jG' + khz and M = iaO + jGO + kMz 

- # a *  * A  0 

IV-1 (c x %) ( r o t a t i n g  fsame) = i ( h y  Mz -hi My ) - 

-+ 3 

A s ,  w i t h  the f i e l d  H , h can not e f f e c t i v e l y  couple w i t h  
3 
M unleqs i t  has frequency omega(o), however we can 

consider any process having frequencies centered a t  omega * -  
i. 

t o  be made up of Fourier components from 0 t o  omega. ,It 

w i l l  be the s i z e  of the Fourier component a t  omega(o) t h a t  
$ 

w i l l  determine whether the  inovement of can e f f e c t i v e l y  

couple w i t h  3. - -+ 
Equation IV-I shows t h a t  of the components of h i n  

4. *. 4. 
the ro ta t ing  frame, g 0  is coupled t b  My and t o  Mz , hy 

* #  *. + n  4, 
is coupled t o  Mx and Mz while h z  is coupled t o  Mx and 

G O .  ~ r o m  our previous d e f i n i t i o n s  of T, and Tz we 
3 ,  +'. 

can see t h a t  f l u c t u a t i o n o f  hx and hy lead t o  T i  and 
4. 

T2 r e l axa t ion ,  whereas fluctuatdgn of h z  leads  t o  T2 

re laxat ion  only. 

A fu r the r  considerat ion shows t h a t  T L  can onIy *be 
3 .  2, shor te r  o r  a s  long s TI . 1 f h x  and-iq- a r e s t a t i c  -(-in 

the ro ta t ing  frame) then i n  the l a b  fixed frame they a re  

moving a t  high frequency (of the  order of o&ega(o) ) . 



- - - - -- - - - -- 

d 
These h i g h  f r e q u e n c y  components a f f e c t  b o t h  T1  and Tr . 

-+ 
However i f  $' is s t a t i c  o r  h a s  a  low f r e q u e n c y  hz w i l l  

(a 

a l s o  b e  s t a t i c  l e a d i n g  t o  a  low f r e q u e n c y  o r  z e r o  

f r e q u e n c y  c o n t r i b u t i o n  t o  T2 o n l y .  I n  summary, T2 

p r o c e s s e s  a r e  

T1 p r o c e s s e s  

induced by b o t h  hig.h and low f r e q u e n c i e s ,  
, ,A 

by h i g h  f r e q u e n c i e s  o n l y .  

The s e m i c l a s s i c a l  and t h e  p u r e l y  quan turn mechan ica l  

app roach  t o  d i p o l e - d i p o l e  r e l a x a t i o n  a r e  o u t 1  ined i n  

Chapter  8 o f  Abragam and a l s o  i n  t h e  paper  o f  Bloombergen 

P u r c e l l  and Pound (Bloombergen 1 9 4 8 ) .  

G e n e r a l l y  t h e  Hami l ton ian  o f  t h e  sys t em is w r i t ~ e n  a s  + 
t h e  sum o f  t h e  Hami l ton ian  d e s c r i b i n g  t h e  i n t e r a c t i o n  

between and t h e  s t a t i c  f i e l d  ( t h e  Zeeman e n e r g y )  and 

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

4 

I V - 2  Ham(to ta1)  = Ham( Zeeman) + Ham(dipo1e) 

where Ham(Zeeman1 = fi H, Z I(:) 
j 

which , ' 

h a s  e i g e n v a l u e s  .hE(M) = - b a H o  M where M takes 21+1 

v a l u e s  from I t o  -I. 

The  p e r t u r b i n g  Hami l ton ian  d i p o l e  can  b e  d e r i v e d  

c o n s i d e r i n g  t h e  c l a s s i c a l  i n t e r a c t i o n  between two d i p o l e s  
--3 --3 
muS and Mu, , 

;' 

+ where r  is t h e  d i s t a h c e  between W a x  and r \wL and ? is 

t h e  v e c t o r  between them. 



6 1 the perturbing Hamil tonian for  a  two 

spin system can be wr i t ten  as(Abragam 1 9 6 1 ) :  

A(q) and F(q) a re  tensors  of rank 2. 

The A(q) a re  opera tors  ac t ing  on the spin? va r i ab les  

( e  , they a r e  space quantized and t h u s  independent of 

time) . ' 

where I and S a r e  the angular momentum quantum 

numbers of the two respect ive  sp ins ,  

where d = -312 gZ as +k 

and where I + ,S+ , I -  ,S, a re  the ladder opera tors ,  

The F(q)  a r e  random funct ions of time which descr ibe 

the r e l a t i v e  pos i t ion  of the two spins.  They a re  r e l a t ed  

t o  the  spher ica l  harmonics of order 2 ,  YJn ( @  4 ) , by : 

4 These funct ions chaqge w i t h  time sirrce- r  may vary w i t h  



i 
b - - 

t ime, and e G j ,  bGj (represent ing the ~ u l e r  angles  between 

7% and the magnetic f i e l d  H, ) var ies  w i t h  time i f  "i 
moves. 

Each of the Fi ( t )  s p a t i a l l y  descr ibes  the  s t a t e  of 

the system a t  a  time t .  Consider the system a t  a  time tau 

l a t e r ;  @(t+ Z ) now descr ibes  the  new s t a t e .  

The funct ion F ( t +  Z ) wF( t1  t e l l s  how the  i n i t i a l  

s t a t e  of the system is  corre la ted  t o  the new s t a t e ,  

However we have a  complete ensemble of individual  s t a t e s  

so t h a t  we average over t h e  whole ensemble. 

< F * ( t +  2 ) . F ( t ) >  (where < > denotes the  average) 

t e l l s  how the average of F ( t )  is  corre la ted  t o  the  average 

-2' 

I V - 9  < F;  ( t +  2 ) .  F ;  ( t ) >  = G ;  ( Z )  

is ca l l ed  the co r re  d a t ion  function of F ;  ( t )  . 
The c o r r e l a t i o n  function determines the  so-called 

" spectr  a1 densi ty"  of the i n t e r  act ion which produces the 

re laxat ion .  The s p e c t r a l  dens i ty  i s  t h e  Fourier transform 

I n  order t o  determine the co r re la t ion  funct ion one 

needs a model for  the molecular motion. I n  p r a c t i c e ,  
v 

assumed t h a t  the co r re la t ion  function may be wr i t ten  as :  



where ZL i s  ca l l ed  the co r re la t ion  time and 

charac te r i zes  the time sca le  of the molecular motion. In 

p a r t i c u l a r  i f  Tt: < Zc the system* w i l l  not  have 

changed measurably, whereas - i f  Z > 2, it w k l l  have - 

changed s i g n i f i c a n t l y .  

For t h i s  approximation equation ( 1 0 )  becomes 

I V - 1 2  J ; ( W ) = <  ~ ~ ' ( t )  F I ( t ) >  avQ+ L d a t L 2 )  

where one can make the assumption t h a t  Z2 i s  the  same 

for  each of the funct ions F ( t ) ,  F I  ( t )  and F ( t j ,  so 

long as one expects i s o t r o p i c  motion. 

f ,The importance of the 9; ( ) is t h a t  expressions 

for  TI and T2 for two spin systems where only the  

d ipol e-dipole re laxat ion  mechanism need be considered have 
k_l 

been der ived- i n  term's ' of these q u a n t i t i e s  (Bloombergen 

1948, Abragam 1 9 6 1 )  . 
For the case of intramolecular dipole-dipole 

re laxat ion  between l i k e  sp ins  the expressions a r e  
* - 

IV-13 1/ Ti  =3/2  8' 2 ~ ~ + 1 ~  ( . W  ) + ~ , ( 2 ~ ) 3  



4 
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r _  

I 

I f  we make t h e  assumption t h a t  t h e  c o r r e l a t i o n  

func t ions  can b& w r i t t e n  a s  i n  equat ion 11 then eva lua t ing  

t he  s p e c t r a l  d e n s i t i e s  which a r e  i n  t h e  form of equa t ion  

( 1 2 )  we g e t  f o r  I = 1/2- 

where K = 3 8 . f iZ l l0 r6-  
? . 

Some caution, , i ,s  necessary  here .  Ghe equa t ions  (13)  and 

( 1 4 )  a r e  g r o s s  s i m p l i f i c a t i o n s  v a l i d  fo r  a  s y s t e h  where 

only  two s p i n s  a r e  i n t e r a c t i n g  and where motion is 

completely i s o t r o p i c .  The equa t ions  (15) and- (16) 
7. 

in t roduce  an assumption about t h e  a l g e b r a i c  fo rk  of  t he  

c o r r e l a t i o n  func t ions  . a n d  a r e  a  p r e t t y  coar s e  

app oximation. 

f However equation; ( 1 5 )  and (16) do p o i n t  o u t  some 

i n t e r e s t i n g  d i f f e r e n c e s  between T L  and Tt and t h e i r  

r e l a t i onsh ' i p  t o  t h e  c o r r e l a t i o n  time . Note t h a t  a s  

t he  c o r r e l a t i o n  time g e t s  s h o r t e r  ( a s  it would when the  

temperature increased)  t h a t  T 1 goes through a  minimum 
- - - - - - - -  t - - - -  - 

- - -  - - - -- 

and r i s e s  t o  a  po in t  where 'z ,  approaches 8. T2 on 

the  other  hand is  ~ p r o x i m a t e 1 . y  c o n s t a n t  when Z, is  long 

(motion ins slow) and i n c r e a s e s  almost l i n e a r l y  a s  t c .  
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e l e c t r o n i c  w i n  w i t h  a  n o n - v a n i s h i n g  wave f u n c t i o n  a t  t h e  

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

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

moment and t h e  a p p l i e d  f i e l d .  BZ g r e a t e r  i n t e r e s t  i n  NMR 

i s  t h e  c a s e  w h e r e  t h e r e  i s  a  l a r g e  e l e c t r o n i c  moment 
a, - .  

( u n p a i r e d  s p i n )  i n  t h e  n e a r b y  e n v i r o n m e n t  s u c h  a s  t h e  case 

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

case t h e  c o u p l i n g  a c t s  a s  a p e r t u r b a t i o n  o n  t h e  Zeeman 

l e v e l s  a s  b e f o r e ,  c a n  c a u s e  t r a n s i t i o n s  b e t w e e n  l e v e l s ,  --- 
and t h u s  r e l a x a t i o n ,  

s e c o n d  i m p o r t a n t  r e l a x a t i o n ' m e c h a n i s m  o c c u r s  when I 
# 

- is g r e a t e r  o r  e q u a l  t o  1 a n d  t h e  n u c l e u s  h a s  a  q u a d r u p o l e .  

The c o u p l i n g  be tween  t h e  qua& u p o l e  moment- and e l e c t r i c  . 
f i e l d  g r a d i e n t s  r e s u l t s  i n  a  r e j a y a t i o n  mechanism w h i c h  

C 

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

r e l a x a t i o n ,  

** '., O t h e r  mechan i sms  o f  i n t e r e h  i n c l u d e  r e l a x a t i o n  
r" 

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

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

c o u p l e d  t o .  a n o t h e r  v i a  t h e  c h e m i c a l  b o n d s  b e t w e e n  them,  
R 

_-and a  s p i n  r o t a t i o n  i n t e r a c t i o n  w i t h  a  c o u p l i n g  be tween  . 

$he m a g n e t i c  moment and t h ~  t o t a l  a n g u l a r  momentum o f  t h e  
i 

m o l e c u l e ,  
C -- - - 

- I< g o e s  a l m o s t  w i t h o u t  s a y i n g  t h a t  . i f  o n e  e x p e c t s  t o  

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

m u s t  be ,  d e v i s e d  t o  s e p a r a t e  t h e  d i f f e r e n t  r e l a x a t i o n  
,' 



mechanisms,or t h e  sys tem must  be chosen  s o  t h a t  o n l y  one  

mechanism a r i s e s  o r  t o t a l l ' y  domina te s .  



CHAPTER 5 P 

The Theory of NMR and Relaxation Applied Yo Molecules 

Adsorbed on Surfaces 

Several reviews and many papers e x i s t  on app l i ca t ions  

of NMR t o  the  study of spec ies  adsorbed on sur faces ,  a n d  
4 

I. 

no attempt w i l l  be made here t o  summarize them. Review- 

'. - 
\ a r t i c l e s  have been wri t ten by H.  Winkler (1961) t H. A. a k 

"-r 
- '  . ~ e s i n p  (1968).  K .  J. packer ( $ 9 6 7 ) ,  more recen t ly  by H.  

. Pfel fer  (1972),  and again by Resing (1972). 

' one expects several  changes i n  the re laxat ion  

mechanigms of molecules a f t e r  they become adsorbed on a  

surface.  The most obvious change is a r e s u l t  of a  change 

I of the motion i n  a s  much a s  t h e r e  i s  some po ten t i a l  

between the sur face  and the adsorbed species .  and because 

motion may now be r e s t r i c t e d  t o  a p l a n e  or a  "cave" as  i n  

a  z e o l i t e .  One expects too t h a t  m o l e y l e s  t h a t  formerly 
/ 

ro ta ted  i s o t r o p i c a l l y  may now have a  p r e f e r e n t i a l  ax i s  of  . f 
? 

ro ta t ion .  I f  t he  molecule i n  the bulk'  phase relaxed \ 
through some intermolecula,k dipole-dipole 'mechanism then 

one would expect t h i s  t o  be severely a l t e red  on a  sur face ,  

the re laxat  ion i n  t h i s  ca'se becoming cover age dependent. 

One would expect re laxat ion  caused by d ipo le  dipole  
i 

- - - -  - 
- 

i n t e r a c t i o n s  h %agn;tic d ipoles  associated w i t h  the  

sur face ,  a s  for  example w i t h  hydroxyls on an oxide surface.  

Obviously a surface could enhance re laxat ion  i f  it 



contained paramagnetic species .  
(. 

Since molecules can st i l l  r o t a t e  on the surface one 
- 

expects intramolecular dipole-dipole mechanisms t o  be 

important, . although the  formalisms o f .  such w i l l  be 

d i f f e r e n t  than i n  so lu t ions  s ince  one no longer has an 

i s o t r o p i c  medium, and c e r t a i n  motions may no longer take - - - - -  

place.  
3 

Most of the  work done has involve3 the 

assumption t h a t  re laxat ion  i s  ;hrough intramole&lar 

3 &  '5 
dipole-dipole coupling ( P f e i f f e r  197 , WC s h a l l  consider 
d ! 

some ways "o f  examining t h i s  a+umption. Both 

intramolecular and intermolecular re laxat ion  mechanisms 

ihvolve a  sur f a c e ~ o v e r  age dependence, the f i r  st because 

the )"density" df coverage determines the kinds of motions 

- allowable,  the seco,nd for obvious reasons. 

Dif f e r e n t i a t i n g  Between  if feren't Types of 

Dipole-Dipole Relaxation 

I t  i s ' comple te ly  f e a s i b l e  for  the  re laxat ion  t o  be 

through d i f f e r e n t  types of d ipole  d ipo le  i n t  rac t ions .  
*r P 

These may be: / 
(1) intramolecular dipole,-d ipole  

( 2 )  intermolecular dipole-d ipole  
- - -  - 

( 3 )  i n t e rac t ion-wi th  surface d ipo les  ( a  par t i c u l i r  

case of 2 )  
- 

(43 i n t e rac t ion  w i t h ,  surface e l ec t ron  paramagnetic 
- b f 

C 



- - -- - 

spec i e  s . 
One can d i f f e r e n t i e e  between these poss ib le  " 

mechanisms a s  follows. I f  the  system being invest igated 

is one containing protons then comparison between the 

re laxat ion  ra/tes of  t h e c  normal " inolkcule t o  a  sample 

prepared with a par t i a l l y  deuterated spec ies  w i l l  separa te  
t 

the f i r s t  two mechanisms from the l a s t  two. Par t ia l -  - - - 

deutera t ion  w i l l  not 'change. the f r a c t i o n  of 'p ro tons  / 
b 

i n t e rac t ing  with e i t h e r  surface hydroxyls or paramagnetic 
Bi 
\ 

c e n t e r s .  No change i n  the  re laxat ion  r a t e  suggests 
* L  

mechanism ( 3 )  or ( 4 )  predominages. These two *\may be --- 
separated by looking a t  re laxat ion  on a  surfaced 

been deutera ted ,  One can of course choose ti system where 

mechanism four i s  of no importance, However, it may be 

t r ea ted  t h e o r e t i c a l l y  (Packer 1967). 

If  a  molecule i s  re laxing by means 'of an i n t r a  

molecular dipole-dipole mechanism then one expects no 
k 

change i n  the re laxat ion  time between a  sample composed of 

a  mixture of f u l l y  deuterated and undeuterated adsorbate 

spec ies ,  A change i n  re laxat ion  times implies an 

intermolecu ar  in te rac t ion .  I t  is  obvious t h a t  one :needs f 
t o  be ca re fu l  t h a t  exchange does not occur between the  

hydrogens and d e u t e r i m s  of the species  adsorbed, s ince  i n  

t h i s  case an intramolecular process w i l l  a l so  change the 
- - 

re laxat ion  times, 

heterogeneous sur face  there  i s  the  p o s s i b i l i t y  
On an% 



* 
o f  m u l t i p h a s e  b e h a v i o u r .  Tha t  is m o l e c u l e s  -may be  

adso rbed .  on one t y p e  o f  s i t e  which c a u s e s  d i f f e r e n t  
? 

r e l a x a t i o n  behav iou r  from a n o t h e r  t y p e  of  s i t e ,  '~n t h i s  

c a s e  one  would e x p e c t  t o  measure  d i f f e r e n t  r e l a x a t i o n  

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

a  r e l a x a t i o n  c u r v e  which was t h e  sum o f  2 ( o r  more) 

e x p o n e n t i a l s  i f  t h e  s i t e s  e x h i b i t e d  t h e  same chemic,al  

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

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

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

t r a n s f e r  from one  p h a s e  t o  a n o t h e r .  The s i t u a t i o n  h a s  

been t r e a t e d  t h e o r e t i c a l l y  b y  Zimmerman a n d -  B r  i t t i n  

( Zimmerman 1957bj  , Woessner and Zimmerman (Woessner 

1 9 6 3 b ) ,  and Woessner ( 1 9 6 1 ) .  

A n a l y s i s  o f  s u c h  s y s t e m s  depends  on d a t a  which a l l o w  

f o r  t h e  d e c o n v o l u t i o n  o f  two L o r e n t z i a n s  ( o r  more) 

s u p e r  imposed on e a c h  o t h e r ,  o r  e q u i v a l e n t l y  two 

super imposed  e x p o n e n t i a l  c u r v e s ,  S i n c e  o n e  can  a lways  

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

s q u a r e s  problem one n e e d s  a  good s t a t i s t i c a l  argument  t o  

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

The o n l y  g y s t e m s  t r e a t e d  i n  t h i s  manner have  l a r g e  

s u r f a c e  areas and u s u a l l y  l a r g e  c o v e r a g e s ;  s u c h  s y s t e m s  a s  

water on si- l ica gel [Woessner 1963)- or benzene  n p s i i i c a  

g e l  (Woessner 1 9 6 6 ) ,  The r e a d e r  i s  r e f e r r e d  t o  t h e  . r ev i ew  

by P f e i f e r  (1971)  f o r  a f u r t h e r  a n a l y s i s ,  



"; 

A Model for Intra-Molecular Relaxation of Surface 

Species 

Even i f  t r a n s l a t i o n a l  d i f fus ion  i s  a major mechanism 

of re laxat ion  i n  the b u l k  phase, it may be expected t o  be 

of l e s s e r  importance on a s u r f a c e  e s p e c i a l l y  a t -  row 

coverage s ince  the in te rac t ion  s t i l l  depends on an r'6 

term. 

The l a r g e  majori ty  of work published assumes t h a t  

intramolecular re laxat ion  is the only mechanism involved 

(Packer 1 9 6 7 )  . 
r\ 

The following is a model for intramolecular 

re laxat ion  which allows one t o  account for  the  changes i n  

molecular motion expected when the molecule becomes 

adsorbed on a surface.  

Analysis of the re laxat ion  is dependent on knowledge 

of the spec t ra l  dens i ty  which i n  turn depends on the 

co r re la t ion  function of the spher ica l  h a r m q i c s  of rank 2. 

However the  F i  a re  known e x p l i c i t l y  only i n  a molecule 
t 

fixed frame. For considerat ion of r e l axa t ion  on a sur face  
- 

one needs t o  know these funct ions i n  a frame fixed t o  the  

Woessner and Zimmerman ' (Woessner 1 9 6 2 )  from t r  igqnometr i c  

cons idera t ions ,  and has been extended (Woessner 1966) t o  

allow for  motion about a symmetry a x i s  while the symmetry 



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

e x t e n s i o n  i s  e x t r e m e l y  cumbersome and  h a s  o n l y  been  

c a r r i e d  o u t  f o r  s y s t e m s  w h e r e  omega t a u  '<< 1 ( s y s t e m s  

where  t h e  J ; ( W ) are i n d e p e n d e n t  o f  omega) .  

' T h i s  a s s u m p t i o n  d o e s  n o t  h o l d  f o r  a  s y s t e m  n e a r .  $he 

p o i n t  where  T i  p a s s e s  t h r o u g h  a  minimum (see F i g u r e  1, 

C h a p t e r  IV). 

The c o r r e l a t i o n  f u n c t i o n s  < F * ( t t  t ) a  F ( t )  > a s  

w r i t t e n  i n  C h a p t e r  I V  h a v e  a r g u m e n t s  t h e t a  and p h i  which  

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

r  i j  
m a k e s  w i t h  t h e  m a g n e t i c  f i e l d  H, , t h a t  i s  t h e y  a r e  

g i v e n  i n  t h e  l a b  f i x e d  f r a m e .  A s  s t a t e d  a b o v e  o n e  o n l y  

knows t h e s e  f u n c t i o n s  e x p l i c i t l y .  i n  t h e  m o l e c u l e  . f i x e d  

f r a m e  ( H u n t r e s s  1 9 6 8 ) .  

An e x p r e s s i o n  i s  d e r i v e d  h e r e i n  by  u s i n g  t h e  Wigner 

r o t a t i o n  m a t r i c e s  ID:.,.,, (Rose  1957)  . The r e s u l t  is  a  

c o m p l e t e l y  g e n e r a l  e x p r e s s i o n  c a p a b l e  o f  d e s c r i b i n g  many = 

d i f f e r e n t  m o t i o n s  on t h e  s u r f a c e  and  w h i c h  h a s  t h e  

a d v a n t a g e  o v e r  ~ o e s s n e r ' s  t r a n s f o r m a t i o n  (Woessner  1966)  

i n  t h a t  a l l  J ( '4 ) a r e  d e r i v e d  s i m u l t a n e o u s l y .  

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

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

4' 
r o t a t i o n a l  a x i s  f i x e d  f r a m e ,  t h e n  t o  a  s u r f a c e  f i x e d  

f r a m e ,  and  f i n a l l y  - - - -  - t o  t h e  l a b  - f i x e d  f r a m e .  

I n  t h e  m o l e c u l e  f i x e d  f r a m e  we can p l a c e  the  m o l e c u l e .  

i n  a n y  manner t h a t r  i s  c o n v e n i e n t .  T h e t a  a n d  p h i  d e s c r i b e  



- - - - - - 

the  longi tudina l  and azimuthal angles of r i ,  w i t h  t h i s  

frame. Y r m  ( B  4) when t r ans la ted  t o  the l a b  fixed 

frame w i l l  descr ibe  the in te rac t ion  between the two 

d ipoles .  Because we would l i k e  t o  consider motion about 

several  d i f f e r e n t  axes of ro ta t ion  we t r a n s l a t e  f i r s t  t o  

an "ax i s  of ro ta t ion"  fixed a x i s  system. 
I 

The spher ica l  haromics i n  t h i s  coordinate system a r e -  

found •’ram the expression: 

where the (d ,P18, )  i s  the  second rank Wigner ro ta t ion  , 
matrix i n  arguments a l p h a ( l ) ,  b e t a ( l ) ,  gamma(l), and where 

the angles a r e  the Euler angles  between the molecule fixed 
& 

frame and the r o t a t i o n a l  a x i s  f ixed frame. 

The Euler angles used a re  shown i n  Figure V-1. 

L P > ~  is given i n  Table V-1, and was derived from the 

r e l a t i o s h i p  (Rose 1957) : 
A $ 

= ~ ( - ~ f ~ ~ t ~ + ~ - n ) ! ( r + n ' \ ! ~ - n ' ) \ .  ( C O S ~ ~ ) ( S , n ~ / L )  
t ~3+n-t)\(3-n'-t)!(t)!Ct-Fl+rl'l! 

f + = z ~ + ~ - M ' - 2 t  B = ; z ~ - M + M '  e 

a 
T h i s  new s e t  of spher i ca l  haromics i s  now t rans la ted  

s u  face fixed frame where one a x i s  is the  normal t o  
a 2 

t h e  sur face .  The random funct ions i n  t h i s  frame b~come: 
\f 

where-dpha ( 2 )  beta ( 2 )  gamma(2) a re  the Euler angle9.' 
'E" 

rn 
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L - between t h e  r o t a t i o n i l  a x i s  f i x e d L  f rame and tke s u r f a c e  

, - f i x e d  f r ame .  \ 

- p. 

