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Chapter  I 

I .  1 I n t r o d u c t i o n  

There  a r e  many d e f i n i t i o n s  o f  a c i d s  and b a s e s  I n  

t h e  l i t e r a t u r e ,  n o t a b l y  t h o s e  of  A r r h e n i u s  ( I ) ,  F r a n k l i n  

( 2 ) ,  Brons ted  ( 3 ) ,  Gerrtiann ( 4 ) ,  Lewis ( 5 1 ,  Ussanowitch 

( 6 ) ,  Bjerrum ( 7 ) ,  Johnson ( 8 1 ,  L u x ,  Flood e t  a l . ,  and 

Tomllnson ( 9 1 ,  S h a t e n s h t e i n  ( 1 0 1 ,  and Pearson ( 1 1 ) .  We 

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

on which t h e  c o l o r  of a  b a s i c  i n d i c a t o r  c h a n g e s ,  o r  a s  

a  s o l i d  on which a b a s e  i s  c l l e ~ n i c a l l y  a d s o r b e d .  More 

s t r i c t l y ,  f o l l o w i n g  both  t h e  Brons ted  and Lewis d e f i n i t -  

i o n s ,  a  s o l i d  a c i d  shows a  tendency t o  d o n a t e  a  p ro ton  

o r  t o  a c c e p t  an e l e c t r o n  p a i r .  T h i s  i s  p o s s i b l e  w i t h  t h e  

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

a c i d  which can  d o n a t e  p r o t o n s  ( p r o t o n s  a r e  b e l i e v e d  t o  

be d e r i v e d  from a t t a c h ~ n e r i t  o f  water  n io lecules  on t h e  

s u r f a c e ) - - -  and known a s  Brons ted  a c i d i c  s i t e s ,  o r  

e l e c t r o n - d e f i c i e n t  s i t e s  (which a c c e p t  e l e c t r o n ( s )  from 

t h e  adsorbed  molecules)---known a s  Lewis a c i d i c  s i t e s .  

These d e f i n i t i o n s  a r e  a d e q u a t e  f o r  an u n d e r s t a n d i n g  of  



t h e  a c i d - b a s e  phenomena shown b y  v a r i o u s  s o l i d s ,  and 

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

a c i d  c a t a l y s t  a s  w i l l  be d e l i v e r e d  i n  t h i s  t h e s i s .  

S o l i d  a c i d s  have been found u s e f u l  a s  c a t a l y s t s  

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

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

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

t h e  d e h y d r a t i o n  of a l c o h o l s ,  e t c . ( l 2 ) .  T h e i r  impor tance  

i n  pe t ro leum p r o c e s s i n g  has  s t i m u l a t e d  a  c o n s i d e r a b l e  

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

p r o p e r t i e s  o f  s o l i d  s u r f a c e s .  Among t h e  most minu te ly  

s t u d i e d  a c i d i c  c a t a l y s t s  a r e  n a t u r a l  c l a y  m i n e r a l s  and 

mixed meta l  o x i d e s ,  n o t a b l y  s i l i c a - a l u m i n a  (Si02-A1203).  

S i l i c a - a l u m i n a  i s  w e l l  known f o r  i t s  s t r o n g  a c i d i t y ,  

p o s s e s s i o n  o f  both  Lewis and Bronsted  a c i d  s i t e s ,  and 

u s e s  a s  a  c a t a l y s t  f o r  r e a c t i o t i s  l i k e  c r a c k i n g  of  

cumene ( 1 3 ) ,  p o l y m e r i z a t i o n  of e t h y l e n e  o x i d e  ( 1 4 )  and 

bu tene  ( 1 5 ) .  I t  a l s o  h a s  some s i g n i f i c a n t  o x i d a t i v e  

p r o p e r t i e s  ( 1 6 ) .  Yet l i t t l e  i s  known a b o u t  t h e  n a t u r e  

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



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

on s i l i c a - a l u m i n a  w i l l  be e l u c i d a t e d  b y  means o f  n u c l e a r  

magne t i c  r e s o n a n c e  s t u d y .  

1 . 2  S t a t e m e n t  o f  t h e  Problem 

From o u r  p r e v i o u s  s t u d y  of a d s o r p t i o n  o f  amines on 

v a r i o u s  o x i d e  s u r f a c e s  ( 1 7 1 ,  i t  h a s  become e s s e n t i a l  t o  

know t h e  chemica l  s h i f t  changes  o f  t h e  amines  upon 

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

such a s  N , N - d i e t h y l a n i l i n e  i n  o u r  c a s e  ( I T ) ,  a s  probe  

g a s e s .  I f  t h e  a c i d i c  s i t e s  on t h e  s o l i d  c a t a l y s t  a r e  of 

p r o t o n i c  t y p e ,  t h e n  we would e x p e c t  some o f  t h e  adso rbed  