F i n a l l y  w e  need t o  t r a n s l a t e  t o  t h e  l a b  fi-xed f rame 
' .  , 

\ 

where one a x i s  i s  f i x e d  by t h e  magne t i c  f i e l d  H, , The -4 

, random f u n c t i o n s  become: 

- 
1 < t. 

P To foim t h e  c o r r e ~ $ t * i o n  f u n c t i o n s  d e s c r i b i n g  t h e  motion 

r t 

r 
onb*•’orms  e x p r e s s i o n s  which a r e  complex c o n j u g a t e s  o f  ( I ) ,  

- > 

- 
+ ( 2 ) ,  and ( 3 1 ,  b u t  w i t h  E u l e r  a n g l e s  t a k e n  a t  times t + t a u .  

- 
. T h i s  m6ans t h a t  t h e  mot ion  w i l l  be c a r r i e d  , i n  t h e  Wigner 

' 

. > m a t r i c e s .  However w e  do n o t  want any  motion i n  a l p h a ( ) )  
% -  ' P 

t s  be& ( 3 ) .  and gaGa(3} ( t h e  a n g l e s  between t h e  s u r f a c e  m e  

; , f i x e d  f rame and t h e  l a b  f ix'ed f r a m e )  w @ f u r t h e r m o r e  want 
Y 

- ,  - 
. a l l  a l p h a ( 3 )  b e t a ( 3 )  and gbinm8(3) t o  136 al'lowed a s .  t h e r e  

a re  a l l  o r i e n t a t i o n s  b f ,  s h r  f a c e s  'in t h e  l a b  f rame.  

Taking advan tage  of t h C r e l  t i o n :  (Rose 1957)  '-// 

* \  , - 
3- 4 * a23 

' V-4- 1 / 8 n  5 [D rqnf ~ > ~ r q ~ ~  = / lnn"JH*n**: , . , ' .  - d'spccc 
/ ' .  , I  1 

one e n d s  up w i t h  5 c o r r e l a t i o n  f u n c t i o n s  o f  t h e  form: 
! 

but t h i s  c o l l a p s e s  t o  t h e  normal 3 f u n c t i o n s  since:- 
- - - - - ---- - - ,  - -- --- 

-- 

- - 

- -  - 
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I n  wri t ing e x ~ r e s s i o n  J i t h  the  Kroneker d e l t a  one 
9 b 

i s  assuming t h a t  no cross  co r re la t ion  terms e x i s t ,  t h a t  i s  
#. 

the  average value of the  component of one random function - ". 

on another is equal t o  zero. 

The e x p l i c i t  funct ions described byb 5 are :  * 
4 

ps , 
where M = 0, 1, and 2 .  Each of the  terms i n  t h e t a ( 2 )  and 

phi ( 2 )  a r e  formed from an expression exact ly  analogous t o  

( 7 )  but w i t h  the arguments of thelD's i n  a lpha(1)  b e t a ( l )  
> 

and gamrna(1) ,, and the arguments of the yes i n  t h e t a  and 

p h i  (which a r e  o f  course time independent). 
. . 

The motions a re  ca r r i ed  i n  the two s e t s  of Wigner 
f 

matrices.  Motions i n  'alpha(1) be ta (1 )  and gamrna(1) can 

descr ibe r o t a t i o n s  about -any a x i s  by s u i t a b l e  arrangement 

o f  t'he mol-ecule i n  t h e  molecule fixed frame; Motions i n  

a l p h a  ( 2 )  beta(2) g m a ( 2 )  describe the  motion 'of t h i s  
4' 

. rotat ion  a x i s  in r e f  a t i h  t b  the &zrface'rrorma.l. 

.- ~ h ; !  r~mpl~te-tranafarmatioa is-repre-ted--gr rphh1.f y- - - - - - 

i n  f igure  V-2 

A major probl>em i n  re laxat ion  ana lys i s  is t o  



Lab 'fixed ' 

frame 



d e t e r m i n e  t h e  exact f o r m  o f  t k ~ ~ r e L a t & v r ~ u n c t i o m ~ -  - 

Woessner h a s  d e r i v e d  an e x p r e s s i o n  f o r  t h e s e  f u n c t i o n s  f o r  

e l l i p s o i d s  undergoing  Brownian motion (Woessner 1962b) 

based  on work o f  P e r r i n  ( P e r r i n  1 9 3 4 ) .  H u n t r e s s  h a s  

d e r i v e d  a s i m i l a r  e x p r e s s i o n  ( H u n t r e s s  1968)  based  on t h e -  

work of  Favro  (Fav ro  1960)  and h a s  i n c l u d e d  e x p r e s s i o n s  
,% 

\ 
f o r  o t h e r  k i n d s  of r e l a x a t i o n  mechanism i n v o l v i n g  

- 

a n i s o t r o p i c  r e o r i e n t a t i o n .  Both o f  t h e s e  models  . i n v o l v e  

t h e  assumpt ion  o f  a c o n t i n u o u s  i s o t r o p i c  medium. The more 

d i f f i c u l t  c a s e  where t h e  medium is a n i s o t r o p i c ,  i .em where 

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

of  r ank  two- h a s  been d e a l t  w i t h  ( S t e e l e  1963a1  b t  c )  bu t  

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

c a s e  o f  an asymmetr ic  t o p .  

A t  t h e  same time t h e r e  a r e  a number o f  n a i v e  
B 

a s s u m p t i o n s  ;ha t  one can  make about  t h e  form o f  t h o s e  
n 

f u n c t i o n s .  ~ k t e n  t h e  assumpt ion  i s  made t h a t  t h e  

c o r r e l m o n  f u n c t i o n  is o f  t h e  form e x p ( t /  2, ) (Abragam 

1961,  ~ lop 'mbergen ,  P u r c e l l  and Pound 1948)  . T h i s  means 
. - 

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

- a p p r o a c h e s  z e r o ,  t h a t  is on t h e  a v e r a g e  t h e r e  is no 

r e l a t i o n s h i p  between t h e  v e c t o r  r a t  time t and a t  'i j 

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

In u s i n g  a c o r r e l a t i o n  f u n c t i o n  i n  t h i s  form one is  
- --- - 

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

on t h e  i n t e r r u p t i o n  o f  t h e  motion by c o l l i s i o n a l  o r  o t h e r  
P 



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

c o r r e l a t i o n  f u n c t i o n  would n o t  decay  w i t h  time. 

A more comple te  d e r i v a t i o n  of  t h i s  form o f  t h e  

c o r r e l a t i o n  f u n c t i o n  may be found ifi H e r t z  ( f 9 6 7 ) ,  

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

a  s p h e r i c a l  mo lecu le  hav ing  t h i s  form,  b u t  r eminds  one . 

t h a t  t a u  i s  t h e -  time cons t -an t  which " c h a r a c t e r i z e s  t h e  

time dependence o f  t h e  c o r r e l a t i o n  f u n c t i o n a 1  n o t  t h e  time 

d e p e d e n c e  o f  t h e  sys tem.  

The work o f  Woessner and Zimmerman (Woessner 1963)  

and Woessner (1962a)  i n v o l v e s  a  st P G h a s t i c  d i f f u s i o n  

p r o c e s s  d e s c r i b i n g  mot ion  among a l a r g e  number o f  
C 

e q u i l i b r i u i p  p o s i t i o n s .  The r e s u l t s  o f  t h i ' s  model a r e  t h a t  

a v e r a g e  v a l u e s  o f  t h e  form: 

<ex p ~ i  g) ex p =( i 8')) 

' a r e  e q u a l  t o  exp( - t /cd)  

t h o s e  of t h e  form: 

a r e  e q u a l  t o  exp(-4 Lt/ G) ; and t h e  a v e r a g e  v a l u e s  

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

a v e r a g e  v a l u e  of t h e  s q u a r e  of  t h e  f u n c t i o n  times e x p  
a 

I t  must be emphasized a t  t h i s  p o i n t  t h a t  mo t ions  i n  

a l p h a  flf ( r o t a t i o n s  abou t  a symmetry a x i s )  must n o t  b e  
8 



). corre la ted  w i t h  rnotxon of the axis .  I t  should a l s o  be 
r 

pointed out t h a t  each of the transformations ca r r i ed  out ? 

which has time dependence i n  it l eads  t o  2M+1 = 5 

c o r r e l a t i o n  times. I n  p r a c t i c e  one i s  unl ikely t o  be able  

I t o  s parate  these,  and it i s  a  r e a l i s t i c  assumption t o  
J 

make the time constant  for,  motions of be ta  i n  each D nnn 

equal,  and the time constant  for motion i n  alpha for  each . 
equal ,  although tau  (alpha 2 )  would not l i k e l y  equal tau 

(alpha 1) of course,  f f  one uses the  assumptions out l ined 
* 

above i n  equation 7 ,  the7 r e s u l t  can then be evaluated 

e x p l i c i t l y ,  ' The reader i s  reminded t h a t  the c o r r e l a t i o n  

function given i n  equation 8 a re  i n  the  sur face  fixed 

frame' and are  mul t ip l i f  ied by 1/5  t o  bring them t o  the  l a b  
A 

fixed' frame. 
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I f  one  s e t s  up a  r o t a t i o n  p i n g  a .  mo lecu le  f i x e d  frame . 
such  t h a t  _ b e t a ( l )  = 0 ,  (and t h u s  t a u  ( b e t a  1) = i n f i n i t y )  - 
t h e n  o n  s u * b s t i t u t i o n  o f  e q u a t i o n s  9 i n t o  8 some 

i n t e r e s t i n g  t h i n g s  become e v i d e n t ,  s Each o f  t h e  

c o r r e l a t i o n  f u n c t i o n s  h a s  a  term depending  o n l y  on t a u  

( b e t a 2 )  and o t h e r  t e r m s  t h a t  depend on b o t h  t a u  ( b e t a  

2 )  , t a u  ( a l p h a  2 )  and t a u  ( a l p h a  1)- . 
% 

Tau ( b e t a  2 )  i s  t h e  time c o n s t a n t  t h a t  d e s c r i b e s  t h e  

motion of  a  r o t a t i o n  a x i s  a b o u t  a 'surface- normal ,  t h u s  i t  
1 

c o u l d  be used t o  d e s c r i b e  a  wobble a s  i n  ~ o e s s n e r ' s  1966 
I 

model.  I t  i s  q u i t e  c o n c e i v a b l e  , t h a t  such  a  time c o n s t a n t  
,.I 

,/. - i s  l d n g e r  t h a n  t a u  ( a l p h a  1) t h e  t i m e  c o n s t a n t  f o r  a  

r o t a t i o p  abou t  t h i s  symmetry o r  r o t a t i o n a l  a x i s .  
' - > = ,  3. 

S i n c e  1/ T ,  and 1/ TL w i l l  depend on t h e  f u n c t i o n s  

expiess .ed i n  8 and 9 t h r o u g h  t h e  r e l a t i o n s h i p s  g i v e n  i n  ' 

t .  

c h a p t e r  1i one  how e x p 6 c t s  t h a t  a  g r a p h  i n  I n  T, v e r s u s  - 
l /Tempera tu re  t d ' b e  somewhat d i f f e r e n t  t h a n  f i g u r e  IV-P, 

f ' 

I f  wp o n l y  c o n s i d e r  r o t a t i o n  abou t  a s i n g l e  symmetry -.-/ 

, a x i s  t h e n  w e  a r e  l e f t  wi th '  3 co r r - a t i on  times. Each o f  

t h a s e  can  b e  " f r o z e n  *out" (had  t h e i r  e f f e c t  minimized)  by 

measu r ing '  T ,  and F2  as a f u n c t i o n  o f  gempera tu re .  The 

g r a p h  bf I n  T , ,  . vekstis l / t e m p e r a t u r e  would t h e n  have 3 

minima,so long  a s  t h e  c o r r e l a t i o n  times f o r  e a c h  motion 

were a t  a  d i f f e r e n t  r a t e  t h a n  t h e  o t h e r  r o t a t i o n s ,  t h e n  



- - - -- -- -- - 

one would expect a m i n i m u m  for each of these.  

Generally it is impossible t o  assign these minima t o  - 

p a r t i c u l a r  motions. One can only measure T ,  a s  a 

function of temperature, and if 'more than one miniina e x i s t s ,  . 
assign them t o  d i f f e r e n t  motions i n  a s  l o g i c a l  a way as  

poss ib le  and then see i f  the measured re l axa t ion  times 

compare w i t h  those der ived from the expressions- of Chapter 

I V .  The problem becomes an indeterminable one unless some 

other experiments a re  ca r r i ed  out which can back up these 

assignments. 



L1 

c h a p t e r  6  

Survey of Work Done on Zq0 - ' 

' Z i n c  o)x,ide was f i r s t  repoi r ted  t o  f u n c t i o n  a s  a ,  
F 

c a t a l y s t  f o r  o l e f ' i n  h y d r o g e n a t i o n  i n  1940 (Woodman 1 9 4 0 ) .  

I t  is an i n t e r e s t i n g  c a t a l y s t  t o  s t u d y  s i n c e ,  t h e  k i n e t i c s  

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

t h a n  over  m e t a l s  (Dent  1969a)  , t,he o x i d e  is  c o n f i n e d  t o  

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

t h a n  on t h e  s u r f a c e ,  i t  i s  t r a n s p a r e n t  i n  t h e  i n f r a - r e d  
L 

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

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

f i n a l l y  i t  i s  now b e i n g  manufac tured  commerc i a l ly  s o  t h a t  

work be ing  done i n  one l a b  is e a s i e r  t o  c o r r e l a t e  w i t h  

work be ing  done i n  a n o t h e r  ( i f  b o t h  u s e  t h e  same 

s u p p l i e r )  . 
The o l e f i n ,  hydrogen*  ZnO sys tem h a s  been s t u d i e d  by 

P l i s k i n  e t  a l .  ( E i c h e n s  1962) u s i n g  I . W . ,  Kesauulu  e t  a l .  

(Naryana 1970) u s i n g  c o n d u c t i v i t y  measur 

e t  a l .  ( B a r a n s k i  1971)  *sing Tempera ture  P r o g r a m e d  

D e s o r p t i o n  Te ichne r  

u s i n g  c o n v e n t i o n a l  k i n e t i c  methods,  I . R .  and c o n d u c t i v i t y  

and most t h o r o u g h l y  by Kokes and co-wor k e r s  (1969 ,  1978,  

1971 ,  1972)  - u s i n g  - - -  I . R .  -- c o n v e n t i o n a l  k i n e t i c  methods and a 
- - - -  --- - -- 

T .  

number of i s o t o p e  e x p e r i m e n t s .  

~ e i c h n e r ' s  s t u d i e s  were c a r r i e d  o u t  a t  h i g h e r  

t e m p e r a t u r e s  t h a n  Kokes and show a  more complex sys tem 



t h a n  i s  i n  e v i d e n c e  a t  lower t e m p e r a t u r e s .  The r e s u l t s  
I a& 

summarized below a r e  m o s t l y  t h o s e  of  Kokes and co-workers  

e x c e p t  where n o t e d .  

i 

Zinc Oxide 

.C 

Zinc o x i d e  h a s  a  s t r u c t u r e  pf a l t e r n a t i n g  c a t j o n  and 

a n i o n  l a y e r s  i n  a hexagonal  c l o s e  packed manner - ( W u r t z i t e  - 

& 
s t r u c t u r e )  (Kry lov  1 9 7 0 ) .  A model of  a  s t o i c h i o m e t r i c  

z'inc o x i d e  c r y s t a l  is g i v e n  by Dent (1969a ,  p .  3786) .  

The 0 0 0 i  p l a n e  i; s e e n  a s  a  l a y e r  of  o x i d e  i o n s  i n  t h e  

same fo rma t  as t h e  @ 0 0 l  p l a n e ,  b u t  s p a c e d  s o  t h a t  t h e  z i n c  
B . . 

i s  o n l y  .53 angs t roms  below t h e  s u r f a c e ,  and t h e  s p a c e s  

between t h e  o x i d e  s p h e r e s  o f  r a d i u s  .58 angs t roms .  

I n  p r a c t i c e  ZnO is  a  m e t a l  e x c e s s  n  t y p e  

s e m i c o n ~ u c t o r .  Doping w i t h  e i t h e r  e l e c t r o n  a c c e p t o r s . o r  
x 

d o n o r s  h a s  n:o e f f e c ' c  an Lts a c t i v i t y  f o r  h y d r o g e n a t i o n  

(Ger scne r  1 9 6 3 ) ,  s u g g e s t i n g  t h a t  i ts  c a t a l y t i c  p r o p e r t i e s  

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

s t r u c t u r e  of  t h e  s o l i d .  Tay lo r  e t  ' al. (1954)  and 
t 

Te ichne r  e t  al.' (1963)  b o t h  obse rved  oxygen p o i s o n i n g  and 

conc luded  t h a t  t h e  a c t i v i t y  was a  f u n c t i o n .  of  .. 

non- s to i ch iome t ry  ( i . e .  t h e  d e f i c i e n c y  of  oxygen) ;  a  

c o n c l u s i o n  i n c o n s i s t e n t  w i t h  , the  dop ing  exper in ien ts .  

-- A - - l a r c p ~  a m o u n k  has ,  b e e n _ w r i t t e n  i n  r e g a r d s  t o  - 

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

A - - -  

7s (Clark 1970,  Krylov 1970) .  Such c o r r e l a t i o n s  
, r' =. / 



b - - - 
* 
- - 

\a 
-- 

7 

have n o t  shed much l i g h t  on o l e f i n  hyd'rbgenation ovef  ' 
a* 

'. 
o x i d e s ,  where good c a t a l y s t s  have be&n found w i t h  

/ s t r u c t u r e s  from d o  ( a lumina )  i.0 dlo (ZnO) . 
Y \ 9 

Hydrogen A d s o r p t i o n  on ZnO 

7- 

A t  ambient  t e m p e r a t u r e s  Kokes e t  a l .  (1969a)  found 

two t y p e s  o f  hydrogen c h e m i s o r p t i o n  on ZnO. The f i r s t  is ' 

adsorbed  r a p i d l y ,  can  be  removed by pumping and c o v e r s  
1 

abou t  5% of  t h e  s u r f a c e  (~ok's used Kadox 25 s u p p i i e d  by 

t h e  N e w  J e r s e y  Zinc  Company which h a s  a,  s u r f a c e  a r e a o f  8 
1 - 10 m2/gm.) i ndependen t  of  t h e  amount & t h e  second k ind  

of  hydrogen.  T h e  second t y p e  o f  hydrogen. g o e s  on" more 

s l o w l y  ( b u t '  t h e  f i r s t  o f  i t  may be  r a p i d )  a n d s a n  n o t  be 

removed by pumping e x c e p t  a t  e l e v a t e d  t e m p e r a t u r e s .  

r' Only t y p e  1 hydrogen g i v e s  r i s e  t o  bands  i n  t h e  I R .  

Kokes c o n c l u d e s  from h i s  s t u d i e s  t h a t  t y p e  1 c h e m i s o r p t i o n  

i s  a h e t e r o l y t i c  c l e a v a g e  forming  an 0 - H  and a  Zn-H on t h e  

s u r f a c e .  H e - t e r m s  t h e  a c t i v e  Zn-0 s i t e  an a c i d  b a s e  p a i r  
' . 

and u s e s  t h i s  concep t  i n  i n t e r p r e t i n g - m u c h  o f  h i s  work. C -  

He found t h a t  the,&ype I1 c h e m i s o r p t i o n  d o e s  n o t  e n t e r  i n t o  

t h e  h y d r o g e n a t i o n  a t  room t e m p e r a t u r e .  Kokes a l s o  found 

t h a t  type- I c h e m i s o r p t i o n  was n o t  po isoned  by oxygen ,and 

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

way a s  - t o  make -- - it  -- @ k o i c h i o m e t r i c .  - - However - - - -  t y p e  I - - 

c h e m i s o r p t i o n  and hydrogena t ion  o f  o l e f i n s  i s  po i soned  by  

wa te r  l e a d i n g  t o  t h e  c o n c l u s i o n  , t h a t  t h e  p r e v i o u s  
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I - 1 -. - - - 

, +  

VI-(4)  H z  ( 9 )  + Zn-O-C2H++C2H6 -. + ZnO 

b 

.One would a l s o  l i k e  t o  know i f  t h e  r e a c t i o n s  a r e  i n  f a c t  

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

t h e r e  a r e  o t h e r  r e a c t i o n s  o t h e q  t h a n  t h o s e  d e p i c t e d  above. 
b B  

'~o"kes,&%dies r e v e a l  t h a t  t h e ,  e t h y l e n e  i s  a d s o r b e d  on s q e  
8 -2 

si  t e  d i f f e r e n t  t h a n  t h e  t y p F  1 * ~ ~ d r o ~ e n  s i n c e  e t h y l e n e -  .; . D 

6 

a d s o r p t i o n  is  n o t  po isoned  e r .  (The e t h y l e n e  1. R.  . 
r -  \ s' 

s p e c t i a  d i d  p o t  change  c a n t l y  on a  c a t a l y s t  t r e a t e d  ; 
I .  

w i t h  w a t e r ,  w h i l e  t h e ' &  -R. s p e c t r a  o f  t y p e  1 hydrogen. 
-!-= , \ 

was u n o b s e r v a b l e  under  s u c h - c o n d i t i o n s .  ) , 

From I .  R.  s t u d i e s  i t  is e v i d e n t  t h a t  t h e  e t h y l e n e  

d o u b l e  bond i s  n o t  broken i n  t h e  adso rbed  s p e c i e s  
n 

&, 

e x c l u d i n g  s p e c i e s '  s u c h  a s :  
n 

,.Kokes c o n c l u d e s  t h a t  t h e  e t h y l e n e  i s  bonded a s  a  p i  

complex v i s :  

QL-c- 

5 
= ,  @ 

/7 
Although t e e r e  a r e  no f i r m  g rounds  to' c o n c l u d e  what 

; ? :  

kind  of s i t e 3  is ,  Kokes s u g g e s t s  t h a t  i t  i s  an 0' . He . > 

b a s e s  h i s . c o . n c l u s i o n  f i r s t l y  on h i s - m o d e l  o f  ZnO whichL h a s  * 
7 

- - -  - - - - - - - - - F - 

t h e  Zn** s e q u e s t g r e d  between 3 0' sites t h u s  caus ing -  

s t e r i c  h i n d r a n c e  f o r  a p i  bond t o  i n t e r a c t  w i t h  a  ~ n *  c 



82 
' a * .  

&-" , 

and t h e  f a c t  t h a t  t he  spectrum of deuterium and e thy lene  

adsorbed on ZnO in  each o t h e r ' s  presence shows no change 

f o r s t h e  Zn-D band i n t e n s i t y ,  while the  0-D band drops  t o  -?, 

about 60% of l t s  normal va lue  fo r  t h a t  concen t ra t ion .  

Upon admit t ing a  small  amount of DL t o  e thy lene  , 

adsorbed on thea oxide  s u r f a c e o a  s i n g l e  band appears  i n  t h e  

C-'D paraf  f  ini 'c  ! s t r e t c h i n g  region ( sugges t ing  a  monodeutero 

s p e c i e s )  and the ,  double bond s t r e t c h  ( a t  1600 cm-'.) 
3 

reduces i n  i n t e n s i t y  or d i s appea r s .  Kokes concludes  t h a t  

an e t h y l  s p e c i e s  i s  formed a s  i n  r e a c t i o n  ( 2 )  , v i s .  
-' , . 

C H Z  D-CHL - S  

He a l s o  concludes t h a t  S here  i s  a  -Zinc i on ,  s t e r i c  

hindrance being of l e s s  importance f o r  t h e  more 

d i r e c t i o n a l  sigma bond. 
. =  - 

The product  formed on d e u t e r a t i o n  of gfhylene over 

ZnO i s  only  C H q  Dt l ead ing  one t o  t h e  conclus ion 

t h a t  r e a c t i o n  VI-2 i s  no t  reversibl-e:' ( A  r e a c t i o n  

s i m i l a r  t o  VI-2 over metals  i s  r e v e r s i b l e  s i n c e  
% 

d e u t e r a t i o n  of e thy lene  over meta l s  l e a d s  t o  a  

d i s t r i b u t i o n  of products: of  t he  form CA2 H(kex) D x  (Bond ' 

1962) . )  The formation of an e t h y l  complex  reject,^ t h e  idea  

of a Rideal  mechanism ( r e a c t i o n  ~ 1 2 4 )  . Support f o r  t h i s  

r e j e c t i o n  a l s o  comes - - from t h e  f a c t  t h a t  no hydrogenation 

occurs  when the  s u r f a c e  i s  poisoned by water d e s p i t e  t h e  

f a c t  t h a t  t he  amount of e thy lene  adsorbed and t h e  e thy lene  



I. R. spectrum is unchanged, on a ZnO surfa,ce so 

poisoned. 

Several other processes may also be occurring on the 
a 

surf ace. , 

VI-8 - C 2 H 4  + ZnO = ZnO-C 2 H . u % . 

VI-9, 0-C2 H y  Zn-0-C H q  + 0 
V 4+znq. - 

- VI-10 Zn0-CZ H q  + OH' = ZnH-C HQ +20 

'r 

where the 0 are surface oxygen species. Equation 5 .i 

represents the adsorption of type 1 hydrogen as discussed 
i 

before. Equation 9 and VI-$ represent adsorption of the . 

ethylene. Equations 6, 7, 9 and 10-represent surface 

diffusion of the ethylene and hydrogen. 

' Propene and the Butenes on ZnO 

There are, at least two different species of propme 

on ZnO, a tadt easil4 verified since evacuation of the gas 

from the surface at room temperature leaves about .37 std 

cm%/gm of propene on the surface (Kadox 25) and this is 

not removed until the surface is heated to about 125 

. degrees C. 



2 The complete a n a l y s i s  of t3is system inc lud ing  * 
a n a l y s i s  of t h e  s p e c i e s  CH 3 -CH-CDz C D  3 -CH=CH2 

C.H -CD=CD2 , C D 3  -CH=CD2 I C D 3  -CD=CD2 has  a l s o  3. 
been do'ne by Dent and Kokes (1970) .  

" ,. The r e l e v a n t  conc lus ions  a r e  t h a t ;  /' 
(1) The weakly bond s p e c i e s  is bonded t o  t h e  su r f ace  

a s  a p i  complex comparable t o  t h e ~ e t h y l e n e  system, v i s ;  

( 2 )  The s t r o n g l y  bonded propene adsorbs  d i s s o c i a t i v e l y  

forming an adsorbed complex and an OH "(or OD)  spec i e s .  

( 3 )  The hydrogen-carbon bond broken was a methyl 

hydrogen. 
9 

( 4 )  The k t r o n g l y  adsorbed complex is a p i - a l l y1  

r a t h e r  than t h e  system: 

( 5 )  Kokes s p e c u l a t e s  t h a t  t h e  adsorp t ion  s i t e  S f o r  
+. 

t h e  p i - a l l y 1  s p e c i e s  i s  a Zinc ion.  I 

i ! 

( 6 )  He p o i n m  o u t  t h a t  t he  p i  a l l y 1  s p e c i e s  would be 
. I  

almost immobile on t h e  surfacez .  -- 

ZnO a l s o  a c t s  a s  a c a t a l y s t  fo r  butene i s o m e r ? a t i o n .  

Again two s p e c i e s  a r e  formed on adsorp t ion  which Kokes e t  



a1. ( 1 9 7 1 )  conclude a re '  a  p i  s p e c i e s  and a p i  a l l y l  
& 

spec i e s .  They conclude t h a t  iso'merization occurs  with t h e  
# 

p i  a l l y 1  s p e c i e s  probably a c t i n g  a s  an in te rmedia te  w i t h  

c i s - t r a n s  and double bond - migrat ion tak ing  p lace  
a 

s imul taneously ,  i .e. t h e  c i s  - t r a n s  isomer i z a t i o n  ' does 

not involve  but-1-ene a s  an ' in termediate .  



Chapter 7 

-, 
Adsorption S tud i e s  and Experimental Methods 

\ 

The c a t a l y s t  of main i n t e r e s t  i n  t h i s  s tudy  was zinc 

oxide provided by t h e  New J e r s e y  Zinc Compaqy and l a b e l l e d  

Kadox 2 5 .  I n  order  t o  b e t t e r  c h a r a c t e r i z e  t h e  s u r f a c e  

some sdgndard adsorp t ion  s t u d i e s  were done, 

To begin w i t h  t he  s u r f a c e  a rea  was measured t o .  f i nd  
** 6 

" t h e  e f f e c t  of d i f f e r e n t  methods of  p r epa ra t i on .  Areas 

were determined using t he  BET method (equa t ion  I I - 6 ) .  

Nitrogen gas  was used a s  the  adsorba te  w i t h  t h e  s tandard 

assumption t h a t  the  c r o s d  s e c t i o n a l  a r ea  of a  n i t rogen  
-3 

molecule i s  1 6 . 2  square  angstroms (Young 1962) .  
+ 

The a r ea  of t he  ZnO a f t e r  outgass ing a t  150 degrees  C 

f o r  48  hours was found t o  be 10 t . l  square  meters /gram. 

The s tandard  t rea tment  used i n  t h e s e  experiments was 

t h a t  of Kokes e t  a l .  (Dent 1969a) and was used so t h a t  

t he se  s t u d i e s  could be a s  c l o s e l y  c o r r e l a t e d  w i t h  t h e i r s  
. " 

a s  p o s s i b l e ,  
. * 

The t re3tment  cons i s t ed  of evacuat ing t he  sample a t  

450  degrees  C f o r  2 hours a t  a  p r e s su re  of < l O - s  t o r r ,  

followed by hea t ing  i n  1 6 0  t o r r  of oxygen a t  4 5 0  degrees  C 

f o r  a  f u r t h e r  2 hours w i t h  a l i q u i d  n i t rogen  t r a p  i n  t h e  . 

system; t h i s  followed by cool ing and 

a t  P < l8-' t o r r  f o r  one hour. 

After  such a  t rea tment  samples 
8 

f u r t h e r  evacuat ion 

were found t o  have 



a r e a s  r a n g i n g  f rom 8 . 6  t o  9.a0 m /gm. R e p e a t e d  t r e a t m e n t  

d i d  

Samp 

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

l e i  w e r e  g e n e r a l l y  kly t r e a t e d  o n c e  and t h e n  

d i s c a r d e d .  - - -  
- 

The oxygen  t r e a t m e n t  was u s e d  t o  a s s u r e  a  

s t o i c h i o m e t r i c  r a t i o  o f  z i n c  t o  oxygen .  T r e a t i n g  t h e  

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

i n  a  . m u c h  * g r e y e r  powder ,  p r e s u m a b l y  a n  o x i d e  wit.h a  

s t o i c h i o m e t r  i c  e x c e s s  o f '  Zn. 

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

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

c o n t i n u e d  a t  450 d e g r e e s  f o r  2 d a y s .  

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

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

A f t e r  o u t g a s s i n g  a s a m p l e  a t  450 d e g r e e s  C f o r  2 h o u r s ,  

and t h e n  h e a t i n g  i n  h y d r o g e n  f o r  2 h o u r s  a t  450 d e g r e e s  i t  

was f o u n d  t h a t  t h e  a r e a  had d e c r e a s e d  t o  < 3 m2/gm. 

T r e a t i n g  a t  o n l y  300 d e g r e e s  C i n ~ h y d r o g &  d i d  n o t  r e d u c e  

t h e  a r e a .  . ,  

A d s o r p t i o n  I s o t h e r m s  

The a d s o r p t i o n  i s o t h e r m s  o f  C H q  on  ZnO were . 

m e a s u r e d  a t  0  d e g r e e s  C ,  28 d e g r e e s  C ,  35  d e g r e e s  C and 50 

d e g r e e s  C and a r e  shown i n  f i g u r e  V I I - I .  

I s o s t e r e s  o f  t h e  fo rm l o g  P v e r s u s  1/T were p l o t t e d  

f rom which  o n e  o b t a i n s  t h e  i s o s t e r i c  h e a t s  o f  a d s o r p t i o n  



Std cm /gm : 



> .  

I 

by u s i n g  t h e  ~ l a u s i u s - c l a p e y r o n  e q u a t i o n  in t h e  form 
% t v  I )  

9 -  

V I I - 1  d lnp /d  ( l / T )  = Q ( t h e t a )  /R 

I s o s t e r e s  a r e  shown .-- i n  F i g u r e  VII-2. . The - h e a t . s  o f -  
. . 

a d s o r p t i o n  c a l c u l a t e d  from t h e s e  were 13 .3  kcal /mole  a t  a  + ,. 

- 
c o v e r a g e  of .25 s t d  cm3/gram, 12.6 kcal /mole  a t  a  c o v e r a g e  

o f  .4 s t d .  cm3fgram and 14.5 kcal /mole  a t  a  c o v e r a g e  o f  

.6  s t d  ~ m ~ / ~ r a r n ,  ' and  11.3 kcel /mole  a t  a  c o v e r a g e  of  .7 
& 

s t d  cm3/gm. ~ h e s e '  were n o t  deemed t o  be  s i g n i f i c a n t l y  

d i f f e r e n t .  -They  d o  s u g g e s t .  however,  t h a t  i n  t h i s  r a n g e  of 

c o v e r a g e s  t h q t  t h e  s u r f a c e  is  q u i t e  h o m o t a c t i c .  . T h e  

l a t t e r  suggests t h a t  t h e  a d s o r p t i o n  i s  becoming more . 
p h y s i c a l  i n  n a t u r e ,  and indeed  ' t h i s  c o v e r a g e  i s  p a s t  , t h e  

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

I s o t h e r m s  f o r  C H on t h e  ZnO p r e p a r e d  w i t h o u t  

t h e  oxygen t r e a t m e n t ,  o r  w i t h  Q e  hydrogen t r e a t m e n t  a t  

300 d e g r e e s  C ,  were  a l s o  measured ,  and d i d  n o t  d i f f e r  I ' 

s i g n i f l e a n t l y  from t h o s e  where t h e  oxygen t r e a t m e n t  had 

bee*n used.  
9 

  he are,a a•’ an e t h y l e n e  molecu le  was c a l c u l a t q d ,  

assuming a  carbon-carbon  bond l e n g t h  o f  1.34 angs t roms ,  a  

carbon-hydrogen bond l e n g t h  o f  1 .07 angs t roms  and a  Van d e r  

~ a a l s '  c a d i u s  o f  hydrogen o f  1.2 angs t roms ,  t o  be  21  

T h i s  meant t h a t  a  s t a t i s t i c a l  monolayer o f  e t h y l e n e  

on t h e  Zinc o x i d e  used was e q u i v a l e n t  t o  1.58 s t d  
+ 



I sos te res  f o r  e t n j l e n e  adsorbed on ZnO. 
* 7 

- $: A ' a .  - 



- a I 

cm3/gkam. . ~ h &  i r i f l a c t i o n  - 2 R o i n t  on t h e  C z  H 4 i s o t h e r m  

a t  room t e m p e r a t u r e  i s  a iound  .6' s t d  cm3lgram, ' 

r e p r e s e n t i n g  a p p r o x i m a t e l y  . 4  of  a  monolayer .  

Sample p r e p a r a t i o n :  E r r o r s  and t P r e c a u t i o n s  

Sample p r e p a r a t i o n  was c a r r i e d  o u t  w i t h  a  r a t h e r  

c o n v e n t i o n a l  mercury  d i f f u s i o n  vacuum l i n e .  The sample 
< - 

p r e p a r a t i o n  a r e a  had a  g a s  b u r e t t e  c a l i b r a t e d  by weighing  

empty,  and f u l l  o f  d i s t i l l e d  w a t e r .  The manometer was of  

' t h e  volume compensat i n g  t y p e  and a l lowed f o r  a  measu reab le  

change  i n .  vo lume  of  30 .cm2 ( 60%)  . The manometer was 

mercury f i l l e d .  A c a l i b r a t e d  McLeod guage  was a l s o  used. 

He igh t  d i f f e r e n c e s  i n  t h e  manometer were measured w i t h  a  

c a t h e t o m e t e r  equ ipped  w i t h  a  v e r n i e r  and a c c u r a t e  t o  5 . O 1  
c? 

nun. P r e s s u r e  r e a d i n g s  were t h e n  a c c u r a t e  t o  2 .02 mm of  

Hg 
- 

Volumes o f  t h o s e  p a r t s  o f  t h e  r a c k  c a l i b r a t e d  by 

he l ium e x p a n s i o n  were a c c u r a t e  t o  4- 1 %  Volumes -of 

sample t u b e s  were de t e rmined  by hel ium expans ion  t o  .2%.  
.. 

However, t o  s a v e  measur ing  t h e  volume o f  e a c h  sample t u b e ,  

s e v e r a l  were manufac tu red  a t  once  w i t h  t h e  same e x t e r n a l  

d i m e n s i o n s ,  t h e n  t h e  volume was - measured by he l ium 

expans ion .  The  d i f f e r e n c e  was found t o  bc w i t h i n  .1 cm3 
7 

which was t a k e n  a s  t h e  e r r o r  i n  measurement i n  s u b s e q u e n t  

c a l c u l a t i o n s .  T h i s '  r e p r e s e n t e d  an e r r o r  o f  1%. The 

amount o f  g a s  adso rbed  on a  sample was c a l c u l a t e d  from t h e  I 

-7- 



- 
p r e s s u r e  d r o p  on a l l o w i n g  t h e  g a s  i n t o  t h e  sample,  t u b e  

c o n t a i n i n g  t h e  a d s o r b e n t .  ( A l l  g a s e s  were assumed to*be 

i d e a l . )  Amounts o f  g a s  adso rbed  were a c c u r a t e  from between 

1% f o r  low c o v e r a g e s  ( . 3  s t d  ~ m ~ / ~ r a m )  t o  10% f o r  h i g h  
$ 

c o v e r a g e s  (1 .4  s t d  cm!/gram) . 
I n  p r e p a r i n g  samples  t o  f i n d  t h e  r e l a t i o n s h i p  between 

T, , Tt and t e m p e r a t u r e  a t  c o n s t a n t  coverage .  a n o t h e r  

s o u r c e  o f  u n c e r t a i n t y  was invo lved .  I t  was n e c e s s a r y  t o  

p r e p a r e  a  s e p a r a t e  sample f o r  e a c h  t e m p e r a t u r e .  T h i s  

i nvo lved  n o t  j u s t  knowing t h e  amount a d s o r b e d ,  b u t  
* 

p r e p a t i n g  e a c h  sample s o  t h e y  would have a  s e t  amount 

adso rbed  a t  t h e  d e s i r e d  t e m p e r a t u r e .  I t  was found t o  be . 
i m p r a c t i c a l  t o  produce  a  set  cove rage  t o  b e t t e r  t h a n  % 5 % ,  

a l t h o u g h  a t  low c o v e r a g e s  o r  low t e m p e r a t u r e s  it was much 
, I 

,. e a s i e r  and most were w i t h i n  % 2%.  

I t  s h o u l d  a l s o  be  n o t e d  t h a t  t h e  k u r f a c e  a r e a  was n o t  
\ 

measured f o r  e a c h  i n d i v i d u a l  sample s i n c e  it i s  " ,  a , 

r e a s o n a b l e  a s sumpt ion  t h a t  * a s  1 

t h e  s ime t h e r e  would be  l i t t l e  v a r i a t - i o n  i n  t h e  a r e a . .  

NMR' Expe r imen ta l  c o n s i d e r a t i o n s  

Both s t e a d y - s t a t e  ( f r e q u e n c y  domain) and pulse- ( t i m e  

domain) NMR measurements  were done i n  t h i s  study.. 

S t e a d y  g t a t e  rneasutements were done u t i l i ; i n g  a  - 

Var ian  model XL-100 s p e c t r o m e t e r  o p e r a t i n g  a t '  100 MHz. 
I t  -% 

was employed i n  a  f i x e d  f i e l d ,  swept  f r e q u e n c y  mode. Phe 
0 - -  



D 

%, c +% 0 

p r o b e  was a  s t a n d a r d  Var i an  V-44F5 c r o s g  &&I, equipped  - ,-, \ 
w i t h  a  dewar f o r  v a r i a b l e  t e m p e r a t u r e  ex.per iments  and 

1 .  - 
a l l o w i n g  f o r  12 mm sample t u b e s .  The temperqature  was ' 

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

I 
T 2  and chemica l  s h i f t  measurements  were- takqen from - 

& 
XL-100 s p e c t r a . '  Measurements o f  T~ "Owere d p t i m i z e d  by 

runn ing  t h e  d a t a  i n t o  a  model 1064 ~ a b - t i - ~ e k  I n s t r u m e n t  

Computer, and t h e n  punching t h e  d i g i t i z e d  d a t a  o u t  on 

paper  t a p e .  The paper  t a p e s  were t h e n  t r a n s c r i b e d  - t o  

magne t i c  t a p e  u s i n g  a  PDP model 15  computer and a  magnet ic  

t a p e  d r i v e .  The magnet ic  t a p e s  w e r e ' t h e n  used t o  r ead  t h e  

d a t a  & i n t o  an IBM" 360/50 computer.  By C h i s  method d a t a  

c o u l d - b e  f i t  by t h e  method of  l e a s t  s q u a r e s  t o  f u n c t i o n 9 1  

e x p r e s s i o n s .  1 

T h i s  whole pkocess  was n o t  t r i v i a l ,  i n  f a c t  I .  can  I 

o n l y  cogc lude  t h a t  e x p e r i m e n t s  i n v o l v i n g  s o  many s t e p s  

shou ld  be avo ided .  C u r r e n t l y  o f  c o u r s e  on l i n e  computers  ' 

make such  e x p e r i m e n t s  i n f i n i t e l y  e a s i e r .  

. T 2 ' s  were found by l e a s t  s q u a r e s  f i t t i n g  $ t h e  d a t a  

t o  a  ~ o r e n z i a n ,  o n c e . t h e  d a t a  were i n  t h e  IBM 360/50. - t 
Broadening of  l i n e s  due  t o  inhomogenei ty  o f  t h e  f i e l d  

" ci' 

was mjnimized by c a r e f u l l y  t r imming up t h e  f i e l d .  T h i s  * . &  

5 

Q 

Gas done u t i ' l i z i n g  e i t h e r  a  5% s o l u t i o n  o f  TMS i n  a  12 mrn 

t u b e ,  o r  n$at TMS i n  a  c o a x i a l  c a p i l l a r y  su r rounded  by 
f * 

% + ZnO. The second method was d i s c o n t i n u e d  a s  it was f e l t  
s 

t h a t  one was a d j u s t i n g  t h e  homogeneity over  o n l y  a s m a l l  
s i 

J 



diamete r ,  whereas t h e  d e s i r e d  measurement was being made 

over a ' l a r g e r  d-iameter. However, t h e r e  was no empi r ica l  
I I 

evidence t o  suggest  t h a t  one method was any b e t t e r  than 

t he  o t h e r ,  s i n c e  t h e r e  was no measurable d i f f e r e n c e  

'between s i g n a l s  ob t a ined .wi th  a sample spinning or  not  

sp{nning i n  t h e  f i e l d .  

ca re '  was taken t o  i n su re  t h a t '  the - -  H, . f i e l d  would 

not  s a t u r a t e  the  sample. The power was turned down well  

below the  p o i n t  where i t  would v i s ' b l  e f f e c t  peak shape,  
/ 

P* ,a 1'/ 
and then t h e  ga in  was increased t o  compensate..  T h i s  of 

course  l e d  t o  a smal ler  s i gna l /no i se  r a t i o .  eFor some 

samples a comparison o f  t h e  d i g i t i z e d  d a t a  was made by 

ca1c"la t ing T L  from t h e  l e a s t  square f i t  a s  a  func t ion  

of H ,  power, so a s  t.o determine t he  po in t  t h a t  one was 

s a t u r a t i n g  t h e  sample. , 
a 

Time domain experiments were performed a t  15 M H z  

b using a s y s t e  p r e v i o u s ~ y  descr ibed  ( C o l l i n s  '1973) .  he 
probe was home b u i l t  and is a c r d s s '  c o i l  type with a 

dewared i n s e r t  f o r  v a r i a b l e  temperature experiments.  

Temperature s t u d i e s  a t  15 MHz we re -a  greate; prbblem 

than a t  100 MHz s , ince t h e  temperature c o n t r o l l e r  was of 

much poorer q u a l i t y .  For frequency domain exper iments ,  

temperatures  were u sua l ly  kept  w i th in  2 1 /2  degrees  C, - 
although w&e considered t o  be w i t h i p  2 1 degrees  C. For 

8 
- 

t e time domain experiments however t h e  temperatures  were ' 

d i f f i c u l t  i f  not  impossible t o ' d o ~ t r o l  wi th in  f 2 degrees  
> . *  



LA? 
C .  Measurements were d i s c a r d e d  i f  t h e  t e m p e r a t u r e *  changed d 

' more t h a n  , t h i s  amount, where i t  was i m p o r t a n t .  A s  , s e e n  . 

l a t e r  t h e  ' a c t i v a t i o n  e n e r g i e s  of  t h e  r e l a x a t i o n  p r o c e s s e s  

t u r n  o u t  t o  be  of t h e  o r a e r  o f  2 kcal /mole  s o  t h a t  such  

t e m p e r a t u r e  v a r i a t i o n  i s  n o t  a s  s i g n i f i c a n t  a s  it might  

have been. 

T I  measurements  were o b t a i n e d  by u t i l i z i n g  180 

d e g r e e s  - t a u  - 90 d e g r e e s  p u l s e  t r a i n s .  The ave raged  

a m p l i t u d e  a f t e r  a  f i x e d  number o f  s p e c t r a  V-- was measured a s  

I a  f u n c t i o n  of  t a u  and t h e n  t h e s e  a m p l i t u d e s  were l e a s t  

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

w h i c h  f a l l o w s  from t h e  e x p r e s s i o n  ( s e e  e q u a t i o n  111-28) 

t Toward t h e  end o f  t h e s e  s t b d i e s  a  new N i c o l e t  model 

1080 i n s f ~ u m e n t  computer e n a b l e d  one t o  make oh l i n e  

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

one t o  measure  t h e  a r e a  of a  f o u r i e r  t r ans fo rmed  f r e e  

i n d u c t i o n  decay  a s  a  f u n c t i o n  of  t a u  i n  a 180 - ' t a u  -'90 

expe r imen t .  However, t h i s  was n o t  deemed s i g n i f c a n t l y  

more a c c u r a t e  t h a n  t h e  p r e v i o u s  method of t a k i n g  t h e  

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

9 0  d e g r e e s  p u l s e .  I t  d i d  have t h e  advan tage  of  a  

d i g i t i z e d  s i g n a l  t o  n o i s e  r a t i o , a l l o w i n g  b e t t e r  e r r o r  
b 



e s t i m a t e s  

P o i n t s  t o  f i t  t o  e q u a t i e n  VII-2 were measured w i t h  an 

e r r o r  of  from 5  t o  15% u s u a l l y  10 t o  15  p o i n t s  were used 

t o  f i t  t h e  e x p o n e n t i a l .  

S t a n d a r d  d e v i a t i o n s  o f  f i t  were g e n e r a l l y  o f  t h e  
1 

o r d e r  of .l% w i t h  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  s l o p e  of  

t h e  l i n e  be ing  o f  t h e  same o r d e r .  I t  was f e l t  however,  

t h a t  t h e  e r r o r  i n  measurement was g e n e r a l l ?  h i g h e r ,  

p r o b a b l y  o f  t h e  o r d e r  o f  1 o r  2 % .  

and i n c r e a s e d  a s  t e m p e r a t u r e  d e c r e a s e d .  

S i g n a l / n o i s e  problems were common i n  t h i s  s t u d y .  For 

samples  w i t h  a  c o v e r a g e  of  .6 s t d  ~ r n ~ / ~ r a r n  and w i t h  4 
A 

a q u i v a l e n t  p r o t o n s  a  s i g n a l  t o  n o i s e  of  -about 8 t o  1 cou ld  
\ -  

be o b t a i n e d  a t  room t e m p e r a t u r e  (.6 s t d  ~ m ~ / ~ r a m  is 
9 

1 

e q u i v a l e n t  t o  a b o u t  Molaq) .  Fbr samples  w i t h  lower 

cove rage  t h e  s i g n a l  t o  n o i s e  was more t h a n  p r o p o r t i o n a t e l y  
1 

wdrse ,  because  t h e  f&e w i d t h s  went up a s  t h e  c o v e r a g e  
, 

went down. A t  . 3  s t d  ~ m ~ / ~ r a m - t h e  s i g n a l / n o i s e  was abou t  

3 t o  1 f o r  a  s i n g l e  XL-100 s c a n .  S i m i l a r l y  t h e  s i g n a l  t o  

n o i s e  d i d  n o t  improve w i t h  lower t e m p e r a t u r e  ( a s  t h e  

& 
Boltzman f a c t o r  would p r e d i c t )  s i n c e  t h e  e f f e c t  o f  a 

s h o r t e n i n g  T2 predomina ted ,  f o r  example ' t he  s i g n a l .  t o  

n o i s e  r a t i o  was i n  t h e  crrder o f  1:l fo r .  a Phmple whicti  had 

.35  s t d  ~ m ~ / ~ r a m  o f  e t h y l e n e  a t  10 d e g r e e s  C. 