amine m o l e c u l e s  t o  be p r o t o n a t e d .  The o b s e r v e d  chemica l  

s l l i f t  changes  would t h e n  r e f l e c t  t h e  t o t a l  a c i d  s i t e s  on 

t h e  s u r f a c e ,  i f  we assume t h a t  t h e  p r o t o n a t e d  and non- 

p r o t o n a t e d  amine m o l e c u l e s  exchange among t h e m s e l v e s  

r a p i d l y ,  t h u s  t h e  obse rved  chemica l  s h i f t  i s  a  weighted  

a v e r a g e  o f  b o t h .  Chemical s h i f t s  o f  v a r i o u s  f r e e  arr~ines 

a r e  a v a i l a b l e  i n  l i t e r a t u r e  ( 1 8 , 1 9 , 2 0 , 2 1 ) ,  b u t  n o t  f o r  

t h e i r  c o r r e s p o n d i n g  c a t i o n s  e x c e p t  p y r i d i n e  and 4-methyl- 

p y r i a i n e  ( 1 8 , 1 9 ) .  So o u r  f i r s t  t a s k  i s  t o  measure t h e  



C - 1 3  c h e r n i c a l  s h i f t s  o f  a  s e r i e s  o f  a l k y l p y r i d i n i u m  i o n s  

i n  a q u e o u s  H C 1 .  S i n c e  p r e v i o u s  r e s u l t s  o n  f r e e  a m i n e s  

were o b t a i n e d  by c o n t i n u o u s  w a v e  s p e c t r o s c o p y  o n  a  l o w  

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

we h a v e  a l s o  r e - m e a s u r e d  t h e  C-13 c h e m i c a l  s h i f t s  o f  

t h i s  s e r i e s  of  a l k y l p y r i d i n e s .  T o g e t h e r ,  we t h e n  

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

a l k y l p y r i d i n e s  s t u d i e d .  

F o r  f u r t h e r  p u r s u a l  o f  t h e  p r o b l e m ,  b e c a u s e  o f  t h e  

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

a l u m i n a  we h a v e  a l s o  m e a s u r e d  t h e  C - 1 3  c h e m i c a l  s h i f t s  

f ' o r  t h e  a d d u c t s  f o r m e d  by BF3 w i t h  t h e  a l k y l p y r i d i n e s ,  

a n d  i r ~  s o m e  c a s e s  t h e  A 1 R r 3  a d d u c t s .  T h e s e  r e s u l t s  a r e  

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

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

W i t h  t h e  s u b s e q u e n t  c h e m i s o r p t i o n  o f  t h e  p r o b e  g a s  

( 4 - e t h y l p y r i d i n e  i n  o u r  c a s e )  o n  s i l i c a - a l u m i n a  a t  

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

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

i n  t h e  a d s o r b e d  4 - e t h y l p y r i d i n e .  By c o m p a r i s o n  o f  t h e s e  



c h e m i c a l  s h i f t s  w i t h  t h o s e  o f  t h e  4 - e t h y l p y r i d i n e  i n  

a q u e o u s  H C 1  a n d  a s  a  BF3 a d d u c t  we may b e  a b l e  t o  d e r i v e  

t h e  f r a c t i o n  o f  a m i n e s  b o n d e d  t o  t h e  B r o n s t e d  o r  L e w i s  

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

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

a c i d i c  s i t e s  ( b o t h  L e w i s  a n d  B r o n s t e d )  f o r  a l l  well 

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



Chapter  I1 

11. Survey o f  Work Done on S i l i ca -Alumina  

Cons ide r  on a  molecu la r  s c a l e  t h e  p r o p e r t i e s  o f  t h e  

a c i d  s i t e s  on a  t y p i c a l  s i l i c a - a l u m i n a  a c i d i c  c a t a l y s t .  

The f o l l o w i n g  i d e a s  have been g e n e r a t e d  th rough  t h e  

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

g a s e s  w i t h  s u r f a c e s  and c o n s e q u e n t l y  have g iven  r i s e  t o  

t h e  l i q u i d  p h a s e  c o n c e p t s  of  Lewis and Brons ted  a c i d i t y  

a s  a p p l i e d  t o  s o l i d s .  I n  f i g u r e - 1 ,  we s e e  t h e  s i t u a t i o n  

t h a t  might  e x i s t  on a  s i l i c a - a l u m i n a  s u r f a c e .  The A 1  atom 

C l . a l  r e q u i r e s  an a d d i t i o n a l  e l e c t r o n  p a i r  t o  comple te  

i t s  bonding.  T h u s ,  i f  t h e  probe  g a s  t h a t  i n t e r a c t s  w i t h  

t h i s  s i t e  h a s  a d d i t i o n a l  e l e c t r o n s  t h a t  i t  can s h a r e  w i t h  

t h e  aluminum atoni, a chemica l  bond w i l l  form. T h i s  s i t e  

i s  c a l l e d  a  Lewis a c i d  s i t e .  