T 2  measurements  were a l s o  performed a t  15  MHz u s i n g  



a Meiboom-Gi l l  ' v a r i a t i o n  o f  t h e  C a r r - P u r c e l l  e x p e r i m e n t  a s  

o u t l i n e d  i n  ~ h a p t e ' r  111. 
* 

I n  t h i s  e x p e r i m e n t  a . T e k t r o n i x  2 6 6 1  r a t e  g e n e r a t o r  was . . 

u s e d  t o  s i m u l t a n e o u s l y  t r i g g e r  a T e k t r o n i x  2663  p u l s e  

g e n e r a t o r  se t  t o  d e l i v e r  a 90 d e g r e e  p u l s e ,  a n d  t h e . '  

N i c o l e t  1 0 8 0  i n s t r u m e n t  c o m p u t e r .  T h e  f i r s t  d e a y  o f  t a u  

s e c o n d s  was s e t  on  t h e  1 0 8 0 ,  t h a t  is ,  a s e c o n d  T e k t r o n i x  

2663  se t  t o  d e l i v e r  a 1 8 0  d e g r e e  p u l s e  was y i g g e r e d  b y  

t h e  N i c o l e t  m o d e l  1 0 8 0  a t  t h e  e n d  o f  t h e  d e l a y  t i m e .  Data 

were b e i n g  f e d  t o  t h e  1 0 8 0  a f t e r  t h i s  p u l s e .  S u b s e q u e n t  * 

1 8 0  d e g r e e  p u l s e s  were a t  t h e  e n d  o f  n  c h a n n e l s  
P 

4 

u s i n g  a  p u l s e  f rom t h e  1 0 8 0  s u c h  t h a t  n . ( d w e l l  

t i m e / c h a n n e l )  = 2  t a u .  

The  e x p e r i m e n t  was r e p e a t e d  ( a f t e r  a p p r o x i m a t e l y  5 

T I  ' s )  a n d  s i g n a l  a v e r a g e d  f o r  g e n e r a l l y  1 0 2 4  times o r  a s  

n e c e s s a r y .  T 2  was  d e t e r m i n e d  b y  m e a s u r i n g  t h e  a m p l i t u d e  

o f  t h e  e c h o e s  a t  2  t a u ,  4 t a u ,  6  t a u  . . . a n d  l e a s t  

s q u d e s  f i t t i n g  them t o :  - *- 

( w h e r e  G i s  t h e  f i e l d  g r a d i e n t , a n d  D t h e  d i f f u s i o n  c o n s t a n t )  

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

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

r e s u l t s .  



Chemical S h i f t  Measurements 

r B 

Chemical s h i f t  measurepments f o r  % were made on t h e  . 
XL-100, and were measured u s u a l l y  a g a i n s t  a n  e x t e r n a l  

F .  

s t a n d a r d  w h i l e  t h e  s p e c t r o m e t e r  was e x t e r n a l l y  l o c k e d  on a  
I 

wate r  sample.  I t  was found t h a t  t h e  e x t e r n a l  l o c k  d i d  n o t  

wander ,  and t h a t  one cou ld  a c h i e v e  r e p r o d u c i b l e  r e s u l t s  i n  

t h i s  f a s h i o n .  \ 

Two p rob lems  a r o s e  however. The f i r s t  was t h e  w e l l  

known and somewhat d i f f i c u l t  problem of  c o r r e c t i n g  f o r  

d i f f e r e n c e s  i n  magne t i c  s u s c e p t i b i l i t i e s  between a  known 

s t a n d a r d  and t h e  sample be ing  measured.  The second was a  

less known problem a s s o c i a t e d  w i t h  l o c k i n g  on an e x t e r n a l  

sample and measur i n g  samples  o f  d i f f e r e n t  

s u s c e p t i b i l i t i e s .  T h i s  second problem' r e l a t e s  t o  t h e  
it3 

d e s i g n  'of ' t h e  p robe .  - 
T h e  p r o b e  i s  d e s i g n e d  w i t h  two r e c e i v e r  c o i l s ;  one 

f o r  t h e  o b s e r v e  c h a n n e l ,  one f o r  t h e  e x t e r n a l  l o c k  

c h a n n e l .  T h i s -  second c o i l  c o n t a i n s  a  sample o f  wa te r  

pe rmanen t ly  mounted i n  i t ,  and is  p l a c e d  a s  c l o s e  t o  t h e  

f i r s t  c o i l  a s  p o s s i b l e ,  s i n c e  it i s  t h e  b a s i s  o f - t h e  

f eedback  mechanism which keeps t h e  f i e l d  c o n s t a n t  a t  t h a t  

s p o t .  I t  can  e a s i l y  be shown by o b s e r v i n g  t h e  l o c k  

s i g n a 1 , ' t h a t  t h i s  s i g n a l  is s h i f t e d  when a  sample is  

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



9 9 
C 

t h e  main f i e l d  must  s h i f t  i n  t h e  o p p o s i t e  d i r e c t i o n .  I f  * 

t h e  s amples  p l a c e d  i n  t h e  p robe  a r e  of  d i f f e r e n t  

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

' l o c k  s h i f t ' ,  and t h a t  d i f f e r e n c e  needs  t o  be known i n  

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

For t h e  s amples  used i n  t h i s  s t u d y  i t  was found t h a t  

used s t a n d a r d  - a  sample which was 6% TMS, 20% c h l o r o f o r m ,  

and 7 4 %  d e u t e r a t e d  a c e t o n e .  The samples  c o n t a i n i n g  ' ZnO 

powder caused  a  ' l o c k  s h i f t '  o f  .2 ppm d o w n f i e l d .  The 

f i e l d  s h i f t e d  up by . 4  ppm f o r  t h e  s t a n d a r d ,  b u t  o n l y  :.2 

ppm f o r  t h e  ZnO samples .  

I t  i s  d i f f i c u l t  t o  :know however how much @f t h i s  
-< 

A f f e r e n c e  ' i s  t a k e n  up by t h e  feedback  l o o p .  ft would,be 

b e t t e r  n o t  t o  have t o  add t h i s  c o r r e c t i o n ,  

The o t h e r  c o r r e c t i o n  t h a t  must be added is f o r  t h e  

A ;  d i f f e r e n c e  n - m a g n e t i c  

~ h e o r ~ t i c a l  c o r r e c t i o n s  f o r  t h e  d i f  f e r k n c e  i n  

magne t i c  s u s c e p t i b i l i t y  were made u s i n g  t h e  - fo rmula  

d e r i v e d  i n  t h e  appendix .  

VII-6 d e l t a ( c o r 3  d e l t a  (meas) +2*/3 ( X ( r e f )  -X(sam) 1 

The s u s c e p t i b i l i t y  f o r  TMS w a s  t a k e n  from Emsley Feeney 

and S u t c l i f f  ( ~ m s l e y ' e t  a l *  1965)  and is l i s t e d  a s  - 0 5 4  x  

l e d 6 .  The volume s u s c e p t i b i l i t y  f o r  ZnO was c a l c u l a t e d  

f u s i n g  t h e  d a t a  of  Trew (Trew e t  a l .  1965)  who l i s t  t h e  
r 



molar s u s c e p t i b i l i t y  o f  Zn0 a s  -27.8 x  10~' .  u s i n g  t h e  
s 

d e n s i t i e s  o f  t h e  ZnO p4wder and p e l l e t  a s  measured ,  t h e  

c a l c u l a t e d  volume s u s c e p t i b i l i t y  f o r  t h e  powder and p e l l e t  

a r e  - . I9  x  10-b and -.95 x 10-& r e s p e c t i v e l y .  

The c a l c u l a t e d  c o r r e c t i o n  f a c t o r  i g n o r i n g  
-5 

c o n t r i b u t i o n s  ' f rom adsorb-ed s p e c i e s  ( less t h a n  . . I%) a r e  

-,7 ppm f o r  t h e  powder and +.8 ppm f o r  t h e  ZnO p e l l e t .  

I t  is n o t  u n l i k e l y  t h a t  t h e  s u s c e p t i b i l i t y  o f  t h e  ZnO 

powder is  d i f f e r e n t  t h a n  t h a t  c a l c u l a t e d  from t h e  molar 

- s u s c e p t i b i l i t y  because  of s u r f a c e  e f f e c t s .  T h i s  would 

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

I t  would be  n i c e  t o  have an e m p i r i c a l  c o r r e c t i o n .  

Measurements were made on a  v a r i e t y  o f  s amples  o f  TMS 

,adsorbed o n  ,ZnO, and on TMS i n  a  c a p i l l a r y  i n s i d e  a  ZnO 

sample -  C a u t i o n  i s  n e c e s s a r y ,  a s  one d o e s  n o t  know t h a t  

TMS is n o t  * s h i f t e d  from TMS- i n  t h e  . f r e e  s t a t e  upon 

a d s o r p t i o n .  TMS i n  a  cap i l l€&y i n s i d e  t h e  ZnO shou ld  n o t  

be s h i f t e d  a t  a l l .  The f a c t  t h a t  i t  was was t h e  c l u e  t h a t  

l e d  t o  t h e  d i s c o v e r y  o f  t h e  ' l ock  s h i f t *  a l r e a d y  
-i 

- - 

d i s c u s s e d .  

The s h i f t s  f o r  TMS adso rbed  on ZnO were found t o  be  
c 

c o v e r a g e  d e p e n d e n t ,  be ing  . 2 ,  . 3 ,  .45 ,  .55,  .55 ppm from 

TMS l i q u i d ,  w i t h  c o v e r a g e s  o f  . 3 6 ,  . 6 ,  1 .0 ,  

2 . 0 ,  3.8 s t d  &i3jgm r e s p e c t i v e l y .  

The s h i f t  o f  t h e  TMS on ZnO a t  h i g h  c o v e r a g e  shou ld  

app roach  t h e  s h i f t  f o r  b u l k  TMS e x c e p t  f o r  t h e  d i f f e r e n c e  
a, 



i n  magne t i c  s u s c e p t i b i . l i t y  caused  by t h e  ZnO. T h i s  s h i f t  

o f  . 5 5  ppm i s  t h e n  t h e  e m p i r i c a l  c o r r e c t i o n .  
' ,  

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

one need n o t  c o n c e r n  o n e s e l f -  w i t h  t h e  ' l o c k  s h i f t '  

d i s c u s s e d  e a r l i e r .  T h e  s h i f t  l'n t h e  l'ock is  t h e  same f o r  't 
\ 

I 

b o t h  TMS on ZnO and f o r  o t h e r  g a s e s  On ZnO. 

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

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

c o r r e c t i o n ,  t h a t  i s  t h e  c o r r e c t i o n  a p p l i e d  was -.55 ppm, 
- 

t h i s  be ing  t h e  measured s h i f t  o f  TMS p h y s i c a l l y  adso rbed  

on ZnO, measured from t h e  p o s i t i o n  o f  l i q u i d  TMS. 
3 

For compar i son  o f  g a s  ph,ase chemica l  s h i f t s  t o  
, 

4 t 

adsorbed  s t a t e  chemica l  s h i f t s ' ,  c a r e f u l  c o n s i d e r a t i o n  must 

be g i v e n  t o  t h e  r e f e r e n c e  used i n  t h e  g a s  phase  
+ 

measurements .  The  c o r r e c t  compar i son  i s  ma u t i l i z i n g  a  
" s s  

g a s  phase  measurement which u s e s  g a s  p h a s e  TMS a s  a  

r e f e r e n c e ,  w h i l e  i f  t h e  r e f e r e n c e  wer-e l i g u i d  TMS a  

c o r r e c t i o n  o f  1.1 ppm n e e d s  t o  b e  a p p l i e d .  
f 

The e r r o r s  i n  t h e  c\hemical s h i f t  measurements  depend 
w 

on t h e  l i n e  w id th  and S/N r a t i o ,  E r r o r s  v a r i e d  f r o # l e s s  

t h a n  . 0 5  ppm f o r  h i g h  c o v e r a g e s  t o  .2 ppm f o r  low 

c o v e r a g e s .  

S p e c t r a  

T h e  15  MHz NMR s p e c t r o m e t e r  was a l s o  used t o  measure  

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

F-'' s p e c t r a  o f  C H 3 F ,  ( 1 , l ) C  2 H F 2  , 



C F 3 H , and C 2 F 4 adso rbed  on ZnO were r e c o r d e d ,  

u s ing  s i g n a l  a v e r a g i n g  ' o f  t h e  f r e e  i n d u c t i o n  decay  =-f 

i 

f o l l o w i n g  a  90 d e g r e e  p u l s e ,  and s u b s e q u e n t l y  t a k i n g  t 

F o u r i e r  t r a n s f o r m  t o  d e t e r m i n e  t h e  f r e q u e n c y  domain 

spec tk<a .  c h e m i c a l  s h i f t s  from t h e s e  s p e c t r a  were measured 

by record in 'g  t h e  F. I. D. of  CF COOH immed ia t e ly  

b e f o r e  and a f t e r  t h e  e x p e r i m e n t ,  F o u r i e r  t ransformr 'ng i t ,  

and comparing t h e  c h a n n e l  number t h a t  t h e  peak of  

CF COOH spec t rum was i n  w i t h  t h e  C .  N .  o f  t h e  peak o f  

t h e  adso rbed  s p e c i e s  spec t rum.  

cI3 s p e c t r a  4 

I t  is  a  c r y p t i c  comment on t e c h n o l o g y  and t h e  s t a t e  ? 

of  t h e  a r t ,  t h a t  when t h i s  s t u d y  was i n i t i a t e d  (1970)  we 

were v e r y  p l e a s e d  t o  be  a b l e  t o  o b t a i n  H' s p e c t r a  o f  
.., 

adso rbed  s p e c i e s  on a  r a t h e r  low a r e a  s u r f a c e ,  w h i l e  

toward t h e  end w e  were t a l k i n g  o f  n a t u r a l  abundance c ' ~  \ 
expe r imen t s .  ( c ' ~ .  h a s  a  n a t u r a l .  abund-ance o f  1.1% and a  

gamma a b o u t  1 / 4  t h e  gamma o f  a  p r o t o n . )  

c13 e x p e r i m e n t s  u s i n g  C 2  H 9 . on ZnO were 

i n i t i a t e d  a f t e r  Gay (1974)  succeeded  i n  r e c o r d i n g  s p e c t r a  

o f  a c e t o n e ,  c i s -  and t r a n s - 2  b u t e n e ,  and e t h y l e n e  on 

s i l i c a .  The s i l i c a  had a  s u r f a c e  a r e a  of  ove r  6 0 0  mz/gm 

and a  h ighe r '  b u l k  d e n s i t y  t h a n  t h e  ZnO. I n  f a c t  i n  t h e  

4 c a s e  of C By / s i l i c a  h e  managed to g e t  about-38 skd cm3- 

of adso rbed  C L H y  on a  column abou t  4  cm. h i g h .  I n  
3 

comparison w i t h  C H 4 /ZnO' t h e r e  was abou t  3 s t d  c m  i n  



- 

a  comparable  volume o f  sample.  
1 

a 
Qne method o f  g e t t i n g  more C 2  H y  i n t o  t h e  sample 

t u b e  is  t o  i n c  e a s e  t h e  b u l k  d e n s i t y  o f  t h e  a d s o r b e n t .  I n  \ 
o r d e r  t o  accompl i sh  t h i s  we made a s m a l l  p e l l e t  p r e s s  o f  

d i a m e t e r  . 95  c m .  and used t h i s  t o  p r e s s  p e l l e t s  which 

would" j u s t  f i t  t h e  i n s i d e  of a  12 mm. sample t u b e .  The 

b u l k  d e n s i t y  was i n c r e a s e d  from .6 'gms/cm3 ko 3 gms/cm3- 
- 

y e t  t h e r e  was o n l y  a  s m a l l  r e d u c t i o n  ' i n  s u r f a c @ / a r e a ,  from 
2. 

9 M to ,  8.6 m Z  on t h s a m p l e  measured.  

By i n c r e a s i n g  t h e  p r e s s u r e  of  C Z H ~  ove r  t-he 
-*rL 

sample t o  1100 t o r r  t h e  amount adso rbed  t u r n e d  o u t  t o  be 1 

s t d  cm3/gm b u t  w i t h  f h e  i n c r e a s e d  b u l k  d e n s i t y  t h % s  

r e p r e s e n t e d  a l m o s t  4 times a s  much sample  a s  b e f o r e  f o r  
b w 

comparable  cove rage .  

S i n c e  t h e  vacuum rack  i n  t h i s  expe r imen t  was n o t  

d e s i g n e d  t o  measure  p r e s s u r e s  above 1 .7  a tmosphe res  a  

sample was p r e p a r e d  by  f r e e z i n g  down a  l a r g e  measured 

q u a n t i t y  (68000 t o r m m 3 )  o f  C 2  H q  i n t o  an NMR t u b e  4f 
volume 12.8 cm3 which had 6.8 gms. o f  t h e  , h i g h  d e n s i t y  

ZnO i n  it. The amount o f  C 2  Hq adso rbed  cou ld  o n l y  be 

e s t i m a t e d  by e x t r a p o l a t i n g  t h e )  measured i s o t h e r m s .  I n  

o r d e r  t o  d o  t h i s  t h e  measured i s o t h e r m  p o i n t s  were l e a s t  

squa red  f i t  t o  t h e  BET e q u a t i o n  and t h a t  f u n c t i o n  was 

e x t r a p o l a t e d .  S i n c e  measured p o i n t s  were o n l y  known f o r  
- - - - - - - 

i -  

p r e s s u r e  v a l u e s  up t o  1 . 5  a tmosphe res  t h i s  c a n  o n l y  

p r o v i d e  a  rough e s t i m a t e .  The c o v e r a g e  f o r  t h i s  sample 
A 



was es t imated t o  be 1 . 4  s t d  cm3/gm. from the  B. E. T. \ I 

and 1 . 5  s t d  cm3/~m from comparison of H' peak amplit,udes 

w i t h  those  of a sample of known coverage? 

1 1 4 , 0 0 0  scans  a t  2 per second produce a cI3 

spectrum with a s i g n a l  t o  no ise  r a t i o  of  approximately 3 - 



e 
C h a p t e r  V I I I  

N u c l e a r  M a g n e t i c  R e s o n a n c e  Measurements  o f  O l e f i n s  

Adsorbed  on Z i n c  O x i d e  @! 

Chemica l  S h i f t  S t u d i e s  
. 

I t  i s  o f  i n t e r e s t  t o  d e t e r m i n e  w h e t h e r  e l e c t r o n s  a r e  
-' 

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

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

m e a s u r e m e n t s  and  i n • ’  r a r e d  s t u d i e s '  o f  a d s o r b e d  s p e c i e s  h a v e  

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

L- 2 NMR is a n  i d e a l  t o o l  f o r  d e t e r m i n i n g  which  h a p p e n s ,  - 
j 

s i n c e  a s  d i s c u s s e d  i n  C h a p t e r  3 t h e  p r e s e n c e  o f  e l e c t r o n s  

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

n u c l e u s .  T h i s  c h a n g e  c a n  b e  m e a s u r e d  a s  a  s o - c a l l e d  
1 

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

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

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

f o r  a  f i x e d  f r e q u e n c y  e x p e r i m e n t  o n e  would h a v e  t o  g o  t o  a  

lower f i e l d  t o  f i n d  t h e  r e s o n a n c e ,  o r  a l t e r n a t i v e l y '  i n  a  

f i x e d  f i e l d  e x p e r i m e n t  t o  h i g h e r  f r e q u e n c i e s  t o  f i n d  t h e  

r e s o n a n c e .  
- - - - 

IH s p e c k l a  o f  e t h y l e n e ,  p r o p e n e ,  t h e  b u t e n e s  a 
1 

c o m p a r i s o n  b u t a n e  and e t h a n e  a s  well a s  "F s p e  



C 

TABLE V I I I  - 1 

The Chemical - S h i f t s  'of some' Hydpocarppns adsorbed on 
, ' 

' T*b; 

Zinc Oxide (compared i t h  t h e  s a m ~ $ h b s t a n c e s  i n  a f r e e  4 6 - g p  
( .  

s t a t e ) .  I n  ppm, c o r r e c t e d  by -, . 
I 

molecule  CB3 ., CBg r e f  , @ -* 

e t h a n e  - .85 Reddy 1961 
- 

e t h a n e  ( a d s )  - ,91 

butane  -,95 -1.3.  S p i e s e c k e  1961 : 

bu tane  ( a d s )  -.98 -1.3 

. 
e t h y l e n e  -5,29* ~ o v e y  1967 

-5.35 Bothne,'rBy 1961' 

-5.4** t h i s  'work 

e t h y l e n e  (ads) -6.6 t o  -5 .5+ :' 

pr  opene -1.65 % -5.7,-4.9,-5.0 Reddy 1961 

TMS(ads) +.25 t o  - 5 5  ( u n c o r r e c t e d )  

* i n  TMS 
\ 

E 

* + c o r r e c t e d  f o r  d i f f e r e n c e  i n  magnet ic  s u s c e p t i b i l i t y  

by -1.1 ppm using TUS l i q u i d  as a r e f e r e n c e ,  
* 

+ d e p e n d i q  on coverage:  l a r g e s t  s h i f t  f o r  lowes t  cov-erage 
- - -  - - - - - - - - -  - 



> 
a p e c t t a  . o f '  . C H+ ' w e r e ,  measured t o  d e t e r m i n e  

Wc 

' c h e m i c a l  s h i • ’ t s  i n v o l v e d .  The chemical s h i f t  o f  e t  . * * .  
was a l s o  measured a s  a f u n c t i o n  o f  cove rage .  

Chemical s h i f t s  o f  adso rbed  s p e c i e s  on ZnO fowder 

were c o r r e c t e d *  b y  -. 55 p a r t s  p e r  m i l l i o n  a s  a i s c u s s e d  i n  

Chapter  7.  T a b l e  V I I I - 1  .shows t h e  chemica l  s h i f t s  o f  f r e e  

and adso rbed  molecu le s .  The chemica l  s h i f t s  o f  f r e e  .' 
/-- 

m o l e c u l e s  were t a k e n  • ’ ~ o m  o t h e r  works and r e f e r e n c e s  t o  

t h e s e  a r e  g i v e n  i n  t h e  t a b l e .  

The p h y s i c a l l y  adso rbed  m o l e c u l e s  ( e t h a n e ,  b u t a n e  and 

TMS)expezience a '  s l i g h t  s h i f t  downf i e ld  of  t h e  f r e e  
, , 

molecu le s .  

T h e  more s t r o n g l y  adso rbed  o l e f i n s  however show 

pronounced 'H chemica l  s h i f t s  downf i e l d  f o r  t h e  o l e • ’  i n i c  

p r o t o n s ,  and s m a l l s r c ^ s h i f t s  f o r  t h e  me thy l  p r o t o n s , o f  
-- -/" . 

propene  . 
For adso rbed  e t h y l e n e  t h e  chemica l  s h i f t  was measured . -> 

a s  a f u n c t i o n  of  cove rage*  A t  h i g h  c g v e r a g e s  t h e  s l i g h t  

downf i e l d  s h i f t  o f  '-i;hysisorbed s p e c i e s  was n o t e d ,  .wh-ile 

f o r  low c o v e r a g e s  l a r g e r  downf i e ld  s h i f t s  were n o t e d .  

Sp in - sp in  s p l i t t i n g s  were n o t  r e s o l v e d  f o r  any of  t h e  

a d s o r b e d  s p e c i e s  e x c e p t  i n  t h e  "C spec t rum o f  e t h y l e n e ,  

b u t  t h e  CH3 , CHz and o l e f i n i c  p r o t o n s  were r e s o l v e d .  

On a l l  'H- s p e c t r a  t h e  c h e m i c a l  s h i f t  is  shown 

r e l a t i v e  t o  TMS and is shown c o r r e c t e d  and u n c o r r e c t e d  f o r  

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



The s p e c t r a  o f  e t h a n e  and propane  adso rbed  on ZnO a r e  
% 

shown i n  F i g u r e  V I I I - 1 .  L ine  w i d t h  a r e  nar rower  t h a n  f o r  . 
comparable  c o v e r a g e s  o f  o1,ef i n s  a i d  chemica l  s h i f t  - 
d i f f e r e n c e s  between f r e e  and adso rbed  p h a s e s  s u g g e s t  a  

f u r t h e r  s h i e l d i n g  o f  t h e  n u c l e u s ,  ' o b s e r v a t i o n  made f o r  

a l l  p h y s i s o r b e d  s p e c i e s .  The change i n  s h i e l d i n g  is  7 

d i s c u s s e d  l a t e r  a s  a  p h y s i c a l  phenomenon. T h i s  and t h e  

nar rower  l i n e w i d t h  a r e  c o n s i s t e n t  w i t h  t h e  low h e a t s  o f  c 
a d s o r p t i o n  of  t h e s e  two g a s e s  on ZnO. 

$ ' 

C 
F i g u r e  VII I -2  shows b h e  s p e c t r a  o f  e t h y l e n e  and 

-a- 3 propene a t  c o v e r a g e s  o f  .6 and .69  s t d  cm /gm o f  ZnO 

r e s p e c t i v e l y ,  a t  3 8 ,  d e g r e e s  C .  F i g u r e s  VII I -3  and 4 
r' 

i l l u s t r a t e  t h e  change i n  chemica l  s h i f t  and i n  l i n e  wid th  

f o r  d i f T e r e n t  c&verages  o f  e t h y l e n e .  
10 

The %H s h i f t s  for- adso rbed  e t h y l e n e  a r e  a14 moved 
i -'t 

downf i e ld  from e t h y l e n e  i n  a  f r e e  i s t a t e ,  w i t h  t h e , g r Q t e s t  - 
1 

downf i e ld  s h i f t s  f o r  l o w e s t  cove rage .  What we a r e  
I 

, observ i f ig  is a  d e s h i e l d i n g  o f  e l e c t r o n s  most p robab ly  

b rough t  abou'i by d o n a t i o n  of  e l e c t r o n s  by t h e  e t h y l e n e  t o  

t h e  s u r f a c e .  Tha t  such  d o n a t i o n  i s  c o v e r a g e  dependen t  is 

n o t  a t  a l l  s u r p r i s i n g  s i n c e  one e x p e c t s  t h a t  a t  low 

cove rage  adso rbed  s p e c i e s  f i n d  t h e  most e n e r g e t i c a l l y  
.+% 

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

withdrawn p e r  mo lecu le  adso rbed ,  w i l l  b e  h i g h e r  a t  t h e s e  

s i tes .  When t h e  c o v e r a g e  g e t 6  h i g h e r  a d s o r p t i o n  is  

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





Pigxre VIII - 2 
The s g e c t r s  of p o p e n e  z l d  e t iy lene  





1 

grea t . '  T t  seems wor th  n o t i n g  t h a t  t h e  i n f l e c t i o n  p o i n t  i n  
'3 

F i g u r e  VIII-4 is v e r y  n e a r  t h e  i n f l e c t i o n  . p o i n t  i n  t h e  

a d s o r p t i o n  i s o t h e r m  o f  C H q  on ZnO ( F i g u r e  'VIII-4)  . 
Both p o i n t s  i n d i c a t e  t h e  a r e a  where f u r t h e r  a d s o r p t i o n  i s  

e x p e c t e d  t o  be  more p h y s i c a l  and l e s s  c h e m i c a l  i n  n a t u r e .  

T h i s  change i n  chemica l  s h i f t  a s  a  f u n c t i o n  o f  c o v e r a g e  i s  

a d m i t t e d l y  a t  odds  w i t h  t h e  i s o s t e r i c  h e a t  data; a p o h t  

d i s c u s s e d  l a t e r .  

'H chemica l  s h i f t s  a r e  n o t  v e r y  l a r g e  so t h a t  t o  

p r o v i d e  a  more c o n v i n c i n g  argument t h e  I3c chemica l  s h i f t  

was measured f o r  a  s p e c i a l l y  p r e p a r e d  C 2 H y on ZnO 

sample.  Some p r e c a u t i o n a r y  remarks  a r e  n e c e s s a r y .  T h e  

sample used was ZnO compressed such  t h a t  t h e  b u l k  d e n s i t y  

was ca .  3 -ms/cm3. (The n i t r o g e n  BET s u r f a c e  a r e a  of 

a n o t h e r  sample treated t h i s .  way was unchanged w i t h i n  ' 

e x p e r i m e n t a l  e r r o r . )  However t h e r e  were no  d i r e c t  means 

a v a i l a b l e  t o  measure  t h e  q u a n t i t y  o f  g a s  adso rbed  a t  h i g h  

p r e s s u r e .  A s  d e s c r i b e d  e a r l i e r ,  t h e  sample was s u b j e c t e d  

t o  a p p r o x i m a t e l y  11 a tmosphe res  of  C 2  Hy ., The c o v e r a g e  

was e s t i m a t e d  by 2 s e p a r a t e  methods.  The f i r s t  from a 

l i n e a r  e x t r a p o l a t i o n  of  t h e  C 2  H q  BET i s o t h e r m .  The 

second by comparing N m  peak a m p l i t u d e s  ('H s p e c t r a )  w i t h  

a  sample o f  known c o v e r a g e  The f i r s t  i m p l i e d  a  c o v e r a g e  of  

1 . 4  s t d  cm3/~rn t h e  second 1.5 s t d  cm3/gm. &H chemica l  
- - - - - - - 

- -  - -- - ------ - -- ---- - - 

s h i f t s  f o r  t h i s  sample were d i s p l a c e d  u p f i e l d  from f r e e  

C 2  H q  when c o r r e c t e d .  



coverage std c.c./gm 

Figure 



t3 
The C spectrum is shown i n  f igure  VIII-5, along 

w i t h  t h a t  of benzene (both taken a t  1 5  M H z ) .  The chemical 

s h i f t  of the adsorbed C H i s  4 .6  p'pm upf i e l d  of 
P 

C ( l i g )  (uncorrected for  p u s c e p t i b i l i t y )  whereas 

C z H q  . i n  a  f r e e  s t a t e  i s  5.2 ppm upfield of C b H 6  . 
Owe expects very l i t t l e  contr ibut ion t o  the  spectrum from 

gaseous C 2 H 9  s ince  the concentration of gaseous 

spec ies  a t  the ZnO plug (which excluded much of the space) 

was lower than the  concentration of adsorbed spec ies ,  and 

the  r e p e t i t i o n  r a t e  (500 msec) was f a s t  enough such t h a t  , 

the  gaseous spec ies  6 u l d  e  considerably sa tu ra ted ,  a  

f a c t  ve r i f i ed  by turning the  sample upside down so t h a t  

the  ZnO plug was not i n  the receiver c o i l s ,  and t ry ing  t o  

c o l l e c t  a  spectrum using e  same r e p e t i t i o n  r a t e s  a s  

before. A 

The t h e o r e t i c a l  magnetic s u s c e p t i b i l i t y  cor rec t ion  

for  the ZnO p e l l e t  was .8 ,ppm, while the  empir ical  

cor rec t ion  (being the d i f fe rence  i n  chemical s h i f t  between 

TMS adsorbed on the  p e l l e t  and TMS l i q u i d ) ,  was only . 4  
"'4 

B 

ppm. T h i s  l a t t e r  cor rec t ion  was used. The volume 
6 s u s c e p t i b i l i t y  of l i q u i d  benzene is -.625 x 10- (Pople 

1959)  so the  correc t ion  t o  be applied when using benzene 
Y I- 

as  a  reference ca lcula ted  from equation V I I  - 6  is +.l 

PPm 
I I - - - - + -- - - -- - 

Despite the high f r a c t i o n  of physisorbed spec ies ,  the 

chemical s h i f t  of the carbon i s  downfield by .5ppm. The 



C 

Figure  VIII 

The carbo:: u p e a r n  ol e thylene  
adsorbed  on ziac oxide.  



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

19 
,.A Ser i e s ' ,  o f  Expe r imen t s  w i t h  F S u b s t i t u t e d  

E t h y l e n e s  

F NMR h a s  a  much wider  chemica l  s h i f t  window 

(Emsley e t  a l .  1965 Vol. 11) and a l s o  t e n d s  t o  show 

l a r g e r  chemica l  s h i f t s  on changes  of  envi ronment  t h a n  do  

p r o t o n s  ( I b i d )  . Samples  were p r e p a r e d  w i t h  C 2 F 3  H ,  

(1.1) C L ~ Z  H i  , C 1  F H 3 .  , and C r F q  adso rbed  on ZnO 
# 

i n  hopes  of  comparing t h e  d e s h i e l d i n g  o f  t h e  !?F n u c l e i i  

w i t h  t h e  d e s h i e l d i n g  o f  t h e  p r o t o n s  and 'PC i n  C 2  HL+ . 
A l a r g e r  l i n e w i d t h  (c .  700 hz f o r  C H 3 F) l e d  t o  

s i g n a l  t o  n o i s e  problems when u s i n g  c p v e r a g e s  i n  t h e  o r d e r  

of  .6 s t d  cm /gm. To c i r cumven t  t h i s  t h e  s p e c t r a  were 

t a k e n  by f o u r i e r  t r a n s f o r m i n g  t h e  sum o f  s e v e r a l  hun 

f r e e  i n d u c t i o n  d e c a y s  t a k e n  a t  15  MBZ.' Chemical  

were measured from an e x t e r n a l  r e f e r e n c e  t h e  p o s i t i o n  of  

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

d r i f t .  T h e ' d i a m a g n e t i c  s u s c e p t i b i l i t y  c o r r e c t i o n  is +.2 

ppm, c o n s i d e r a b l y  less  t h a n  t h e  e r r o r  i n  measurement i n  

t h i s  c a s e ,  t h e  i n c r e a s e d  e r r o r  be ing  due t o  t h e  l a r g e  l i n e  

w i d t h  p l u s  t h e  reduced  f i e l d  used .  s \7 

T a b l e  VfII-2 l is ts  t h e  observed  chemica l  s h i f t s  

m e a s u r e d i n  ppm u p f i e l d  f r o m  CFCOOK f o r  t h e  f l u o r o -  

s u b s t i t u t e d  e t h y l e n e s  adso rbed  and i n  s o l u t i o n .  The 

s h i f t s  o f  t h e  compounds i n  s o l u t i o n  a r e  t a k e n  from t h e  



T a b l e  VII I -2  
F l u o r i n e  and p r o t o n  c h e m i c a l  s h i f t s  o f  f r e e  and a d s o r b e d  

t 

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

ace t ic  a c i d  . . 
m o l e c u l e  s h i f t  f r e e  ' r e f  s h i f t  (ads) * change*  

5 

P a r s h a l l  1965 +63 7 
\ 

C 2  F3 H 26,543,108 M o o r e l a n b  1965 28 ,55 ,136 '  2 , 5 ,28  

( 1 t 1 )  7.419.2,9.7 
C 2  F2 Ha 4.8 Shvo 1 9 6 5  1 2  7 

e7 
4 

l8.9++ 
. , 

35.4 ~ a n y d l l  1961  . C , E H ,  50 - 1 5  

* errors  are % 3 ppm I 

++ These  measurements  takenumuch la ter  by F.T. a t  l00Mhz 

p r o t o n  measurements  + 

C p P H  5 4.0,4.4,6.2 Emsley f966  -4 .3 , -4 .6 ,  -03,-.2 

p r o t o n  measurements  o f  f r e e  m o l e c u l e s  were made i n  
* 

, c a rbon  t e t r a - c h l o r J d e  with TMS i n t e r n a l  

'1 



l i t e r a t u r e  and t h e  r e f e r e n c e s  a r e  g i v e n  i n  t h e  t a b l e  2. 

T a b l e  2  a l s o  l i s t s  t h e  p r o t o n  chemica l  s h i f t s  o f  t h e  same 

m o l e c u l e s  adso rbed  r e l a t i v e  t o  TMS ( c o r r e c t e d  by -.55 ppm 

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

c o r r e s p o n d i n g  IH chemica l  s h i f t s  of  " f r e e "  mo lecu le s .  

F i g u r e  VIII-6  shows t h e  15 MHz s p e c t r a  o f  t h e  

compounds. 
-a 

A c l o s e  c o n s i d e r a t i o n  o f  T a b l e  VII I -2  p o i n t s  t o  t h e  

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

f l u o r i n e  d e r i v a t i v e s  o f  e t h y l e n e  adso rbed  on ZnO t h a n  w i t h  

e t h y l e n e  adsorbed '  on ZnO. The change  i n  c h e m i c a l  s h i f t  i s  

l a r g e  f o r  some f l u o r i n e s  imp ly ing  a  chemica l  i n t e r a c t i o n ,  

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

t h e r e  i s  g r e a t e r  e l e c t r o n  d e n s i t y  a t  . ' q ~  n u c l e i i .  W e  must 
> 

c o n c l u d e  f o r  t h e s e  l a r g e  s h i f t s  t h a t  e l e c t r o n s  a r e  cornin& 
.I? 

* f' 7 

a f rom t h e  s u r f a c e  i n '  c o n t r a s t  t o  what a p p e a r s  t o  b e  

happening  f o r  e t h y l e n e .  

Dent and Kokes (1972)  v iew ZnO a s  an  a c i d  b a s e  c a t i o n  

p a i r  and s t a t e :  
e 

". . . hence  t h e  c a t a l y s t  depends n o t  o n l y  o n ,  t h e .  

p r o t o n  a f f i n i t y  o f  t h e  o x i d e  b u t  a l s o  o,n t h e  c a r b a n i o n  -.. 
a f f i n i t y  of  t h e  c a t i o n .  The a c i d i t y  of  t h e  c a t i o n  may 

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

i n t e r a c t i o n s .  L e  .!I e f f e c t s  o f  /- ion s t r u c k u r e  on t h e -  
/ 

b a s i c i t y  of  t h e  i n t e r a c t i o n  a r e  l i k e l y  t o  be e v i d e n t  when 

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







F l u o r i n a t e d  e t h y l e n e s  are bound to be more a c i d i c  
B 

t h a n  t h e  u n s u b s t i t u t e d  e t h y l e n e  and z i n c  o x i d e  d o e s  i ndeed  

seem t o  respond t o  t h i s  d i f f e r e n c e  r a t h e r  d r a s t i c a l l y .  I n  

l o o k i n g  back on t h e  d a t a  t h e  s i z e  of  t h e  c h e m i c a l  s h i f t  is 

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

i n t e r a c t i o n s  wo~l ld  l e a d  t o  more immobile s p e c i e s  t h u s  
--. 

s h o r t e n i n g  Tq . 9 

I D - 

NOTE ADDED AT A LATER DATE 

Measurements t a k e n  i n  t h i s  l a b o r a t o r y  a f t e r  t h i s  -3 

t h e s i s  was w r i t t e n  s u g g e s t  t h a t  t h e  c o n c l u s i o n s  drawn 

a b o u t  t h e  f l u o r i n e  d e r i v a t i v e s  o f  e t h y l e n e  may n o t  be 

v a l i d .  I t  was found t h a t  t h e  chemica l  s h i f t s  o f  t h e s e  

s p e c i e s  adso rbed  on ZnO were n o t  g r e a t l y  d i f f e r e n t  t h a n  

i/ 
tLe g a s  p h a s e  s h i f t s .  I n  a l l  c a s e s  t h e  compar i sons  made 

were made u s i n g  l i q u i d  p h a s e  d a t a .  I t  i s  even p o s s i b l e  

t h a t  t h e  measurements  made h e r e  were p r e d o m i n a n t l y  made on 

g a s m a s e  molecu le s .  I 

A D i s c u s s i o n  About t h e  Chemical S h i f t s  

A t  t h i s  p o i n t  i t  becomes p r u d e n t  t o  d i s c u s s  t h e  'H 

and " C  chemica l  s h i f t s  o f  t h e  adso rbed  complexes s i n c e  it 

was r a t h e r  g l i b l y  assumed t h a t  t h e  n e g a t i v e  s h i f t  f o r  

o l e f i n i c  p r o t o n s  meant d o n a t i o n  of  e l e c t r o n s  t o  t h e  
. -> 

s u r f a c e ,  and t h e  s h i f t s  f o r  t h e  p h y s i s o r b e d  s p e c i e s  have 
- - 

- - - - -  - -  - n o t  heen  explaine& - - 

n o t e d  i n  Chapter  3 t h e  f i e l d  a t  a  n u c l e u s  c a n  be  



\ 
d e s c r  Lbed b y  

where s igma i s  a  t e n s o r  d e s c r i b i n g  t h e  " s h i e l d i n g "  o f  t h e  

n u c l e u s  b y  t h e  s u r r o u n d i n g  e l e c t r o n s .  A p o s i t i v e  sigma 

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

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

expe r imen t  i n  o r d e r  t o  o b t a i n  r e sonance .  

Buckingham (1960)  s u g g e s t s  c o n s i d e r  i n g  s igma t o  be  

composed df  a s c r e e n i n g  c o n s t a n t  f o r  t h e  i s o l a t e d  molecu le  

sigma ( g a s )  p l u s  a s c r e e n i n g  c o n s t a n t  f o r  t h e  s u r r o u n d i n g  B 
medium. T h i s  second  p a r t  h a s  i n  h i s  o p i n i o n  f o u r  

d i f f e r e n t  c o n t r i b u t i o n s ,  t h u s  

(medium) = 6 ( b )  + C ( a )  + CT(omega1 + 

where sigma ( b )  is  t h e  c o n t r i b ~ ~ i o n  which i s  p r o p o r t i o n a l  

t o  t h e  bu lk  magne t i c  s u s c e p t i b i l i t y  of  the medium, sigma 
6 

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

s u r r o u n d i n g  m o l e c u l e s ,  sigma (omega) is due  t o  Van d e r  
f' 

Waals f o r c e s ,  and ( E )  a c c o u n t s  f o r  e l e c t r i c  f i e l d  e f f e c t s  

caused  by c h a r g e  d i s t r i b u t i o n s  i n  t h e  n e i g h b o u r i n g  

molecu le s .  

I n  go ing  from a g a s e o u s  t o  a  condensed p h a s e  i n  a 

ey l i f fd - r i ca l  safapk k-ttbe, t h e  -neces sa ry  correction *+-apply -- - - 

w i l l  be 2/3 -rr X ,  of  t h e  condensed p h a s e  (assuming  ')L, . 



of t h e  g a s  phase  i s  z e r o ) .  I have o n l y  c o r r e c t e d  f o r  t h e  

d i f f e r e n c e  i n X  due  t o  t h e  ZnO b u t  under  Mre c o n d i t i o n s  a t  
% 

which t h e s e  s h i f t s  were measured t h i s  w i l l  be  t h e  

overwhelming amount o f  t h e  c o r r e c t i o n .  
A 

d * 
Sigma(omega) is  b rough t  a b o u t  by t h e  d i s t o r t i o n  of  t h e  

e l e c t r o n i c  envi ronment  by t h e  a t t r a c t i o n s  of  n e a r e s t  

ne ighbour s  , and an i n c r e a s e  I n  pa ramagne t i c  s c r e e n i n g  due 

t o  a s s y m e t r i c  d i s t o r t i o n s  caused  by  c o l l i s i o n s .  Both 

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

Sigma ( a )  i s  t h a t   art o f  t h e  s h i e l d i n g  c o n s t a n t  

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

medium. I t  i s  t h e  c a u s e  o f  t h e  u p f i e l d  s h i f t  f o r  

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

downf i e ld  s h i f t s  f o r  m o l e c u l e s  d i s s o l v e d  i n  s o l v e n t  such  

a s  CS2 (Zimrnerman 1957,  gothner,-By 1957)  . E x p r e s s i o n s  
r,' 

have been d e r i v e d  f o r  s igma ( a )  (Buckingham-1960, S tephen  

1958)  f o r  some s o l v e n t s  a l t h o u g h  no e x p r e s s i o n  h a s  been 
--J 

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

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

s m a l l  d i f t s .  Presumably some of  t h i d  would be 

compensated f o r  by u s i n g  TMS adso rbed  on ZnO a s  a  

r e f  e"renc&. 

Sigma (E) a r i s e s  f rom t h e  p o l a r  e f f e c t  c a u s e d  by t h e  

p e r t u r b a t i o n  - - - - of  - - t h e  e l e c t r o n i c  s t r u c t u r e P o • ’  t h e  molecule  - 
- --- - - 

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

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



molecu le s  and w i l l  n o t  be  f u r t h e r '  c o n s i d e r e d  e x c e p t  t o  s a y  

t h a t  t h e  l a r g e  downf i e ld  chemica l  s h i f t  accompanying 
I 

hydrogen bonding is a  s igma ( E )  e f f e c t ,  and i f  a d s o r p t i o n  
r i  

i n t e r f e r e s  w i t h  hydrogen bonding as i n  w a t e r  adso rbed  on 

s i l i c a  t h e n  an u p f i e l d  s h i f t  shou ld  occu r  a s  i ndeed  it  

d o e s  ( P i c k e t t  %O) . 
The s l i g h t  s h i f t s  f o r  t h e  p h y s i s o r b e d  s p e c i e s ,  and 

t h e  l a r g e r  s h i f t s  f o r  t h e  chemisorbed  s p e c i e s f o r  some p a r t  

of i t  c a n  be e x p l a i n e d  on t h e  b a s i s  o f  Van d e r  Waals 

e f f e c t s .  

Both methane and e t h y l e n e  d i s p l a y  d o w n f i e l d  s h i f t s  

when go ing  from t h e  g a s  t o  t h e  l i q u i d  p h a s e  (Gordon 19611 

o r  a s  t h e  g a s  p r e s s u r e  is  i n c r e a s e d  (Raynes 1 9 6 2 ) .  The 

van d e r  Waals s h i f t  was - - . 4 . rho  ppm (where r h o  i s  t h e  

d e n s i t y  i n  gm/ml f o r  e t h y l e n e .  T h i s  i m p l i e s  t h a t  t h e  
- 

s h i f t  w i l l  l a r g e r  a s  t h e  d e n s i t y  ( c o v e r a g e )  g o e s  up. 

T h i s  i s  i n  d i r e c t  c o n t r a s t  t o  o u r  e t h y l e n e  c a s e  where t h e  

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

i t  is remarkab ly  l i k e  t h e  TMS on ZnO where t h e  s h i f t s  on 

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

s h i f t  f o r  t h e  l a r g e s t  cove rage .  
v - 

For t h e  e t h y l e n e  c a s e  t h e  s h i f t  is  much g r e a t e r ,  add 

i n  t h e  o t h e r  d i r e c t i o n .  The b e s t  c o n c l u s i o n  is e l e c t r o n  

d o n a t i o n  t o  t h e  s u r f a c e  w i t h  3 c o r r e s p o ~ d i n g  d e s h i e l d i n g  - - - - 

of  t h e  n u c l e i i  i n v o l v e d .  
I 

The change i n  c h e m i c a l ,  s h g f t  ' a s  a ,  f u n c t i o n  of 



c o v e r a g e  is somewhat i n  c o n t r a s t  t o  t h e  i s o s t e r i c  h e a t  

v a l u e s  (see c h a p t e r  7).. Some o f  t h i s  is l i k e l y  c a u s e d  by 

g r e a t e r  d o n a t i o n  of e l e c t r o n s  p e r  mo lecu l e  a t  lower  
, '. 

c o v e r a g e .  Some o f  t h e  change  i s  t h e  same e f f e c t  one  

o b s e r v e s  f o r  TMS on ZnO. A s  t h e  c o v e r a g e  i n c r e a s e s  t h e  

s h i f t  moves u p f i e l d  due  t o  Van d e r  Waals i n t e r a c t i o n s .  

However one i s  s t i l l  p e r p l e x e d  by  t h e  magni tude  of  t h i s  

c o v e r a g e  dependence ,  i n  view o f  t h e  r a t h e r  c o n s t a n t  h e a t s .  

There  i s  an o b v i o u s  p o i n t  h e r e ,  and t h a t  is  a  

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

cov-erage on a  l a r g e  number of  s u r f a c e s  w i t h  r e f e r e n c e  t o  

t h e i r  g a s  p h a s e s  would be v e r y  u s e f u l  f o r  i n t e r p r e t i n g  

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

c o r r e l a t e  t o  o t h e r  s u r f a c e  measurements ,  and would 

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

t h e  

I n f o r m a t i o n  on t h e  S t r u c t u r e  of t h e  Adsorbed S p e c i e s  

F i g u r e  VI I I -2  and V I I I - 3  r e v e a l  some i n f o r m a t i o n  on 

s t r u c t u r e  of  t h e  a d s o r b e d  s p e c i e s .  

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

i o n  would e x c l u d e  such  s t r u c t u r e s  a s :  



b u t  a l l o w s  f o r  e i t h e r  a  -rr-complex a s  p r o p o s e d  b y  D e n t  and  

~ o k e s  ( 1 9 7 0 ~ ) .  o r  a s t r u c t u r e  w i t h  a l l  4 h y d r o g e n s r  

h y d r o g e n  bonded t o  t h e  s u r f a c e ,  a  s t r u c t u r e  w h i c h  is  

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

i n v o l v e d ,  and b e c a u s e  it would make , t h e  s p e c i e s  q u i t e  
- ,  

i m m o b i l e ,  i n  d i r e c t  c o n t r a s t  t o  t h e  r e l a x a t i o n  dqata  

o b t a i n e d  on  t h i s  sys. tem. 

The p o s s i b i l i t y  t h a t  t h e  s i n g l e  r e s o n a n c e  i s  i n  
6 

r e a l i t y  composed o f  two o r  more r e s o n a n c e s  w i t h  some 

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

ways.  

F i r s t l y  t h e  d i g i t i z e d  d a t a  o b t a i n e d  f rom t h e  C. W. 

e x p e r i m e n t  a t  1 0 0  MHz was l ea s t  s q u a r e s  f i t  t o  a s t i m  o f  

L o r e n t z i a n s ,  and t h e  improvement  i n  f i t  compared  t o  t h e  

f i t  f o r .  a  s i n g l e  L o r e n t z i a n  g i v i n g  c o n s i d e r a t i o n  t o  t h e  

number o f  p a r a m e t e r s  added .  T h e r e  was no s t a t i s t i c a l  

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

W r e n t z  ians. 