Water m o l e c u l e s  may be c o o r d i n a t e d  a t  t h e  Lewis a c i d  

s l t e  t o  p r o v i d e  a s o u r c e  o f  p r o t o n s  [ l . b l .  T h i s  sys tem i s  

then  r e g a r d e d  a s  a  Brons ted  a c i d .  I f  t h e  probe  g a s  can 

a c c e p t  t h e  p r o t o n ,  and i t  forms,  v i a  e l e c t r o s t a t i c  f o r c e s ,  
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Figure  1 Simple e l e c t r o n i c  d e s c r i p t i o n  

o f  a c id  s i t e s ,  ( a )  Lewis s i t e ;  

( b )  Bronsted s i t e .  



a  r ~ i o l e c u l e  bound t o  t1.1e s u r f a c e ,  t l len t h e r e  i s  a way o f  

l a b e l l i n g  t h i s  s i t e .  C e r t a i n  p robe  g a s e s  have t h e  a b i l i t y  

t o  both  d o n a t e  e l e c t r o n s  and a c c e p t  p r o t o n s .  P y r i d i n e  i s  

such a  molecu le  ( 2 2 ) .  

Much c o n t r o v e r s y  has  been g e n e r a t e d  c o n c e r n i n g  t h e  

n a t u r e  of  t h e  s t r u c t u r e  of  s i l i c a - a l u m i n a .  Numerous 

s t r u c t u r e s  have been p roposed ,  n o t a b l y  b y  Tamele ( 2 3 ) ,  

t iansf 'ord ( 2 4 )  and Planck  ( 2 5 ) .  I t  i s  g e n e r a l l y  b e l i e v e d  

t h a t  t h e  a c i d  c e n t r e s ,  whether  of Lewis o r  Brons ted  t y p e ,  

owe t h e i r  e x i s t e n c e  i n  s i l i c a - a l u m i n a  t o  an i s o n o r p i ~ o u s  

s u b s t i t u t i o n  of  t r i v a l e n t  A 1  atom f o r  t h e  t e t r a v a l e n t  

S i  atom i n  t h e  s i l i c a  l a t t i c e .  According  t o  th i s  view,  

a t ~ e g a t i v e  c h a r g e  i s  c r e a t e d  a t  t h i s  p o i n t  on t h e  s o l i d  

s u r f a c e  CFig.2.  a ] .  Ba lanc ing  th i s  c h a r g e  r e q u i r e s  t h e  

detachrtrent o f  ail A 1 - 0  bond t o  r e s t o r e  t h e  t r i v a l e n c y  a t  

t h e  A 1  a t o ~ o ,  t n u s  c r e a t i n g  a  Lewis a c i d  s i t e  [ 2 . b l .  Heu-  

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

a Brons ted  a c i d i c  s i t e  [ 2 . c ]  i n  a c c o r d a n c e  w i t h  t h e  c o n f i -  

g u r a t i o n  a s  d e p i c t e d  i n  F i g u r e . 1 .  



( a )  Simple Surface 

Structure 

S i 
e l e c t r o n  

0 e l e c t r o n  hole  

S i Si  

(b) Lewis S i t e  

with 2 electron holes 

(b )  Lewis S i t e  

with one electron hole 

( c )  Brosted S i t e  

Figure 2 Various Alutrlinum Si tes  

on the Silica-Alumina Surface 



A l l  s t u d i e s  i n d i c a t e  t h a t  s i l i c a - a l u m i n a  h a s  v e r y  

s t r o n g  a c i d  s i t e s ,  w i t h  s t r e n g t h  H o  o f  a t  l e a s t  - 8 . 2 ,  

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

d i f f e r e n t  a u t h o r s  ( 1 2 , 2 6 1 .  

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

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

t h e  p r e s e n c e  o f  b o t h  L e w i s  a n d  B r o n s t e d  a c i d  s i t e s  ( 2 2 ,  

2 8 ) .  T h e  s p e c t r u m  c o n t a i n s  t w o  m a i n  p e a k s ,  a t  1 5 4 0  cm" 

( d i s c e r n e d  a s  t h e  p y r i d i n i u m  i o n ) ;  a n d  a t  1 4 4 9  cm-' ( a s  

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

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

e v a c u a t i o n  a t  3 0 0  d e g .  C ,  t h e  s p e c t r u m  s t i l l  i n d i c a t e s  

the  p r e s e n c e  o f  son le  p y r i d i n i u m  i o n s ,  b u t  c l e a r l y  s h o w s  

t h e  p r e s e n c e  o f  L e w i s  a c i d i t y  or1 t h e  c r a c k i n g  c a t a l y s t ,  

t h e  l i n e s  a t  1 4 5 5  a n d  1 4 5 9  crn-' b e i n g  q u i t e  m a r k e d .  Upon 

a d d i t i o n  o f  0 . 0 5  mmole  o f  w a t e r  t o  t h e  s a m p l e ,  a n  i n -  

c r e a s e  i n  t h e  i n t e n s i t y  o f  t h e  1 5 4 0  cm-' b a n d  i n d i c a t e s  

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

f o r m e d ,  w i t h  a c o n c o m i t a n t  d e c r e a s e  i n  L e w i s  a c i d i t y  a t  

1 4 5 0  ern" . T h i s  c o n v e r s i o n  o f  L e w i s  s i t e s  t o  B r o n s t e d  



s i t e s  b y  w a t e r  r ~ t o l e c u l e s  h a s  been conf i rmed by t i t r a t -  

ion  ( 2 9 )  and from s t u d i e s  o f  t h e  i n f r a r e d  spectruni  of  

adsorbed amnlonia ( 3 0 ) .  

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

of t h e  r a t i o  o f  Lewis t o  Brons ted  a c i d  s i t e s  on s i l i c a -  

a lumina .  The r e s u l t  r e v e a l e d  t h a t  t h e  on ly  d e t e c t a b l e  

adsorbed s p e c i e s  were p h y s i c a l l y  adsorbed  N H 3 ,  ( P - N H 3 ) ,  

c o o r d i n a t e l y  bonded N H 3  , ( L - N H 3 )  and N H ~ + .  From t h e  

r e l a t i v e  i n t e n s i t i e s  o f  t h e  a p p r o p r i a t e  bands ,  t h e  r a t i o  o f  

[NH31 (=[P-NH31+[L-NH31) t o  [ N H ~ + I  was found t o  be 4 : 1  

a t  low c o n c e n t r a t i o n .  The r a t i o  d e c r e a s e s  a s  concen- 

t r a t i o n  o f  adsorbed  N H 3  i n c r e a s e s .  

However, i n f r a r e d  s t u d y  of adsorbed  molecu les  on a  

s u r f a c e  h a s  i t s  own drawbacks.  The p r e p a r a t i o n  o f  sam- 

p l e s  r e q u i r e s  t h e  o x i d e  t o  be compressed i n t o  a  wafer  i n  

t h e  i n f r a r e d  c e l l ,  s o  t h a t  t h e  amount of  a d s o r b a t e  1s  

d i f ' f i c u l t  t o  measure e x a c t l y .  There  a r e  a l s o  t h e  

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

e f f i c i e n t s  of  t h e  sample due t o  opaqueness .  F i n a l l y ,  

t h e r e  i s  t h e  a s s o c i a t e d  u n c e r t a i n t y  i n  t h e  measurement of  



peak i n t e n s i t y ,  t h u s  t h e  q u a n t i t a t i v e  answers  o b t a i n e d  

( e . g .  c o n c e n t r a t i o n  o f  a c i d i c  s i t e s  ) a r e  n o t  a c c u r a t e .  

H a l l  e t  a l .  ( 3 1 )  s u g g e s t  on t h e  b a s i s  o f  t h e  deu- 

t e r i u m  exchange  exper imen t  and o b s e r v a t i o n  o f  t h e  N M R  

s p e c t r a  t h a t  t h e  hydrogen on t h e  s u r f a c e  of  s i l i c a -  

alulnina i s  c h e m i c a l l y  s i m i l a r  t o  t h a t  o f  a l c o h o l ,  most 

of  t h e  hydrogen atoms e x i s t i n g  i n  t h e  form o f  SiOH, some 

of them a s  A l O H  ( w i t h  an upper  l i m i t  on t h e  number of  

Brons ted  a c i d  s i t e s  o f  3 x 10'3 ~ + / c r n ~ )  i n  good a g r e e -  

ment w i t h  t h e  i n f r a r e d  spec t rum of  adso rbed  ammonia. 

S i m i l a r  s t u d i e s  have been done b y  S c h r e i b e r  and Vaughan 

( 3 2 )  u s i n g  N M R  t o  measure t h e  f r e e  i n d u c t i o n  decay  

c o n s t a n t  ( T 2 )  t o  a s s e s s  t h e  c o n c e n t r a t i o n  o f  p r o t o n s  

on t h e  s u r f a c e  o f  s i l i c a - a l u m i n a  w i t h  v a r y i n g  cornpo- 

s i t i o n  of s i l i c a .  Both r e s u l t s  a r e  i n  r e a s o n a b l e  

a g r  e e n ~ e n t  . 