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

i n v o l v e d  t h e n  t h e  measured p e a k  w i d t h  and t h u s  T2 s h o u l d  , 



be f i e  l d  dependen t .  T 's were a l s o  y e a s u r e d  a t  1 5  MHz 

bo th  by l e a s t  s q u a r e s  f i t t i n g  an o f f  r e s o n a n c e  F. I. D.  

and by  t h e  Meiboon-Gill  v a r i a t i o n  o f  t h e  C a r r ' P u r c e l l  

e x p e r i m e n t ,  Wi th in '  e x p e r i m e n t a l  e r r o r  t h e  d i f f e r e n c e s  . 
were t o o  s m a l l  t o  s u g g e s t  such  f i e l d  dependence.  

The s i t u a t i o n  is more complex f o r  p ropene .  Dent and 

Kokes (1970a ,  b)  f i n d  t h a t  p ropene  a d s o r p t i o n  on ZnO l e a d s  

b o t h  s t r o n g l y  bound s t a t e  f o r  

p i - a l $ y l  s t r u c t u r e :  
t 4 

which t h e y  p ropose  a  

and a  more weakly bound s t a , t e  t h o u g h t  t o  be a  W- complex; 

w h i c h  can  b e  deso rbed  by pumping a t  room t e m p e r a t u r e .  I t  

was found t h a t  a p p r o x i m a t e l y  . 3 8  s t d  cm3,1gm p f  propene  was 

l e f t  on t h e  s u r f a c e  a f t e r  pumping . o n  it a t  room 

t e m p e r a t u r e .  Such a  q u a n t i t y  shou ld  be r e l a t i v e l y  e a s y  t o  
6 /' 

see i f  it were l i k e  t h e  e t h y l e n e  where c o v e r a g e s  of  less  a 

t h a n  .3 s t d  cm3/gm gave  a  good spec t rum.  

C .  W .  .measurements on t h e  XL-100'were w i t h o u t  any 

r e s u l t  f o r  such -  a  sample', ~ c e n  an a v e r a g e  of 8 C. W. 

e x p e r i m e n t s  showed no peak wha t soeve r ,  The s i m p l e s t  
- - - 

e x p l a n a t i o n  of t h i s  would be t h a t  t h e  t i g h t  b i n d i n g  

p roduces  a l i n e  wid th  t o o  broad t o  be obse rved  w i t h  t h i s  



, i n s t r u m e n t .  

A h i g h e r  c o v e r a g e  of p ropene  produced  t h e  spec t rum 

shown i n  f i g u r e  2 ,  which i s  c o n s i d e r e d  t o  be o n l y  t h e  
Q 

l o o s e l y  bound s p e c i e s .  The spec t rum is c o n s i s t  

p i  complex s i n c e  no methylene  r e s o n a n c e  was f o u  

chemica l  s h i f t  d i s p l a c e m e n t  on a d s o r p t i o n  i s  much g r e a t e r  \ 
L! f o r  t h e  o l e f i n i c  p r o t o n s  t h a n  f o r  t h e  me thy l  p r o  on . The 

- - 
o b s e r v a t i o n  o f  o n l y  two bands  i n  t h e  o l e f i n i c  r e g i o n  i s  

,-, 

' n o t  s u r p r i s i n g  s i n c e  two o f  t h e  f r e e  mo lecu le  chemica l  

s h i f t s  a r e  n e a r l y  t h e  same i n  compar i sbn  w i t h  t h e  observed  ,- 

l i n e  w i d t h s  f o r  t h e  abso rbed  s p e c i e s .  Two thousand  s c a n s  

a t  15  MHz ( t i m e  domain s p e c t r a )  produced a  peak f o r  t h e  

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

d i f f i c u l t  t o  draw c o n c l u s i o n s  from it s i n c e  it h a s  a  l i n e  

w id th  g r e a t e r  t h a n  t h e  c h e m i c a l  s h i f t  window. 

Some Exper iments  on ZnO P e l l e t s  

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

number. o f  m o l e c u l e s  w i t h i n  t h e  r e c e i v e r  c o i l s ,  some 

samples  were p r e p a r e d  w i t h  Zinc  o x i d e  compressed s o  t h a t  

t h e  b u l k  d e n s i t y  was i n c r e a s e d  by a  f a c t o r  o f  5 .  BET 

s u r f a c e  measurements  on such  a sample were o n l y  5% less, 

t h e  a r e a  of  s u r f a c e  p e r  c m %  of  sample was t h e n  up by a  

f a c t o r  of 5 .  - - - - 

S p e c t r a  t a k e n  of m o l e c u l e s  adso rbed  on t h e s e  p e l l e t s  

were however n o t  a s  s t r a i g h t  forward  a s  p l anned .  



The samplgs  w e r e  t r e a t e d  i n  t h e  same way t h a t  t h e  

powders were t r e a t e d ,  a l t h o u g h  more t ime. was a l lowed f o r  

o u t g a s s i n g  because  o f  i n c r e a s e d  d i f f u s i o n  problems.  

T y p i c a l l y  t h e y  were h e a t e d  t o  450 d e g r e e s  i n  vacuum f o r  6 
;f 

- 10 h o u r s ,  t r e a t e d  i n  150 t o r r  o f  oxygen w i t h  l i q u i d  

n i t r o g e n  t r a p  i n  t h e  sys t em f o r  2  hour s  and t h e n  o u t g a s s e d  

a t  room ten-fperature  f o r  I0 t o  24 h o u r s .  

T y p i c a l  r e s u l t s  o f  such  a  sample w i t h  .8 s t d  c d / g m  

of e t h y l e n e  a d s o r b e d  on it a r e  shown i n  F i g u r e  VII I -7 .  

The r a t i o  o f  a m p l i t u d e s  o f  t h e  l o w f i e l d  t o  h i g h f i e l d  peak 

was cove rage  d e p e n d e n t  ( a t  low c o v e r a g e s  it was i g g e r  a t  
. Y 

h i g h  cove rages  s m a l l e r )  ; t h e  l i n e  w i d t h s  were c o n s i d e r a b l y  

l a r g e r  t h a n  c o r r e s p o n d i n g  c o v e r a g e s  on t h e  powder,  and t h e  

c h e m i a  s h i f t  o f  t h e  l o w f i e l d  peak v a r i e d  ove r  2  p a r t s  

pe r  m i l l i o n .  Tempera ture  s t u d i e s  were c a r r i e d  o u t ,  and 

t h e - t w o  peaks  d i d  n o t  c o a l e s c e ,  o r  even  t e n d  t o  upon 

h e a t i n g  t o  150 d e g r e e s  C.  S e v e r a l  samples  were o u t g a s s e d  

i n  vacuum, whereupon it was found t h a t  t h e  g a s  c o u l d  o n l y  - 

be r ecove red  q u a n t i t a t i v e l y  w i t h  h e a t i n g  t o  a b o u t  100 

d e g r e e s  C.  

Mass s p e c t r a  were t a k e n  of t h e  evo lved  g a s e s .  

They showed peaks  a t  44 ,  28,  27,  26 ,  25, 18  and * l 7 .  I n  

o u t g a s s i n g  a sample a t  0 d e g r e e s  C and t h e n  t a k i n g  o f f  a 

f r a c t i o n  a t  100 d e g r e e s  C ,  t h e  f i r s t  showed l i t t l e  - - - 

e v i d e n c e  of  a  44 peak and o n l y  a  s l i g h t  1 8 ,  17 peak ,  w h i l e  
. 

t h e  second showed a  much l a r g e r  44 ,  and 1 8 ,  17  peak. Mass 
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I 
s p e c t r a  c r a c k i n g  p a t t e r n s  were compated w i t k  t h o s e  o f -  - 

a c e t a l d e h y d e  and e t h y l e n e  o x i d e  r u n  under t h e  same 

c o n d i t i o n s ,  and NMR s p e c t r a  o f  t h e s e  two compounds 

adso rbed  on Zinc  o x i d e  p e l l e t s  and powder were r u n  f o r  

compar i son .  Both e x p e r i m e n t s  showed c o n c l u s i v e l y  t h a t  t h e  
' 

second peak was n o t  d u e  t o  e t h y l e n e  o x i d e  o r  a c e t a l d e h y d e .  
i 

The s p e c t r a  of  a c e t a l d e h y d e  adso rbed  on ZnO is shown - - 

i n  f i g u r e  V I I I  - 8 . The e t h y l e n e  o x i d e  a d s o r b e d  on ZnO 

was t o o  b road  t o  o b s e r v e ,  d e s p i t e  a  h i g h  cove rage .  

The mass s p e c t r a  were however c o n s i s t e n t  w i t h  t h e  

f o r m a t i o n  of C O 2  and . H 2 0 from .e%hylene. and w y g e n .  

The second peak ( t h e  downf i e ld  one )  behaves  i n  t h e  same 

f a s h i o n  a s  w a t e r  on z i n c  o x i d e ,  t h a t  is i t s  c h e m i c a l  s h i f t  

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

i n t e r f e r e n c e  w i t h  hydrogen bond f o r m a t i o n  upon a d s o r p t i o n  
\ 

( P i c k e t t  1970) . 
Kubokawa e t  a l .  (1973)  have s t u d i e d  t h e  o x i d a t i o n  of 

e t h y l e n e ,  p ropene  and t h e  b u t e n e s  over  ZnO t o  produce  B 

C O 2 -  and H 2 0,  b u t  w i t h  g a s  phase  and a d s o r b e d  oxygen 

p r e s e n t .  

A t  t h i s  p o i n t  i t  was conc luded  t h a t  o x i d a t i o n  was 

o c c u r r i n g  on t h e  s u r f a c e  due  t o  a  s t o i c h i o m e t r i c  e x c e s s  of 

oxygen r ema in ing  from t h e  oxygen t r e a t m e n t  which was 

u n a b l e  t o  d i f f u s e  o u t  o f  t h e  p e l l e t .  ' Subsequen t  
- - -- 

- - 

e x p e r i m e n t s  showed t h a t  t h e  p e a k  t *  l o w  f i e l d  s t i f1  - : * 

remained even on p e l l e t s  o u t g a s s e d  a t  450  d e g r e e s  f o r  1 6  



'9 sgec-of e_tnylenc- adsorbed 
on a ZnO p e l l e t .  



- - - -1 - 

h o u r s  t ha t  were  g i v e n  no oxygen t r e a t m e n t .  However t h e p  

o n l y  c o n c l u s i o n  t h a t  seemed l i k e l y  was t h a t  t h e  

compres s ion  .of  t h e  z i n c  o x i d e  t r a p s  enough e x c e s s  oxygen 

which s u b s e q u e n t l y  is n o t  r e a d i l y  out-gassed.  T h i s  e x c e s s .  

oxygen is r e s p o n s i b l e  f o r  t h e  o x i d a t i o n  o f  t h e  o l e f i n  t o  

C 0 2  and H 2 0. I t  seems u n l i k e l y  t h a t  t h e  o l e f i n  

r e d u c e s  t h e  z i n c  o x i d e ,  s i n c e  t h i s  would have  r e a d i l y -  pL L 

shown up i n  t h e  i n f r a - r e d  s t u d i e s  o f  Kokes e t  a l .  (Dent  

1 9 7 2 ) .  

The two p redominan t  r e a s o n s  f o r  wan t ing  t o  d o  t h e  

s t - u d i e s  on ZnO p e l l e t s  were t o  t r y  a n d . g e t  a spec t rum o f  

t h e  t i g h t l y  bound p ropene ;  which Kokes b e l i e v e s  i n  a 

p i - a l l y 1  complex,  and t o  a t t e m p t  t o  g e t  a .'?c spec t rum o f  

a d s o r b e d  e t h y l e n e .  

A sample was p r e p a  ed by a d s o r b i n g  p ropene  on a 7 
p e l l e t  and t h e n  pumping it o f f  a t  room t e m p e r a t u r e .  Such 

a t r e a t m e n t  l e f t  . 3 8  s t d  ~ r n ~ / ~ m  on t h e  sample .  Again t h e  

XL-100 f a i l e d  t o  p roduce  a s p e c t r u m  o f  t h i s  sample  d e s p i t e  

t h e  v e r y  h i g h  c o n c e n t r a t i o n  i n  s t d  c m 3 / m l  o f  sample .    our 
K s c a n s  added t o g e t h e r  f rom t h e  p u l s e  s p e c t r o m e t e r  a t  1 5  

MHz and s u b s e q u e n t l y  F o u r i e r  a n a l y s e s  d i d  p roduce  a 

s p e c t r u m ,  b u t  t h e  peak was t o o  wide t o  g e t  a v a l u e  of  i t s  

c h e m i c a l  s h i f t  o r  top t e l l  whether  it was n o t  i n  f a c t  

p a r t i a l l y  w a t e r  'formed a s  b e f o r e  from e x c e s s  O2 r e a c t i n g  

w i t h -  t h e  o l e f  i n .  

The s t u d i e s  on compressed s amples  s e r v e d  m o s t l y  t o  



Figure VIII -3 
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remind one t h a t  sur face  s t u d i e s  a re  best  done on sur faces  

prepared always i n  t h e  same way, and on ones which are  

w e l l  characterpized,. 



C h a p t e r  I X  

R e l a x a t i o n  S t u d i e s  o f  E t h y l e n e  A d s o r b e d  on Z i n c  O x i d e  

T h e r e  i s  n o  i n h e r e n t  r e a s o n  whp r e l a x a t i o n  a n a l y s i s  
6 

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

me s y s t e m s  s p e c t r o m e t e r s  t h a t  c a n  m e a s u r e  v e r y  wide  
f o r  Y 
l i n e s  )nd/or p u l s e  NMR s p e c t r o m e t e r s  w i t h  f a s t  r e s p o n s e  

times would b e  n e c e s s a r y .  

S i n c e  t h e  C. W. 1 0 0  MHz l i n e  w i d t h s  are n o t  

e x t r e m e l y  w i d e ,  a n d  s i n c e  it would .  s u p p l y  i n f o r m a t i o n  o n  

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

were i n i t i a t e d  f o r  t h e  e t h y l e n e  ori ZnO s y s t e m .  
/- 

T I  'S were m e a s u r e d  a t  1 5  MHz u s i n g  a' 180 

d e g r e e - t a u - 9 0  d e g r e e  p u l s e  t r a i n  a s  d e s c r i b e d  i n  C h a p t e r  

111. T 2  'S w e r e  m e a s u r e d  f r o m  t h e  l i n e  w i d t h s  o f  

f r e q u e n c y  domain  
\ 

s p e c t r a  a t  10  0 MHz, from 

90- tau -180-2 tau- lh0  . . . p u l s e  t r a i n s  a t  1 5  MHz and 

f rom t h e  f r e e  i n d u c t i o n  d e c a y s  a t  1 5  MHz. B o t h  T l  *s and 

T 2  *s were m e a s u r e d  a s  a f u n c t i o n  o f  t e m p e r a t u r e  and o f  

c o v e r  a g e .  

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

i n f o r m a t i o n  i s  t h a t  o f  T I  v e r s u s  t e m p e r a t a r e  a t  c o n s t a n t  

c o v e r a g e .  F i g u r e  I X - 1  shows a p l o t  o f  I n  TI v e r s u s  Temp. 

f o r  e t h y l e n e  a t  - a  c o v e r a g e - o f  -6 s t d  ~rn3/~1n on Z i n c  o x i d e .  

F i g u r e  IX-2, and IX-3 show p l o t s  o f  z z  v e r s u s  

t e m p e r a t u r e  a t  c o n s t a n t  c o v e r a g e  and  o f  T I  and T2 



T(1) z s  a fvxction of 
for ethylene adsorbed 





The relaxat io-1 b, i - .cs  zs tl. fxrtction o f  covercl,e 
for , e thy lene  n c a o r b e d  on Z n O  st 38 de;ees C .  



versus coverage a t  constant  temperature. 

Figure I X - 1  is  t y p i c a l  for a ,system where the re  a re  

two cor re la t ion  times. ~ a c h  motion is slowed down a s  the 

temperature decreases  u n t i l  m, -2  C= 1 a t  *which time 

the  contr ibut ion of t h i s  motion t o  t h e  s p e c t r a l  dens i ty  

-reaches a maximum. A t  t he  minimum omega- tau = -616 

(Abragam 1961). T h i s  however does not s a y  anything about 

what motion i s ,  represented .  by t h a t  c o r r e l a t i o n  time. 

Without fur ther  information one can only bui ld  models and 

see i f  they reproduce the  da ta .  

There a re  several  p o s s i b i l i t i e s .  

One p o s s i b i l i t y  is t h a t  the molecules a re  desorbing, 

re laxing i n  t h e  gas phase and then adsorbing. Such a 

process however should have an ac t iva t ion  energy c lose  t o  

the  heat of adsorption. Activation energies  measured from 

the two outs ide  s lopes of Figure I X - 1  a r e  2.8 kcal/mole - and 3 .2  kcal/mole. The ac t iva t ion  energy for T 2 from 

Figure IX-2 i s  1.35 kcal/mole but t h i s  does not give u s  a s  

much information s ince  T 2 ' s  a re  induced by both high and 

low frequencies  so t h e  ac t iva t ion  energy measured is some 

weighted average of two or more ac t iva t ion  energies  

(Farrar  1 9 7 1 )  . The conclusion i s  t h a t  the motion causing- 

TI is one which has  a  lower ac t iva t ion  energy than t h a t  

The next p o s s i b i l i t y  t o  consider is an intermolecular 

d ipole  dipole  mechanism brought about by in te rac t ions  - 



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

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

2 gamma ( s p i n  1) x gamma2 ( s p i n  2) t h e  r e l a x a t i o n  between a  

p r o t o n  and a  d e u t e r o n  w i l l  n o t  be as e f f e c t i v e  a s  between 

a  p r o t o n  and a  p r o t o n .  (gamma o f  a  d e u t r o n  i s  < 1/6 of 

t h a t  o f  a p r o t o n ) .  TO tes t  whether  p r o t o n s  on C t H  4 

a r e  i n t e r a c t i n g  w i t h  p r o t o n s  on t h e  s u r f a c e  ( s u r f a c e  

h y d r o x y l s ) ,  one need compare t h 6  r e l a x a t i o n  times o f  such 

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

been d e u t e r a t e d .  (Of c o u r s e  one  must f i r s t  of a l l  make 

s u r e  t h a t  t h e r e  is  no exchange between t h e  p r o t o n s  o f  

s u r f a c e  'hydroxyls  and o f  t h e  e t h y l e n e . )  2 

Zinc o x i d e  powder was t r e a t e d  by r e f l u x i n g  i n  heavy 

wa te r  a t  100 d e g r e e s  C f o r  48 h o u r s ,  and s u b s e q u e n t l y  

e v a c u a t i n g  a t  450 d e g r e e s  C t h e n  t r e a t i n g  w i t h  20 t o r r  o f  

heavy w a t e r  vapour a t  450 d e g r e e s  f o r  2  hour s .  Such a 

t r e a t m e n t  h a s  b e e n  shown t o  exchange  most o f  t h e  h y d r o x y l s  

of o x i d e  s u r f a c e s .  E t h y l e n e  exposed t o  such  a s u r f a c e  f o r  

p  t o  24 h o u r s  showed no i n c r e a s e  i n  . d e u t e r i u m  

c o n c e n t r a t i o n  a s  d e t e r m i n e d  by mass s p e c t r o s c o p y .  

Samples  p r e p a r e d  w i t h  c o v e r a g e s  o f  .6 s t d  c m 3  . /gm o f  

C p  H y  on t h e  d e u t e r a t e d  s u r f a c e  a t  3 1  d e g r e e s  C and 0  

d e g r e e s  C had r e l a x a t i o n  times o f  58 msec and 105 msec 
r 

- - -  - - 

r e s p e c t i v G I y .  From f i g u r e  1 comparable  samples  on a n  

u n d e u t e r a t e d  s u r f a c e  would have  r e l a x a t i o n  times o f  55 and 

100 msec. T h e  d i f f e r e n c e  cou ld  e a s i l y  be  a t t r i b u t e d  t o  



the  va r i a t ion  i n  temperature caused by the  - r a t h e r  poor 

c o n t r o l l e r .  Were re laxat ion  v ia  an i n t e r a c t i o n  w i t h  the 

surface a s i g n i f i c a n t  mechanism one would expect a l a rge  

increase i n  the  re laxat ion  time. 
9 

The next mechanism t o  explore was re laxat ion  between 

two ethylene molecules, i . e .  intermolecular re laxat ion .  

A gas sample was prepared t h a t  was 50% C2Hq and 50% 

3 C 2  D4 . .6 s t d  cm /gm of t h i s  mixture was adsorbed on 

ZnO powder and T1 was measured. The re l axa t ion  time was 

r a d i c a l l y  d i f f e r e n t .  

Dent and Kokes ( 1 9 7 2 )  had found t h a t  C 2  Hy and 

D~ reacted over ZnO t o  form only C2H4 D~ and no 
L 

" products of the form C 2 H , D (6-r\)  , i.e. there  was no 
I 

., 

exchange between ethane spec ies , .and  i f  the hydrogenation 

i 
occurs via:  

> - 
4 

I X - 1  H-S  + C 2 H q -S + S-CH 2 CH 3 
--2 

t h e n  such a react ion i s  not revers ib le .  
* 

Because of t h i s  information I d i d  not expect 

exchange between the  C 2  H q  and C 2  D+ . Since TI 

for the  58/58 mixture of C 2 H q  and C2 D 4 d i f fe red  

s i g n i f i c a n t l y  from t h a t  of pure C L  Hq however the  masg 

spectrum of the sample was checked before any fur ther  work 
- - - - - -  

was planned. 
. 

Mass spec t ra  run on the desorbed gases  did however 

show exchange, i . e .  the  presence of spec ies  C 2 H 3 D and 



4 
- - 

C D 3 H.  Figure IX-4 shows the  mass spectrum of a  50/50 

mixture of C 2  H; / C L  Dq which had not been exposed t o  

Zinc oxide, and the  spec t ra  of such a  mixture a f t e r  

exposure t o  Zinc oxide a t  room temperature for  65 minutes 

and 135 minutes respect ively.  The r a t i o s  of the amplitude 

of the  mass 32 peak t o  mass 31 peak, and mass 32 to  mass 

29 is given fo r  each spectrum. 

Obviously the re  is an exchange between t h e  hydrogens 

and the deuterium. Thus  the change i n  T I  i s  a s  l i k e l y  

due t o  intramolecular a s  intermolecular'  i n t e rac t ions .  

Quadrupolar re laxat ion  i n  ethylene i s  not a  poss ib le  

re laxat ion  mechanism. 

Any l a rge  amount of paramagnetic impur i t ies  would 

prove t o  be a  s i g n i f i c a n t  re laxat ion  mechanism. There i s  

no proof t h a t  small amounts of such impur i t ies  a re  not 
,J'- 

there .  The near agreement between the  ca lcula ted  and the  

measured re laxat ion  times assuming only dipole-dipole 
. . 

re laxat ion  suggests t h a t  the  assumption t h a t  the  l e v e l s  of 

such impuri t ies  a re  such t h a t  t h e i r  e f f e c t  is  negl ig ib le ,  

is a  reasonable one. 

Chemical s h i f t  anisotropy is  a  f i e l d  dependent 

mechanism; and s ince  TZat 1 0 0  MHz is  the  same a s  Tt a t  15 

MBz for  severa l  samples, has not been c o n s i d e ~ e d .  There 

a re  two mechanism a s  yet  unsep-arated. They a re  

intermolecular and intramolecular re laxat ion .  

In t~amolecu la r  re laxat ion  depends on r o t a t i o n a l  d i f f u s i o n ,  



after 6 5  rnin over ZnO 
'.. 

32:3l= 2.2 

after  185 min o v e r  Z n O  



intermolecular re laxat ion  on t r a n s l a t i o n a l  d i f fus ion .  

Figure IX-1 suggests two motions causing the  

re laxat ion;  one could be d i f fus ion  the other r o t a t i o n ,  but 

it is unl ikely t& the  cor re la t ion  times for the two 

processes would be so c lose .  
- 

Since the  Carr Purce l l  experiment car r ied  out i n  a  
- - 

f i e l d  gradient  monitors the sp ins  a s  they d i f f u s e  across 
/ - 

the gradient  ( i  .e. the  t r a n s l a t i o n a l  d i f fus ion)  a  s e r i e s  

of such experiments were car r ied  out. 

The Meiboon G i l l  va r i a t ion  of the Carr Purce l l  

experiment a s  described in  Chapter 3 was used. However 

the  pulse machine used had no method t o  c r e a t e  a  f i e l d  

gradient  i n  some orthogonal manner nor t o  g e t  an ac$urate 
- 

f i x -  on what gradients  were present .  

The gradient  was es tabl i shed  by using the  s h i m  C O ~ ~ S  

regular ly  used t o  tr im the magnet homogeneity. These 

c o i l s  were not considered orthogonal and so the  f i e l d  
.4 * 

gradient  i s  a  tensor whose diagonal elements d i f f e r .  

Since tbere  were no ways of determining the  components of 

t h i s  tensor it was assumed t o  be a  sca la r  and was 

evaluated by measuring the  T 2  * of a  l i q u i d  of known T 2  

from a  f r e e  induction decay taken i n  the inhomogeneous 

f i e l d .  The f i e l d  "widtht' was determined from: 

where T 2  ( a c t )  is  the  known T Z  of the  substance 



i nvo lved  , and 

The f i e l d  A H  was d i v i d e d  by t h e  d i a m e t e r  o f  t h e  sample 
/ 

f: 
t o  d e t e r m i n e  t h e  g r a d i e n t .  