Chapter I11 

111.1 Nuclear Magnetic Resonance S t u d i e s  of Adsorbed 

Molecules 

Bloembergen, P u r c e l l  and Pound ( B P P )  ( 3 3 )  showed 

i n  1948  t h a t  t h e  nuc l ea r  u a g n e t i c  resonance r e l a x a t i o n  

t imes  a r e  i n  c e r t a i n  c a s e s  i n t i m a t e l y  r e l a t e d  t o  t h e  

motions of  t h e  molecule which c o n t a i n s  t h e  n u c l e i .  The 

very nex t  y e a r ,  Spooner and Selwood ( 3 4 )  r epo r t ed  t h e i r  

a p p l i c a t i o n s  of  t h e  B P P  theory t o  t h e  problem of c a t a -  

l y s l s ,  an impor tan t  problem i n  s u r f a c e  chemis t ry .  B u t  

i t  was no t  u n t i l  1956 when Zimmerman e t  a 1 . ( 3 5 )  f i r s t  

r epo r t ed  t h e i r  N M R  s t u d i e s  of  water  adsorbed on s i l i c a  

ge l  t h a t  a  c o n t i n u i n g  e f f o r t  was begun t o  unders tand 

t h e  i r r ~ p l i c a t i o n s  of' t h e  B P P  theory  and i t s  re f inements  

f o r  t h e  motion of molecules adsorbed on s u r f a c e .  

111.2 Experimental  Aspects of  N M R  Theory 

T h i s  s e c t i o n  i s  t o  d e s c r i b e  i n  g e n e r a l  t e rms ,  t he  

approach t o  thermal  equ i l i b r ium of a  system of nuc lear  

magnets i n  a  c o n s t a n t  magnetic f i e l d  o f  s t r e n g t h  Ho(36) .  



A t  e q u l l i b r i u r n ,  t h e  m a g n e t i z a t i o n  M o  o f  a  sys tem of 

n u c l e a r  s p i n s  h I  w i t h  magne t i c  momentsYAI i s  g i v e n  by  

C u r i e ' s  Law : 

[ I I I .  1 1 M o  = NHoY h 2  I ( I + 1 ) / ( 3 k T )  

where fi i s  P l a n c k l s  c o n s t a n t  o v e r  2r, Y i s  t h e  n u c l e a r  

gy romagne t i c  r a t i o ,  k i s  t h e  B o l t z m a n n l s  c o n s t a n t  and 

N i s  t h e  number of' n u c l e i  i n  t h e  s y s t e m .  The magnet ic  

f i e l d  e x e r t s  a  t o r q u e  upon t h e  m a g n e t i c  moments which 

g i v e s  t h e  r a t e  o f  change  o f  t h e  m a g n e t i z a t i o n  a s :  

[ l I l . 2 ]  d x / d t  =YF x Ti 
Now [ I I I . 2 3  c o n t a i n s  no i n f o r m a t i o n  a b o u t  t h e  approact1 

t o  e q u i l i b r i u m ,  Bloch ( 3 7 )  accoun ted  f o r  t h e s e  e f f e c t s  

by i n t r o d u c i n g  r e l a x a t i o n  t e r m s  i n t o  L I I I . 2 1 ,  f o r  H Z  

= R o ,  H x y  ' 0 ,  his e q u a t i o n s  a r e  : 

[ l 1 1 . 3 3  dM,/dt  = -(M, - M o  ) / T I  ; 

[ I 1 1 . 4 J  dMx/d t  = - M  /1'2 +Y Y El 11, ; 

1 d M y / d t  = -Mx/T2  -yM, H o  . 
where T I  i s  c a l l e d  t h e  l l l o n g i t u d i n a l  r e l a x a t i o n  t ime1'  

because  i t  r e f e r s  t o  r e l a x a t i o n  a l o n g  t h e  f i e l d  and T2  

i s  c a l l e d  t h e  l l t r a n s v e r s e  r e l a x a t i o n  t ime"  because  i t  

r e f e r s  t o  r e l a x a t i o n  t r a n s v e r s e  t o  H o .  



Another name f o r  T I  i 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  t i m e n ;  f o r  l o n g i t u d i n a l  r e l a x a t i o n  t o  occur  t h e  

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

hea t  bath which i s  comprised o f  t h e  remaining degrees  of 

freedom ( e l e c t r o n i c ,  t r a n s l a t i o n a l  e t c . )  of t h e  systew. 

Likewise i n  c e r t a i n  c a s e s  T2 may be c a l l e d  t h e  "sp in-  

s p i n  r e l a x a t i o n  timet1 because it r e f e r s  t o  thermal  

equ i l i b r ium w i t h i n  t h e  s p i n  system i t s e l f .  

I t  should  a l s o  be noted t h a t  M x  and M y  can be rnea- 

sured expe r imen ta l l y  a s  f u n c t i o n s  of  t ime and t h a t  t h e  

r e l a x a t i o n  bellavior i s  t h e r e f o r e  "knowableIt. Theory does 

not  r e q u i r e ,  nor does experiment show t h a t  t h e  l o n g i t u -  

d i n a l  and t r a n s v e r s e  r e l a x a t i o n  a r e  always e x p o n e n t i a l .  

Suppose tile s p i n  sys tem,  i n i t i a l l y  a t  thermal  equ i -  

1 i b r i u r 1 1  i s  d i s t u r b e d  i n  such a  way a s  t o  l e ave  M x  = M o  

and M y ,  = O  ( a s  i s  o f t e n  done i n  p r a c t i c e ) .  The s o l u t i o n  

t o  CI I I .31  t o  CI I I .51  which g i v e s  t h e  components of M 

a t  t h e  t ime t a f t e r  t h e  d i s t u r b a n c e s  a r e  : 

LIII .61 ( M o -  M , ) / M ,  = exp ( - t / T 1  

[ 111 .'( 3 M x  = M o  cos(-YMo t ) e x p ( - t / T 2 )  

S I I I . 8 1  = M o  sin(-THO t ) e x p ( - t / T 2 )  
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while M, r e l a x e s  exponen t i a l l y  t o  M o ,  t h e  t r a n s v e r s e  

components make up a  magnetic moment which r o t a t e s  a t  

a f requency of = H o ,  t he  Larmour f requency ,  having 

an  ampl i tude which dec rease s  e x p o n e n t i a l l y  i n  t ime 

t o  ze ro .  This  r o t a t i n g  magnetic moment comprises  t h e  

s i g n a l  which can be observed with s u i t a b l e  appa ra tu s .  

More e l a b o r a t e  d e r i v a t i o n s  and d i s c u s s i o n s  can be 

seen i n  r e f . ( 3 8 , 3 9 ) .  

111.3 Magnetic Resonance Linewidths  of t h e  Adsorbed 

Spec ies  on t h e  Su r f ace  

Magnetic resonance i s  u s e f u l  i n  chemis t ry  because 

nuc lear  ntagnetic resonance l i n e w i d t h s  i n  l i q u i d s  a r e  s o  

narrow t h a t  resonance f r e q u e n c i e s  d i f f e r i n g  by  a s  

l i t t l e  a s  a p a r t  i n  l o 8  may o f t e n  be r e s o l v e d .  Since  

N M R  phenomena a r e  determined by molecular  k i n e t i c s  

and s t r u c t u r a l  pa rame te r s ,  N M R  p u l s e  exper iments  can 

be used t o  s t u d y  mot ional  phenomena of  adsorbed 

molecules .  



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

d e t e r m i n e  t h e  l i n e  s h a p e  a n d  w i d t h  o f  t h e  N M R  r e s o n a n c e  

l i n e .  We c o u l d  i m a g i n e  c h e m i s o r b e d  m o l e c u l e s  b e i n g  h e l d  

t o  t h e  s u r f a c e  b y  f o r c e s  g r e a t e r  t h a n  Van d e r  W a a l l s  

f o r c e  i n  m a g n i t u d e .  T h e s e  fo rces  w o u l d  t h e n  d e c i d e  t h e  

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

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

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

t h a n  a s y s t e m  of m o r e  t i g h t l y  b o u n d  m o l e c u l e s .  N o t i c e  

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

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

S t a t i c  d i p o l e - d i p o l e  i n t e r a c t i o n s  may a l s o  c a u s e  t h e  

b r o a d e n i n g  o f  N M R  r e s o n a n c e  l i n e s .  T h u s  T 2 ,  t h e  t r a n s -  

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

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

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

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

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

i n h o m o g e n i t y  a l s o  r e s u l t s  i n  n a r r o w e r  l i n e w i d t h  ( 4 0 ) .  



1 1 1 . 4  HelaxaLion Mechanisms of  Adsorbed Molecules on 

Surf  a c e s  

The r e l a x a t i o n  of adsorbed molecules  has  t h u s  f a r  

been s t u d i e d  w i t h  both t h e  conven t iona l  N M R  appa ra tu s  

and t h e  spin-echo sys tems,  so t h a t  no s p e c i f i c  d i s c u s s -  

ion i s  r e q u i r e d  h e r e .  De ta i l ed  reviews can be seen i n  

r e f . ( 4 0 , 4 1 , 4 2 , 4 3 ) .  What i s  desc r ibed  here  i s  a  s imple  

mechanism b y  which adsorbed molecules could r e l a x .  