T (measured)  was c a l c u l a t e d  from a least  s q u a r e s  

f i t  of  an o f f  r e s o n a n c e  f r e e  i n d u c t i o n  decay  o f  a doped 

wa te r  sample o f  known T2 . 
The  a m p l i t u d e  of  t h e  echo  produced i n  a C a r r  P u r c e l l  

expe r imen t  a t  t i m e  2 t a u  a f t e r  ' t h e  180 d e g r e e  p u l s e  i s  

g i v e n  by F a r r a r  (1971)  and Car r  ( 1 9 5 4 ) .  

h 

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

and T z  t h e  r e a l  T 2 .  

A l e a s t  s q u a r e s  f i t  o f  InA v e r s u s  t k ' F i ! l o p e  m 
,J 

e q u a l  t o  - 

I f  one measures  m a s  a f u n c t i o n  of t a u  ( t a u  is  h a l f  

t h e  t i m e  between 180 d e g r e e  p u l s e s )  t h e n  a l e a s t  s q u a r e s  - 

f i t  of  rn v e r s u s  t a u 2  h a s  a s l o p e  m e  e q u a l  t o  

and i n t e r c e p t  e q u a l  t o :  

'2 



Measurements were made on two d i f f e r e n t  s amples ;  a  sample 

3 of c o v e r a g e  1 . 3  s t d  cm /gm(ca. l  monolayer)  and t h e  o t h e r  .6 

s t d  cm3/gm ( t h e  c o v e r a g e  t h a t  was used i n  making f i g u r e  

- For b o t h  cases t h e  - measurements  were made at two 
6 

d i f f e r e n t  f i e l d  g r a d i e n t s .  

F i g u r e  IX-5 shows a  p l o t  o f  t h e  s l o p e s  o f  p l o t s  o f  

( echo  v e r s u s  time; v e r s u s  t h e  s q u a r e  of t h e  

s e p a r a t i o n  time of t h e  180 d e g r e e  p u l s e s  f o r  t h e  sample o f  

h i g h  coverage .  Obv ious ly  some d i f f u s i o n  is t a k i n g  p l a c e .  

I n  f i g u r e  IX-5 t h e  f i e l d  g r a d i e n t  is  such  t h a t  T L *  was 

.7 msec. ' 

Measurement o f  D f o r  f i e l d  g r a d i e n t s  r e p r e s e n t e d  by 

T Z *  of .7 and 1 .5  msec gave  d i f f u s i o n  c o n s t a n t s  w i t h i n  

10% o f  e a c h  o t h e r .  

The a v e r a g e  v a l u e  o f  t h e s e  D - S  is 1.1 x 18-7 

cm2/sec which from t h e  r e l a t i o n s h i p :  

IX-8 2 ( d i f f )  = d 2 / 4 ~  

I 

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

(Thompson 1965)  ) , o r  

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



P l o t  o f  equation I X  - 5 f o r  
a c -,xL31e w i t  A a. covcrage o f  
1.3 s t d  c c / g  



g i v e s  a t a u  d i f f u s i o n  between l x  10-.% and lt- 10-' i f  one 

assumes' a  jump d i s t a n c e  of  two angs t roms.  The s t a n d a r d  

d e v i a t i o n s  o f  t h e  s l o p e s  were o f  t h e  o r d e r  of 2 %  and o f  
ra 

t h e  i n t e r c e p t  1%. T 2  was known t o  w i t h i n  2 % .  For t h e  

h i g h  cove rage  c a s e  T2 * was o n l y  known w i t h i n  5% making 

62 o n l y  w i t h i n  10%. Thus t h e  err-or i n  D is of t he -  o r d e r  - 

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

enough t o  t h e  minima o f  F i g u r e  I X - 1  t h a t  i t  was deemed 

n e c e s s a r y  t o  measure  D f o r  t h e  l o w h v e r a g e  c a s e .  

F i g u r e  IX-6 shows t h e  s l o p e  f o r  two d i f f e r e n t  f i e l d  

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

p o s i t i v e  and s m a l l ,  r e f l e c t i n g  o n l y  a n  e r r o r  i n  t h e  
- 
d measurement o f  TZ . T h a t  is t o  s a y  no d i f f u s i o n  was 

-3 
measureab le  a c r o s s  t h e  g r a d i e n t s  used  ( T  * = .59 and . 7 3  

m s e c ) .  A d i f f u s i o n  c o n s t a n t  t h a t  would produce  one o f  t h e  

minima i n  F i g u r e  I X - 1  would b e  e a s i l y  measu reab le  w i t h  t h e  

f i e l d  g r a d i e n t s  a v a i l a b l e ,  a s  i s  shown by t h e  expe r imen t  

on t h e  h i g h  c o v e r a g e  sample.  
., 

I t  becomes a p p r o p r i a t e  t o  d i s c u s s  t h e s e  r e s u l t s  

p a r t i c u l a r l y  i n  r e l a t i o n s h i p  t d  F i g u r e  IX-3, ' From &he 

v a r i a t i o n  of  T I  and T z  w i t h  c o v e r a g e ' i t  is  e v i d e n t  

t h a t  r e l a x a t i o n  is more e f f i c i e n t  a t  low c o v e r a g e s ,  which 

i m p l i e s  t h a t  t h e r e  i s  l e s s  motion a t  low cove rage .  

I n t r a m o l e c u l a r  r e l a x a t i o n  is n o t  go ing  t o  have  a  
3 

* 

-4 



Figure  I X  - 5 

TIME (sec2) 



s i g n i f i c a n t  coverage dependence a t  low coverages,  but  

c e r t a i n l y  c a n  a t  h igher  coverages. In te rmolecu la r  
-- .- . 

r e l a x a t i o n  w i l l  have a coverage dependence a t  a l l  

coverages. 

A t  low coverages t h e  d i f f u s i o n  c o r r e l a t i o n  time is 

l a r g e r ,  and a s  shown such slow motions can e f f e c t  T L  

- - without e f f e c t i n g  T J  , 
- 

P In  summary then we have TI r e l a x a t i o n  dominated by 

in t ramolecu la r  r e l a x a t i o n ,  and TL  r e l a x a t i o n  caused t o  
P - 

some e x t e n t  by both i n t r a  and in te rmolecu la r  r e l a x a t i o n  a t  

low coverages. &4 

A s  t h e  coverage i n c r e a s e s  t h e r e  a r e  c o n t r i b u t i o n s  t o  

both T 1 and Tz by i n t e r  and in t ramolecu la r  r e l a x a t i o n .  

Appl icat ion of t h e  Model of Intramolecular-Dipole 
- 

Dipole Relaxat ion Through Anisotropic  Rotat ion 
I I 

1 
I t  is i n t e r e s t i n g  t o  f i n d  out  what happens i f  one 

supposes t h a t  both of t h e  minima i n  Figure I X - 1  a r e  due t o  

motions causing in t ramolecu la r  d i p o l e  d i p o l e  re laxa t , ions ,  

t h a t  is t h e r e  i s  a n i s o t r o p i c  motion due t o  t h e  su r f ace  

i i n t e r f e r i n g  with normal r o t a t i o n s .  

Figure  I X - 1  r e v e a l s  a  " f r eez ing  ou t"  of motion a t  3 0 0  

. - 
- 1  - 

degrees  C and a t  240 degrees  C. From t h e  r e l a t i o n s h i p  
/ 

m a  2 = ,616 (Abragam 1961) ,  we h$ve a t a u  va lues  of 
- - - - - - - - - -- i-- - - - 

3- 

6.55 x 1 0  sec  f o r  each motion a t  one of t h e  two 

temperatures .  ' The r e l a t i o n s h i p  (deBoer 1958): 



gives  the values ,of each tau a t  the other temperature. 
k .) 

Using H a s  measured from gh-outside s lopes  of f igure  1 ,' 
one can c a l c u l a t e  the  t a u ( i )  a t  a l l  other  temperatures, 

and t h u s  c a l c u l a t e  T L  and T2 as a  function of 

ra ther  vague p ic tu re  so it  was a t  t k i s  po in t  t h a t  the model 

presented in Chapter 5 was derived. 

The chemical s h i f t  e t a  and t h e  d a t a a f  Kokes already 

temperature so as  t o  compare the model w i t h  experimental 
* .  

r e s u l t s .  T h i s  da ta  was used i n  ~ o e s s n e r ' s  (1963) model, a 
* 

model which allows motion p a r a l l e l  t o  t h e  sur face  w i t h  one 

cor re la t ion  time, and motion perpendicular t o  t h e  surface 

w i t h  another c o r r e l a t i o n  time (see  Chap. 5)  . 
By averaging the spher i ca l  harmonics involved i n  these  

expressions over a l l  space w i t h  the l i m i t s  of 0-277- for  

the  azimuthal angle (motion p a r a l l e l  t o  the. sur face)  and 

w i t h  the l i m i t s  of 71 /4  t o  -/2 for the  longi tudina l  angle 

(motion perpendicular t o  t h e  sur face)  the  ca lcula ted  T1 

and T 2  were 35 msec and 29 msec respec t ive ly ,  a t  300 

degrees. The measured re laxat ion  times were 36 msec and 8 

msec a t  380 degrees. 

T h i s  model does not allow one t o  consider motions / 
about any pa;t icular r o t a t i o n a l  ax i s  and t h u s  r e s u l t s  i n  a  

mentioned a re  cons is ten t  with ethylene lying on t h e  sur face  

a s  a TT-complex. Consider such a  molecule lying flat on 





5 
the surface ro ta t ing  about the two fo ld  a x i s  perpendicular 

t c  the plane of the  molecule while t h i s  two fo ld  axis- 

wobbles back and f o r t h  i n  r e l a t i o n s h i p  t o  t h e  surface 

normal a s  shown in f igure  IX-7. 

The most convenient molecule f ixed frame t o  use i s  

t h a t  w a l l  t h e t a ( i j )  = T1/2 and a l l  phi ( i j )  = 0 

- I n  t h i s  frame using the  notat ion of equation V - 7: ;Cp. 

NOW we want t o  allow for  motion about the  two fold 

axis .  Alpha (1) beta (1) gamma (1) a r e  the  Euler m g l e s  

between,the molecule fixed frame and the  r o t a t i o n a l  ax i s  
L 

f ixed frame. The ro ta t ion  about the two fo ld  ax i s  is 

described by l e t t i n g  alpha (1) = 0 2 7 .  while be ta(1)  =,  
& .  - 

gamma (1) = 0 .  Then: 

TO allow fo r  the  wobble of the  two fold a x i s  i n  



r e l a t i o n  t o  the  surface normal the  averages i n  

a re  taken from be ta (2 )  = B + w  ( w  = wobble angle)  while 

a lpha(2)  = 0+2-rr , so t h a t :  

The averages i n  a l l  cases  were perfprmed a s  follows: 

I n  order t o  use equations IV-13 and I V - 1 4  we need t o  

evaluate  a l l  the  3; 



- 

From t h e  d e f i n i t i o n  o f  a  ' F o u r i e r  t r a n s f o r m :  
- 

where t h e  denomina tor  of t h e  c o n s t a n t  comes from t h e  

r e l a t i o n  g i v e n  i n  e q u a t i o n  V-4 and t h e ,  numera tor  comes 

f r o m . t h e . c h a n g e  of l i m i t s  from minus i n f i n i t y  t o  p l u s  

i n f i n i t y .  t o  z e r o  t o  i r i f i n i t y  and  t h e  a s sumpt ion  t h a t  t h e  

c o r r e l a t i o n  f u n c t i o n  i s  r e a l  and even  (Abragam 1 9 6 1 ) .  

S u b s t i t u t i n g  i n t o  1 3  : 

i 

w h e r e :  '/2T ' "td, 

T h e s e  s p e c t r a l  d e n s i t i e s  can  t h e n  be used  i n  t h e  e x p r e s s i o n s :  



The e x p r e s s i o n  IX-14 depends  on c o r r e l a t i o n  times 

a s s o c i a t e d  w i t h  m o t i o n s  o f  a l p h a ( 1 )  , a l p h a ( 2 )  and b e t a ( 2 )  

r e f e r r e d  t o  as t a u  ( a l p h a l )  , t a u  ( a l p h a 2 )  and t a u  ( b e t a 2 )  . - ,- 

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

a s s i g n  t a u  v a l u e s  u s i n g  f i g u r e  I X - 1  t o  t h e s e  p a r t i c u l a r  

mo t ions .  However some i n t u i t i o n  a l s o  h e l p s .  

I f  t h e  e t h y l e n e  is p i  bonded 

( r o t a t i o n  a b o u t  t h e  p i  bond) w i l l  

b e  t h e  h a r d e s t  t o  " f r e e z e  o u t " ,  

t h e  low t e m p e r a t u r e  of f i g u r e  1. 

~ h u s  f rom IX-9 

= 1.57 x  a t .  

= 6.55 x  la - '  a t  
- 

Hot ion  i n  a l p h a ( 2 )  s h o u l d  be  

s u r f a c e ,  w h i l e  mot ion  i n  b e t a  

t h e n  mot ion  of a l p h a ( 1 )  

be  e a A e s t ,  t h a t  

and i n  t h i s  c a s e  

is' w i l l  '-. 

300 d e g r e e s  
.a 

" 

240 d e g r e e s  

r a t h e r  h i n d e r e d  by thO ~ 

( 2 )  ( a  wobble o f  t h e  

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

s h o u l d  be more f a c i l e .  I d  c,k 

A s s i g n i n g  t h e  hi* t e m p e r a t u r e  minimum t o  mot ion  of  .~- .. 

b e t a ( 2 )  g i v e s  from I X - 1  - 

= 6.55 x a t  300 d e g r e e s  

= 2.74 x la-' a t  240 d e g r e e s  

S i n c e  we have  no-afnimum t o  a s s i g n  t o  t a u ( z k p h a 2 )  

meaning t h a t  i t  e i t h e r  d o e s  n o t  e x i s t ,  o r  is o u t s i d e , o u r  

l i m i t s  w e  c a n  a s s i g n  it a  v a l u e  of i n f i n i t y .  . 
/ 



Calculat ions based on such a  model are- dependent on 
P 

two parameters. The f i r s t  and most important is the 

ac t iva t ion  energy of the process,  the second i s  the wobble 

angle be ta (2 )  . " 

' I n  o r d e r ' t o  examine t h i s  model more c r i t i c a l l y  values 

of T 3  a n d  T2 +*ere ca lcula ted  for  each temp using 
- 

equaEions IX-15 . 
Using the ac t iva t ion  energy evaluated from the  l e a s t  

I- 

squares f i t  s lope of the outs ides  of f igure  I X - 1  one can 
f 

evaluate  each tau as  a  function of temperature. 
\ 

T 1 was a l so  evaluated a s  a  funct ion of t h e  wobble 

angle w. Figure IX-8 is  a  p l o t  of T I  versus the wobble 

angle. I t  shows a  minimum a t  approximately 60 degrees,  

t h a t  is  a  wobble angle of 60 degrees would shorten T s  

the most. 

Of course it is poss ib le  t h a t  w could a l s o  be a  

funct ion of temperature, as well a s  t a u ,  I t  is a l so  

c o n g i v a b l e  t o  introduce a  d i s t r i b u t i o n  i n  w ,  ra ther  than 
/ - 
i 

evaluate  the  i n t e g r a l s  over a  s ing le  value. 

Figbre IX-9 shows a  p l o t  of T I  ca lcula ted  u s i n g  ~ 

equation I X - 1 5  versus ' inverse temperature, . calculated 
3. 

using the ac t iva t ion  energy for each process a s  2800 c a l .  

The slopes of - the outs ides  l i n e s  i n  f igure  1 give 
- - - -  - - 

ac t iva t ion  energies  of 2.82..5 and 3 . 2 2  . 3  kcals .  The 
- 

- 

posi t ion  of the  minima from equation IX-7 changes 

considerably over such a  range of ac t iva t ion  energies .  







Figure I X - 9  shows 

which a re  i n  the  r i g h t  

t h a t  the model produces T I  's 

bal lpark even using a  fixed wobble 

angle. The minimum a t  300  degrees is not so deep, t h a t  a t  
e 

2 4 0  deQreeS i s  deeper. T h i s  model then p r e d i c t s  TI ' s  

which a re  longer than the  measured values a t  high 

- temperatures and shor te r  than the measured values a t  l o w -  - - 

$ 

temperature. 
S& - 
$ 
J% 
<.- 

Some caution i s  due i n  seeking an answer a s  t o  why. 

The poin ts  measured i n  f igure  one have l a rge r  e r r o r  bars, 

/ 
a t  lower temperatures,  but more important a s  expla+ed i n  

Chapter 7 t h e  temperature con t ro l l e r  was of a ra ther  poor 

q u a l i t y  and temperatures a re  unl ikely t o  be b e t t e r  than 3 

degreds. 

A n  improvement can f i r s t  be sought by making Ithe 
- * 

angle over which each of the elements of the  ro ta t ion  

matrix is integrated a  function of temperature. Figure 

IX-10 shows t h e  ca lcula ted  values of TI using ac t iva t ion  

energies  of 2800 c a l o r i e s  but carying the  wobble angle as 

a  function of temperature. 

1 
$ The wobble angles  were weighted using the ~ e r h u l s t  
5 
E 

equation, which i s  an S shaped funct ion,  an example of 

5 which is  shown in  f igure  f X - 1 1 .  

The Verhulst equation is'. 
- - - 

- - -  - - -  - - 

where F(0)  -= minimum value/maximum value. 





L - 

1 

162 4 
-& 

Figure IX - l i  

_The Verhulst Functio_n Times t h e  Wobbre Angleused in 
Weighing ~ ( 1 )  in Figure IX-16~- 



T h i s  equation corresponds t o  t h e  ad'sorbed spec ies  

being able  t o  wobble through some angle which i s  a 

function of temperature, but which reaches a maximum value 

a t  some temperature. I 

Again the  low temperature m i n i m u m  is not the same 

temperature a s  f i g u r e  1, although t h e  ca lcula ted  values 
- - -a - - - - 

a re  now c loser  and the  depth of the minima mo're s imi lar .  

Figure IX-12 shows TI calculated and TI measured where 

T I  calc .  was ca lcula ted  using an a c t i v a t i o n  energy of 

2800 c a l o r i e s  for  both processes.  

The f a c t  t h a t  the  minimum a t  low temperature i s  

displaced from the minima for  the  ca lcula ted  values raise's - .: 
some important quest ions about the assumptions one ha& ,. , -- 

made t o  da te .  
* 

A More C r i t i c a l  Appraisal of t h i s  Model 

8 

When there  i s  i s o t r o p i c  motion and one cor re la t ion  

time, the  s u m  of J.1 ( w )  and J z  ( 2 w )  have a s ing le  

maximum (and t h u s  T goes through a minimum) when 

p lo t t ed  agains t  tau (Abragam 1961). I t  is easy t o  v e r i f y  
a 

t h a t  t h i s  minima occurs a t  o& =.616. e 

When the re  is no i s o t r o p i c  motion we have seen t h a t  

mul t ip le  co r re la t ion  times occur, and 3 I (u) + J, ( 2 ~ )  

maxima w i l l  occur a t  W .  2 =.616 (Woessner 1961, * 

P f e i f f e r  197 l., Abragam 1961) . I t  can be shown t h a t  t h i s  
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d Pigwe- IX - 12 

- - - - - -- -- - - - - - - - - 

C a l c ~ l ~ t e d  czcd zeasured -7ahes o f  ~ ( 1 )  f o r  ethylene 
&sorbed on 3 . ~ 0 .  

\ P x - measured ~ ( 1 )  
\ i o - ca lcu la t ed  ~ ( 1 )  - 



i s  n o t  n e c e s s a r i l y  t r u e ,  and i n  f a c t  w i l l  o n l y  be  t r u e '  i n  . 
some v e r y  p a r t i c u l a r  s i t u a t i o n s .  

T h e  i n v e r s e  o f  T I  ( R1 ) dgpends  on t h e  s ~ e ' c t r a l  

d e n s i t i e s  J l  (u) and J, ( 2 w ) .  , I n  t h e  model p r e s e n t e d  

t h e s e  can  b e  w r i t t e n  a s :  

where l / z  = l/y +4/x ( 3 T  
o f  e q u a t i o n  IX-14) 

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

wobbl ing r e s p e c t i v e l y ,  and t h e  A j  a r e  t h e  ave raged  v a l u e s  
2 

of  t h e  Dnnj . 
I f  one c o n s i d e r s  z  t o  be o n l y  a  f u n c t i o n  o f  x ,  ( t h a t  

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

d e r i v a t i v e s  o f  R w. r . t .  z and y  and e q u a t i n g  them t o  z e r o  
Y 

l o c a t e s  t h e  minima. 

S o l u t i o n s  f o r  t h e  r e s u l t i n g  two e q u a t i o n s  were found 

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

between , 9 8 4 ,  and ,999 and between -910 and ,966 f o r  t h e  

d e r i v a t i v e  w . r . t .  z, and x r e s p e c t i v e l y ,  depend ing  on t h e  

v a l u e s  o f  t h e  A i  . 
Before  p r o b i n g  any d e e p e r  it  is wor thwhi l e  t o  see 

what  t h e s e  new v a l u e s  of t a u  a t  t h e  minim& do t o  t h e  

The above  implies t h a t  one c o r r e l a t i o n ' t i m e  i s  abou t  

1 x 10-8 a t  380 d e g r e e s  C w h i l e  t h e  o t h e r  is a b o u t  4 x 



10'' a t .  240 d e g r e e s  o r  v i s e  v e r s a .  T h i s  i m p l i e s  ' t h a t  

t h e  r o t a t i o n  i s  now s lower  t h a n  t h e  wobble evpn i f  one 

a s s i g n s  f h e  minimum a t  240  d e g r e e s  t o  ZT o r  - i n  t h i s  
T 

case e x c l u s i v e l y  t o  r o t a t i o n .  - 'u 

G 
P 

Some a t t e m p t s  i n  t h i s  d i r e c t i o n  were made, and f o r  

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

above ( c a l c u l a t i n g '  t h e  a v e r a g e  v a l u e s  of  <he DZKn' - a s  

before!  ,. a r e  p l o t t e d  i n  Figur 'e IX-13. The low t e m p e r a t u r e  

minimum is now much c l o s e r  t o  where i t  is i n  t h e  measured 
- " 

d a t a .  The b e s t  f i t  is  o b t a i n e d  u s i n g  wy- = .95 and wx =. 

.99 r a t h e r  t h a n  wz = .99, b u t  a  r e a l l y  good f i t '  is n o t  

o b t a i n e d ,  and it is a r b i t r a r y  t o  assume t h a t  - t a u  ( a l p h a )  

c a u s e s  a  minimum. 

A t  t h i s  p o i n t  i t  can  be s e e n  t h a t  t a u ( a 1 p h a )  and 
- 

t a u ( b e t a )  have f r e q u e n c i e s  t h a t  d o  n o t  d i f f e r  g r e a t l y  S O  

t h a t  it u s  u n r e a l  t o  s a y  t h a t  z is i n d e p e n d e n t  o f  y. 
P' 
P a l f f e r e n t ' i a t i o n  of  IX-17 w . r . t .  x ,  and y  r a t h e r  t h a n  

z and y  p o i n t  o u t  some f u r t h e r  p r o b h m s .  
The d e r i v a t i v e  w . r . t .  y is dominated by second and 

f o u r t h  t e r m s  i n  IX-17 and f u n c t i o n a l l y  d o e s  n o t  behave 

r a d i c a l l y  d i f f e r e n t l y  t h a n  t h e  f u n c t i o n  d e r i v e d  from 

assuming t h a t  z was independen t  o f  y .  (d  R1 / d y ) x  h a s  a  

r o o t  f o r  a l l  v a l u e s  of x and a l t h o u g h  it is dependen t  on 

x t h i s  dependence  is such  t h a t  t h e  v a l u e  of t h e  root '  
-~ - ~ - -  ~ --- ~- - -- ------ ~ ~-~~ - -- ~ ~ - - -  - 

changes  from .91  t o  1.88 a s  x s h i f t s  f rom 5. x  t o  4 





However (d R i  /dx)y is highly re l a t ed  t o  t h e  values 

of y ,  and is  found t o  have no r e a l  roo t s  for  y  < 1.05 x 

l a - @ .  

I t  i s  apparent t h a t  when the  c o r r e l a t i o n  times a re  of 

comparable frequency the  model breaks down. 

The s i t u a t i o n  i s  even more complex from a  physical  
- - -  

/ point  of view, s ince  i f  t h i s  condition holds then the form 
* \. 

of the  c o r r e l a t  'on function chosen is inva l id ,  inval id  i n  3 
f a c t  for two reasons. 