/ 

One e x p e c t s  s e v e r a l  changes i n  t h e  r e l a x a t i o n  mech- 

anisms of  molecules  a f t e r  they  becor~le adsorbed on a  

s u r f a c e .  Molecules which formerly  r o t a t e d  i s o t r o p i c a l l y  

may now b e  expected t o  have a  p r e f e r e n t i a l  a x i s  of 

r o t a t i o n .  If t h e  molecule i n  t h e  bulk  phase re laxed  

through some i n t e r m o l e c u l a r  d ipo l e -d ipo l e  mechanisms, 

then one would expec t  t h i s  t o  be s e v e r e l y  a l t e r e d  on a  

s u r f a c e ,  t h e  r e l a x a t i o n  i n  t h i s  c a s e  becoming coverage 

dependent.  One would expect  r e l a x a t i o n  t o  be caused 

by d i p o l e - d i p o l e  i n t e r a c t i o n s  wi th  magnetic d i p o l e s  

a s s o c i a t e d  w i t h  t h e  s u r f a c e ,  a s  f o r  example, w i t h  t h e  

hydroxyls  on an oxide  s u r f a c e .  Obviously ,  a  s u r f a c e  

could enhance r e l a x a t i o n  i f  i t  c o n t a i n s  paramagnetic 

s p e c i e s .  - 



l i q u i d s ,  one m u s t  cons ide r  t h r e e  p o s s i b l e  r e l a x a t i o n  

mechanisms ( 3 9 , 4 3 ) ,  namely chemical  s h i f t  an i so t ropy  

( " c s a n ) ,  s p i n  r o t a t i o n  i n t e r a c t i o n s  ( l l s r w )  and t h e  C-H 

d ipo l e -d ipo l e  i n t e r a c t i o n s  ( " d - d v ) .  The l a s t  one i s  

expected t o  be predominant f o r  p ro tona t ed  ca rbons ,  

except  i n  very  smal l  molecules ( 4 4 ) ,  whi le  chemical  

s h i f t  an i so t ropy  may be an impor t an t  r e l a x a t i o n  mechan- 

i s m  f o r  some non-protonated ca rbons ,  e s p e c i a l l y  a t  high 

resonance f r e q u e n c i e s  ( 4 5 ) .  A s  an a d d i t i o n a l  c o n t r i b u t -  

ion t o  t h e  C-13 r e l a x a t i o n  r a t e  of adsorbed molecu les ,  

t h e  niagnetic coup l ing  of carbon n u c l e i  w i t h  paramagnet ic  

i o n s  ( l l i o n s l l )  i s  t o  be taken i n t o  account  (43 ,461 .  T h u s  

T I ,  t h e  s p i n - l a t t i c e  r e l a x a t i o n  t ime c o n s t a n t ,  i s  given 

The r e l a x a t i o n  r a t e  T l ( d - d )  i s  easy t o  ana lyze .  

Because long  range C-H i n t e r a c t i o n s  can be n e g l e c t e d ,  

only  t h e  coup l ing  w i t h  p ro tons  a t t a c h e d  t o  t h e  i n d i v i d u a l  

carbon has  t o  be taken i n t o  account  . Denoting t h e  bond 



l eng th  between carbon and hydrogen b y  r C H ,  t h e  c o r r e l a t -  

ion t ime o f  thermal motion by T ~ ,  and assuming i n  t h i s  

d i s cus s ion  only  T 1 ( d - d )  i s  t h e  important  c o n t r i b u t i o n  t o  

T1 i . e .  T1=T1(d-dl, we o b t a i n  f o r  a  C H n  group,  w i t h  t h e  

narrowing l i m i t  o f  (wrc ) 2 < < 1 ,  

Therefore  f o r  a  t y p i c a l  T I  va lue  i n  t h e  0 . 2  t o  1 s e c .  

range ( 4 7 ) , T c  w i l l  be of t h e  o rder  -10-"sec. T h i s  would 

imply thermal  motion mainly of t r a n s l a t i o n a l  jumps a n d  

r o t a t i o n a l  jumps among t h e  s i t e s  on t h e  s u r f a c e .  

T h i s  i s  only  a  lower e s t i m a t e  o f T c .  For molecules 

chemisorbed on s u r f a c e s ,  we would expect  t h e  motions t o  

be hindered and a  h ighe r  range of T~ va lues  according 

t o  t h e  fo l lowing  r e l a t i o n s h i p  ( 4 6 )  f o r  a  C H n  group 



I n  g e n e r a l ,  T I  f o r  a  d i p o l a r  r e l a x a t i o n  of u n l i k e  

s p i n s  is given by ( 3 9 )  a s  

where I and S denote  d i f f e r e n t  s p i n s  and ~ ( q ) ( ~ )  i s  t h e  

s p e c t r a l  d e n s i t y  func t ion  of t h e  form 

where T ~ ~ S  a g a i n ,  t h e  c o r r e l a t i o n  t ime .  

Q u a n t i t a t i v e  e v a l u a t i o n s  o f  o t h e r  c o n t r i b u t i o n s .  a r e  

not  a s  easy .  The r e l a x a t i o n  mechanism of next  importarice 

i s  t h e  coup l ing  w i t h  t h e  paramagnet ic  i o n s  ( u s u a l l y  e x i s t -  

ing a s  i m p u r i t i e s  on t h e  oxide  s u r f a c e ) ,  t h e  e v a l u a t i o n  

c o n s i s t s  n o t  only  of t h e  c o n c e n t r a t i o n s  and d i s t r i b u t -  

i ons  of t h e  paramagnet ic  i m p u r i t i e s  b u t  a l s o  t h e  e l e c t r o n  

sp in  of t h e  s p e c i e s  which i s  g e n e r a l l y  unknown ( 4 8 ) .  