\ 

The use 0'3 the co r re la t ion  function i n  the  form: 

depends on the  process being s to ichas t ic .  and in ter rupted  

many times turning the  period of 1 tau ( c )  . 
>.c= 

2f the re  is l i t t l e  translational d i f fus ion  on the 

sur face  then the r o t a t i o n a l  motion i s  i n t e m p t e d  by any 

po ten t i a l  energy b a r r i e r  t o  ro ta t ion ,  and by t h e  wobble. 

S imi la r i ly  the  wobble i s  interupted by some po ten t i a l  
t 

bar r i e r  and by the  ro ta t ion .  

If the  frequency for  the ro ta t ion  and wobble i% 

close ,  then it is possible.  t h a t  ne i ther  is ge t t ing  

7 interupted o f t en  during the  period of 1 tau. .  Furthermore 
\ 

t h e  process is 7-10 - longer  st a &astic.-  Ther-ep IF some "- 
- correlat'i'on -between the  two mottons. 

Attempting t o  t r e a t  this problem- corre.&ly has 



devastat tng consequences. F i r s t l y  one needs t o  use some 
4 

? 

other funct ional  form for  the  co r re la t ion  funct ion,  s ince  

it  is l i k e l y  t h a t  one or the other motion will continue 

coherently for some number,of motions. Secondly i f  the * 
two motions a re  c ross  cor re la ted  then the the  number of 

terms i n  t h e  s p e c t r a l  d e n s i t i e s  goes up immensely. Each 

of the terms of the  form: 

,now becomes f i v e  separa te  terms. ~ u i t e  l i t e r a l l y  a  s ing le  

co r re la t ion  function would then have some 225 terms i n  it. 

Such a  mathematical sur face  would be very complex indged 

t o  handle. 
G 

Comparison of ~ e a s u r e d  and Calculated Values of Tz 

One can use the J ( w l  t o  f ind the  t a l u e s  of the  

intramolecular cont r ibut ion  t o  T, a s  another check on 

t h i s  model. Subs t i tu t ion  of the J i ( w > .  i n t o  equation 
b .  

IX-15 y ie lds  - a  T shor ter  than the  TI , ( i . e .  the 

intramolecular contr ibut ion t o  Tt is d i f f e r e n t  than 

T ) but i s  approximately a fac tor  4 longer than the 

measured T2 ' s .  

-3 , T2 is shortened bey& the ca lcula ted  value t h a t  

Figure IX-3 implies a coverage dependent'process t h a t .  a t  
- 

l e a s t  a t  low coverages affects T2 but not T3 . T h i s  



f -- 

would appear t o  be an in te rmolecu la r  con t r i bu t ion .  A 

model c o n s i s t e n t  w i t h  t he  T2 measurements taken i n  a  

f i e l d  g r a d i e n t  and w i t h  t h e  d a t a  of f i g u r e  IX-3 would be 

in te rmolecu la r  d i p o l e - d i p o l e  r e l a x a t i o n  caused 

by d i f f b s i o n ,  w i t h  s h o r t e r  r e l a x a t i o n  t imes  a t  lower 

coverages being a  r e s u l t  of slower d i f f u s i o n  a t  lgwer 
- 

coverages. 

Summary of Conclusions t o  be Drawn From the  

Relaxation Analysis  

In  t h e  temperature  and coverage range of t h e s e  

experiments we a r e  a b l e  t o  p a i n t  some p i c t u r e s  of  wh8t is  

going on on t h e  su r f ace .  
b 

A t  coverages of about . 4  monolayers we have a system 

where two i n t r a q o l e c u l a r  motional p roces se s  occur a t  

s i m i l a r  f requenc ies .  These two p roces se s  have a  much 

s h o r t e r  c o r r e l a t i o n  ' t ime- than t h a t  of t r a n s l a t i o n a l  

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

measured t i m e s - s u g g e s t s  t h a t  t he se  two motions may be t h e  

r o t a t i o n  of t h e  e thy l ene  about t h e  C2 a x i s  perpendicular  

t o  t h e  plane of t h e  molecule, and t h e  motion of t h i s  a x i s  

w i t h  r e spec t  t o  the s u r f a c e  normal. 
* 

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

a l s o  i n c r e a s e s ,  a n d  b e g i n s  t"& h-ave - an @Efec t  0% 



Chapter 10 

Overall Conclusions and ~ u r t h e r  Work 

My f i r s t  question was re la ted  t o  the  p o s s i b i l i t y  of 

using conventional NMR spectrometers for  doing c a t a l y t i c  

research. 

The answer t o  t h i s  question while p o s i t i v e  needs t o  
i 

be made w i t h  severe reservat ions.  I n  order for s t u d i e s  t o  
1 Of . 

be conclusive about reac t ive  spec ies  on t h e -  surface 

. experiments need t o  be ca r r i ed  out a t  low coverages, We 

I a re  unable t o  conclude anything about the f i r s t  f r ac t ion  -.. 
of a monolayer t h a t  goes on the  sur face  simply because the 

2 

apparatus ava i l ab le  has poor c a p a b i l i t i e s  for  measuring 

broad l i n e s  a t  low concentrat ions.  A t  the  same time the 
# 

pulse NMR spectrometer available,while more appropriate  

f o r  the  study of a  broad l i n e  system, does not separa te  

spec ies  of only s l i g h t l y  d i f f e r e n t  chemical s h i f t ,  because 

of the low f i e l d  involved for proton work a t  1 5  MHz. 

Continuous wave NMR techniques a re  too c o s t l y  i n  

expenditure of time t o  be considered a  p r o f i t a b l e  way of 

inves t iga t ing  heterogeneous c a t a l y s i s .  I t  is des i rab le  t o  

be able t o  measure small q u a n t i t i e s  of a spec ies  which may 
I E 

1 
Oc 

be relaxing quickly,  and for  this. '  t i m e ~ a v e r a g i n g  pulse 

t o  supply more information much more quickly. 

W h i l e  it is  recognized t h a t  NMR techniques a re  cos t ly  



a l s o  of money, and consequently spectrometers a r e  unl ikely 

t o  be made avai lab le  for only one or two research 

p ro jec t s ,  it should be noted t h a t  *fo a  research 

instrument not under. the  constant care  of a  technician 
# 

there' is some optimum ra ther  small number of p r o j e c t s  t h a t  

s h ~ u l d  be ca r r i ed  out a t  once. Too many workers using- t h e  - 

same appratus leads  t o  .scheduling problems of a  severe 

nature,  an inordina te  amount of down time,, t h e  f r u s t r a t i o n  , 

of s e t t i n g  u p  spec ia l  experiments several  times over, and 

periods of waiting while f i e l d s  s t a b i l i z e  a f t e r  being , 

changed. 

Conclusions About Measurements of Ole f ins .  on Zinc 

Oxide 

I' 
I have been able  t o  s t u d y  ethylene adsorption on zihc 

% 
oxide from c y r a g e s  between . 2  and 1 monolayer. While 

the re  is no evidence for species  other than the ones 

i d e n t i f i e d  ne i ther  is there  evidence t h a t  they do not 

e x i s t .  However from . 2  of a  monolayer on up the spec ies  . 

on the  sur face  r e t a i n s  o l e f i n i c  charac ter ,  and experiences . 

a downfield s h i f t  from ethylene i n  the  gas phase, w i t h  the - 
g r e a t e s t  s h i f t  a t  the lowest coverage. T h i s  s h i f t  is most 

cons is ten t  w i t h  donation of e lec t rons  t o  the  surface;  
---- -- -- pp -- 

-- - 
-- 

consequently, i n  c o n t r a s t  to - the  conclusions of Kokes e t  

a l l  ( 1 9 7 2 )  the adsorption s i t e  is l i k e l y  t q  be a  Zinc 

atom, The carbon spectrum of ethylene on ZnO although a t  



higher coverages , a l s o  supports t h i s  conclusion, i n  t h a t  

t h e  carbons a re  s h i f t e d  

Studies  of propene Zinc o  ide were a l s o  

done. Again a t  low coverages while o l e f i n i c  charac ter  was 

maintained a downfield s h i f t  character  i s t i c  of elect?on 

donation t o  the  sur face  was experiences. More evidence 
-- 

IC -- - - - - - - - -- - - 

for  a s t rongly  bound species  below coverages of - 2 5  

monolayers has been shown, in  t h a t  the s i g n a l  becomes too 
* 

broad t o  observe. . . 

Other adsor$ed spec ies  were s tudied w i t h  only a  small 

amount of success.  no s igna l  was observed for  Hz on a  

surface d e s p i t e  knowledge t h a t  t h e  concentrat ions were 

high. T h i s  negative r e s u l t  does suggest a  ra ther  t i g h t  

binding t o  the  surface.  

&me ' q ~  subs t i tu ted  ethylenes were s tudied  and were 

found to  behave ra ther  d i f f e r e n t l y  on the sur face  than 
A 

ethylene.  Reasonably l a r g e  upf ie ld  chemical s h i f t s  were 
P 

experienced by the  Equorines i n  a l l  cases.  ' 

&me s h i f t  measurrmsnts were made w i t h  physisorbed 
'4 

.4pecies ,  mostly for comparative reasons. The s h i f t  i n  

these cases cab be explbined on the b a i i s  'of Van dkr waals 

in te rac t ions .  

T h e  problems ck measuring changes ' of chemical s h i f t  

t h a t :  an empir ical  cor rec t ion  for magnetic s u s ~ e ~ t i b i l . i t ~  
, - 

was more appropriate  than  a t h e o r e t i c a l  cor rec t ion .  

3 .  



A model has been constructed &r the  i n t e r p r e t a t i o n  

of nuclear magnetic re laxat ion  experienced by species  
, 

adsorbed on a  surface.  T h i s  model is much more f l e x i b l b  

than those, previously developed, s ince  i t  allows f i r  
.( 

ca lcu la t ion  of a l l  the  s p e c t r a l  d e n s i t i e s  a t  once, whether 

or not they a r e  func t iona l ly  dependent on the 
- frequency. - - A - - - 

Furthermore i t  i s  poss ib le  t o  consider many d i f f e r e n t  

possible  motions without u s i n g z  a  d i f f e r e n t  s e t  of 

transformations.  

Application of t h i s  model t o  ethylene adsorbed on 
. 

zinc oxide w i t h  the  assumption t h a t  the molecule was 

relaxing through a  ro ta t ion  about the  C2 ax i s  

perpendicular t o  the' double bond, while t h i s  a x i s  wobbled 

w i t h  respect  t o  the  sur face  normal, c lose ly  reproduced the  

experimental da ta .  

On c loser  examination it  was found t h a t  any model 

which included a  reduced cor re la t ion  funct ion of the form 

exp ( - % / ~ ~ t , )  involved a bad assumption for t h i s  
I 

par t i cu la r  system, T h i s  is so because the re  a re  two 

cor re la t ion  times t h a t  a re  q u i t e  c lose ,  and t h u s  the  

motions involved a re  unl ikely t o  be s t o c a s t i c .  

Measurement of the t r a n s l a t i o n a l  d i f fus ion  
- 

c o e f f i c i e n t  was found t o  be possible  only a t  higher 
- - - - -  -- 

coverages w i t h  the spectrometer avai lable .  I was able t o  
v 

measure the d i f f u s i o n a l  constant a t  coverages approaching 

a monolayer, and t o  show t h a t  t r a n s l a t i o n a l  d i f fus ion  has 



L i t t l e  e f f e c t  on TI a t  low cov r a  e  , and t h u s  i s  not g B  
the cause of one of the  minima of the T3 vs. l/temp 

: measurements. .4 
.i 

7 ,  

1 Further Work 
v 

A l a rge  amount of work is ava i l ab le  for  researchers  
- 

- - - -  - - -  - 
i n  t h i s  area;  

a .  

Much usefu l  information about sur face  in te rac t ions  

would be gained by the  t abu la t ion 'o f  chemical s h i f t s  of 

adsorbed spec ies  on various sur faces  a s  a function of 
b 

coyerage and b r e l a t i o n  t o  the  chemical s h i f t  of the f r e e  

species .  Such information could undoubtedly be corre la ted  

w i t h  other sur face  measurements and models ,par t icu lar i ly  

w i t h  sur face  p o t e n t i a l ,  + I .R., and thermal d e A p t i o n  

\ measurements. 

S t ruc tu ra l  s t u d i e s  p a r t i c u l a r i l y  of spec ies  wheretthe i 
symetry,of the  adsorbed spec ies  i s  thought t o  be of 'I 

1 

importance as  i n  an isomerization or gther  heterogeneously 

catalysed react ion would y ie ld  va luable jnformat ion .  

N.M.R.  w i l l  a l s o  allow kine t ic  s t u d i e s  where the 

concentration: of some adsorbed species  (or intermediate) 
@ - 

could be followed ra the r  than following the concentraEon 

of some unbound species, 

These and other s t u d i e s  a r e  becoming--easier-_to carry ~ --- --\, 
- -  -- - -p ~ -- - - - ~  

out notably due t o  improved Fourier Transform techniques. 

One promising technique ma~uerading under the  dubious 



acronym of the  PENIS experiment ( f o r  proton enhanced - 

nuclear induction spectroscopy) (Pines 4972) * promises a 
', 

gain of the -order  of k000 in  s e n s i t i v i t y  for .carbon 13 
'4 

s t u d i e s ,  and has already been used i n  su r face  work(Kap1an 
d^ 

T h i s  University is about t o  convert i t s  XL-100 NMR 
- - - -  - -- - 

spectrometer t o  pulse and Fourier Transform c a p a b i l i t i e s .  
f- 

T h i s  instrument should be much superior for  doing 

c a t a l y t i c  research than the  ones ava i l ab le  here i n -  the 
d I 

pas t  years. Fgr t h i s  reason I w i l l  sugges t  some fur thbr  

c a t a l y t i c  work t h a t  could be done. 
.s 

For some time during t h i s  study NMR measurements of 

c i s ,  t r a n s ,  and 1 butene adsorbed on ZnO were performed, 

on .the C.  W. spectrometer. A l l  of these isomerize . over 

. t h e  c a t a l y s t ,  and it was fbund t h a t  they had d i f f e r e n t  

c h a r a c t e r i s t i c  spec t ra  immediately a f t e r  adsorption and I" 

t h a t  the f ' ina l  spectrum was the same for all three  

butenes. 

The k i n e t i c s  of these isomerizations a r e  slow enough 

t o  follow on a pulse machine, but proved not slow enough 
, 

t o  follow and s t i l l  gek good spect ra  with a C. W. ; 
I 

a p p a r a t u s .  A pulse study of t h i s  rgac t i an  would not only 

e luc ida te  the k i n e t i c s ,  but would allow one t o  determine 
* 

- - C - -- tKe intermediate  species-i-n tRe-Tsomerizatiarr;- -- - - --. 

I was able  t o  observe a resonance for ethylene 

adsorbed on platinum which had been supported on s i l i c a .  -. f 



- - - 

W i t h  .good computer 

spec t ra  for  such 

backup it would be possible t o  measure a 

a  system and fcor t h e  same coverage of 

ethylene on the  s i l i c a  and sub t rac t  them numerically, 

enabling one t o  determine the  spea t ra  only of the ethylene 

on platinum. There a r e  no NMR s t u d i e s  of adsorbed species  

on metals although the re  a r e  s t u d i e s  of hydrogen i n  -- - 
- - - 

palladium. 

One of the  l a r g e  f r u s t r a t i o n s  i n  i n t e rp re t ing  the * 
data  ;obtained i n  t h i s  work was the  knowledge t h a t  the 

system was underdetermined, and t h a t  ' one could only 

speculate as  to' t h e  source 'of  minima i n  the  T versus 
\ l/temp curve,  then see i f  ca lcu la t ions  based on those 

speculat ions were cons i s t en t  w i t h  the  measured r e s u l t s .  

I t  would h q v e r y  s a t i s f y i n g  t o  be able  t o  pin the  system 

down. 

One method of doing t h i s  would be t o  examine 

quadrupole re laxat ion  i n  f u l l y  deuterated ethylene 

adsorbed in  the  same ZnO. 

The per turba t ion  Hamiltonian I 50r quadr upole 
' " 
re iaxat ion  is of the  same form we have already considered; 

i . . :  (Abragarn 1961) 5 

X-1 Ham = F$ ( W ) A $  
% 

A B a r e  now proport ional  t o  the  e l e c t r i c  f i e l d  gradient  

a t  the nucleus. I n  t h i s  case r , j  ( ,,J) becomes the 



C-D a x i s  s t a r t s  w i t h e  d i f f e r e n t  arrgorar-depemence 

i n  the  morecu& fixed frame. The ~ ( g )  (Omega) would be . 
found i n  t h e  l a b  fixed Prame i n  t he  same fashion a s  

out l ined i n  Chapter 5,  and i n  the most general  &rm would 
\ 

I 
I be the same function. 

I 
1 t 

The qinimum corresponding t o  t h i s  c o r r e l a t i o n  time 
8 

would be a t  a  d i f f e r e n t  pos i t ion  on the  temperature ax i s  1 
- - -"I 

'since omega(o) would now be d i f f e r e n t .  The cor re la t ion  

time would however be the same. One would now have more 

I p ieces  of information, and hopefully a determinable . 
/ ' *  

problem; t h a t  is cduld make an absolute  assignment of t i e  
J 

motions involved. 

such an experiment involves being ab le  t o  make pulse 
\ 

measurements of Deuterium. Such gn apparatus is not 

ava i lab le  a t  +-his University and is not present ly  planned, 

although it is a small enlargment p f  the present  f a c i l i t y .  \ 
A more sophis t ica ted  enper iment for f inding the 

> 

motions on a  su-ce might a l so  be made by using an 

adsorbate t h a t  contained several  n u c l e i i  w i t h  1 > 1 / 2 .  

Huntress (1978) o u t l i n e s  the theory necessary for  f inding 

the p r inc ip le  elements of the diffusion tensor by 

u t i l i z i n g  quadrupole relaxation-. I n  the  asymetric top  

case measurements m u s t  be made on t h r e e  chemically or 

geometrically d i f f e r e n t  nuc le i i .  U t i l i z i n g  t h i s  work and 
- 

-- ------ 

- -- e x p m 8 1 n r i Y  bypnrakTng t w d m o r P  t ransformations 
3. 

- from 

the molecule f ixed frame, t o  a ro ta t ion  a x i s  frame, t o  a  



s u r f a c e  f i x e d  f r ame ,  t h e n  t o  t h e  s p a c e  f i x e d  f r ame  - and 
4 

s e p e r a t i n g  t h e  v a r i a b l e s  p r o p e r l y ,  one cou ld  make a b s o l u t e  

a s s i g n m e n t s  o f  t h e  s u r f a c e  mot ions .  I t  s h o u l d  be no ted  

however t h a t  one more unknown is added ,  a* t h u s  one more 
. 

.\ '_, c h e m i c a l l y  or  g e o m e t r i c a l l y  d i f f e r e n t  n u c l e u s  need be 

measu rab le .  h 

4 

4 Nuclear  Magne t i c  Resonance s t u d i e s  o f  species - - -  
/ ' 

s d s o r b e d  on s u r f a c e s  i s  a f i e l d  o f '  i n v e s t i g a t i o n  s t i l l  i n .  
P .  

i ts  i n f a n c y .  I t  w i l l  be i n t e r e s t i n g  t o  ' see what f u t u r e  
- 
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Appendix A .  The C o r r e c t i o n  i n  chemical-  S h i f t  Due t o  

Magnet ic  S u s c e p t i b i l i t y  

When p l a c i n g  a sample o f  magne t i c  s u s c e p t i b i l i t y  i n t o  

a f i e l d  we must  a s k  what i s  t h e  r e a l  f i e l d  a t  a p o i n t  

i n s i d e  t h e  sample .  The f i e l d  is  e q u a l  t o  H, + Ha 

where H e q u a l s  t h e  demagne t i z ing  f i e l d s .  

Cons ide r  t h e  f i e l d  t o  a r i se  from c h a r g e s  where t h e  

f i e l d  g o e s  from t t o  - If we want t o  know t h e  f i e l d  

i n s i d e  a l o n g  column we have  a s i t u a t i o n  as diagrammed 

below w h i c h . r e p r e s e n t s  a column o f  i n f i n i t e  l e n g t h  i n  t h e  
-e 4 

z d i r e c t i o n .  Maxwell 's e q u a t i o n  
3 + 

\ + -4 N o  

+ i d  '(4 / 
a 

s a y s  t h a t  t h e  d i v e r g e n c e  o f  B = 0 .  

-3 3 
where B = g+4 n M .  

We want t o  know what t h e  d i y e r g e n c e  o f  t h e  f i e l d  is  

a t  t h e  s u r f a c e  o f .  o u r  column. From C b  

v + + -9 -3 -b 

2 V.H = 4 n ( V . ~ ) , w h e r e  t h e  V;M t e rm i s  o f t e n  c a l l e d  ." 

( t h e  volume c h a r g e  d e n s i t y ? ,  and is commonly d e f i n e d  as 
i 

L a  
-V.M,  a s i g n  c o n v e n t i o n  c o n s i s t e n t  w i t h  p l a c i n g  minus 

s i g n s  where t h e  f i e l d  l e a v e s  a s u f f a c e  and + s i g n s  where a 
A' 

f i e l d  _ e n t e r s  a s u r f a c e .  - _ - - 

4 
How we want t o  e v a l u a t e  Hz . We a r e  o n l y  concerned  

+ 

4 
w i t h  t h e  f i e l d  due t o  t h e  s u r f a c e  s i n c e  everywhere  else M 



3 
i s  continuous and 0.3 = 0. A solution of eduation (2)  is  

- --- - 

wheredis the charge/unit area .  Since the t o t a l  charge 

the t o t a l  charge on a  surface i s  equal t o j ~ ~ o w e v e r ,  

Guasses law says that  : 

-fOfidj  =-jn .$an 

i s  the normal vector t o  the  surface A .  .From the above i t  

can be seen that  

I 

- A  9 

(4W= -M.n = M cos 

\ 

We want t o  find N: From ( 3 )  we can seefthat  J? 
4 &H'= r d f i z R m s &  % cr(= + E L ~ L  

( 5 )  - 

- - u ~ i $ R d h d - t  R-~*;I(R+~ z ) % 

since both y and z terms w i l l  cancel out due t o  symmetrb 

The f i e l d  H '  i s  j u s t  the in tegra l  of (5). 

. L J ~ ~ ~ + J ~ ~ ~ ~ ~ ~ ~ ~ ~ x - Y ~ J ~ ~ + ~ ~ ~ ' ~ J  
( 6 )  -CD 

The id tegral  i s  s o l v d  by l e t t i n g  z ='bR then: 

The in tegral  has a value of 2 so tha t  6 becomes 



where we a r e  assuming t h a t  M =m,, t h a t  i s  t h e  l o c a l  

f i e l d s  a r e  s m a l l  compared t o  H, . To a s k  what is  t h e  
C 

f i e l d  a t  some p o i n t  i $  becomes convenient  t o .  remove a 

s m a l l  s p h e r e  and a s k  what i s  t h e  f i e l d  w i t h i n  t h a t  h o l e .  

It must be e q u a l  t o  H , + H ' + Htl wherie H w  - is t h e  
'2 

demagnetizing f i e l d  due t o  t h e  removal o f  o u r  s m a l l  

s p h e r e .  pp - - - -- 

Hw i s  e v a l u a t e d  u s i n g  e q u a t i o n  3 a s  bePore excep t  

i n t e g r a t i n g  over  a  s p h e r e  r a t h e r  than  a  c y l i n d e r  and 

performing t h e  i n t e g r a t i o n  jn p o l a r  c o o r d i n a t e s .  It 
Z 

proves  t o  be e q u a l  t o  4 /3  -rr M i n  t h e  o p p o s i t e  d i r e c t i o n .  

The t o t a l  f i e l d  i n s i d e  o u t  l i t t l e  s p h e r e  i s  then :  

Now suppose we have two d i f f e r e n t '  samples ,  one a  r e f e r e n c e  

sample o f '  o v e r a l l  magnetic s u s c e p t i b i l i t y   ref), t h e  

o t h e r  a  sample of s u s c e p t i b i l i t y  X(sample1. We want t o  - 
f i n d  t h e  r e a l  d i f f e r e n c e  i n  t h e  f i e l d s  a t  *which t h e y  

r e s o n a t e  wi thou t  c o n s i d e r a t i o n  of t h e .  d i f f e r e n c e  i n  
* 

magnetic s u s c e p t i b i l i t i e s .  . 
The chemical  s h i f t  i s  d e f i n e d  a s  being:  

f i e l d s  o f  which t h e  sample and r e f e r e n c e  r e s o n a t e  



> e s p e c t i v e l y .  But t h e  f i e l d  a t  t h e  sample i s  from ( 9 )  

equal t o  Htswplef - 2 7  /3)tsamp1elfr~ and t h e  f i e l d  at 
t h e  r e f e r e n c e  sample i s  H ( r e f )  - 2 T  /3%?ef )H . So from 

( 1.0 we have : 9 

-h 

= (observed)  + 2 T  /3 (  X ( r e f )  - sample ) 

Other e x p r e s s i o n s  a r e  d e r i v e d  i n  a  similar fash ion  f o r  

o t h e r  shapes o f  sample t u b e s .  b 