T 2 ,  t h e  sp in - sp in  r e l a x a t i o n  t i m e ,  which i s  equa l  

approximately  t o  t h e  r e c i p r o c a l  of  l i n e w i d t h  a t  ha l f  

i n t e n s i t y ,  i s  g iven  by (39 )  a s  



The c o n s t a n t s  i n  f r o n t  of  t h e  b racke t  can be 

w r i t t e n  a s  kdM2 where k d  i s  a  c o n s t a n t  c h a r a c t e r i s t i c  

of t h e  t ype  of motion i n  c o n s i d e r a t i o n  i . e .  t r a n s l a t i o n  

or  r o t a t i o n ,  and M 2  i s  t h e  Van Vleck second moment ( 4 9 ) .  

I n  t h e  ca se  of ( W T ~  1 2 < <  1 ,  [ I I I . 1 3 1  can be approximated 

t h e  same way a s  [ I I I . 1 0 ]  i . e .  

[ I I I . 1 4 1  ~ 2 - l  T c M 2  

For a  t y p i c a l  l i n e w i d t h  of  100 Hz (which i s  usua l  

i n  our c a s e  a s  shown l a t e r  i n  t y p i c a l  s p e c t r a  o f  t h e  

2 adsorbed molecu les )  and M 2  of t h e  o rde r  of l o R  Hz . 
7 ,  i s  of t h e  o rde r  of second. 

T h u s  molecular  motions a r e  f a s t  enough t o  average 

ou t  t h e  C-N d i p o l a r  l i n e w i d t h s  t o  a few hundred Hz i n  our 

s p e c t r a ,  and we a r e  a b l e  t o  observe  chemical  s h i f t s  of 

t h e  carbon atoms on t h e  probe g a s e s ,  when adsorbed on t h e  

s u r f a c e .  

The c r i t e r i a  by which carbon-13 was s e l e c t e d  f o r  

t h i s  s t u d y ,  a s  opposed t o  o t h e r  n u c l e i ,  e .g .  p ro ton ,  

should be noted.  From t h e  above e s t i m a t i o n ,  s i n c e  t h e  
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g y r o m a g n e t i c  r a t i o  o f  C-13 i s  s m a l l  , s o  t h a t  t h e r e  i s  

a  weak c o u p l i n g  t o  t h e  p r o t o n s  on  t h e  same m o l e c u l e  and  

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

n a r r o w  l i n e w i d t h s  would b e  o b s e r v e d .  The p r o t o n  s p e c t r a  

on t h e  o t h e r  h a n d  would b e  e x p e c t e d  t o  b e  b r o a d  d u e  t o  

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

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

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

t h i s  i s  t h e  r e s u l t  i n  o u r  p r e s e n t  s t u d y .  The p r o t o n  

s p e c t r u m  o f  4 - e t h y l p y r i d i n e  on  s i l i c a - a l u m i n a  c o n s i s t s  

o f  two  b r o a d ,  f e a t u r e l e s s  r e s o n a n c e s  a b o u t  5 0 0  Hz w i d e ,  

b u t  t h e  C-13  s p e c t r u n ~  f o r  t h e  same system c o n s i s t s  o f  

f i v e  r e s o n a n c e s  e a c h  a b o u t  40-100 Hz w i d e  ( F i g u r e  3 ) .  

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

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

l a r g e r  c h e m i c a l  s h i f t  c h a n g e s  o b s e r v e d  f o r  C-13 f r o m  

t h e  a b o v e  s p e c t r u m  , we c a n  c o n c l u d e  t h a t  C-13 s p e c t r a  

o f  t h e  a d s o r b e d  s y s t e m  a r e  more  i n f o r m a t i v e ,  i n  a g r e e m e n t  

w i t h  p r e v i o u s  r e s u l t s  ( 4 6 ) .  



Parautagnet ic  s p e c i e s  p r e s e n t  or) t h e  s u r f a c e  may 

c a u s e  sonte problems i n  t h e  r e s o l u t i o n  of t h e  s p e c t r a  o f  

adsorbed m o l e c u l e s .  Assuming f . e3+  i o n s  a r e  t h e  on ly  

yara iuagnet ic  i m p u r i t y  i n  our  sample ,  and t h a t  they  a r e  

even ly  d i s t r i b u t e d  on t h e  s u r f a c e ,  we can e s t i m a t e  t h e i r  

e f l ' e c t  on t h e  l i n e w i d t h  o f  t h e  r e s o n a n c e  l i n e s .  For o u r  

sample ,  t h e  c o n c e n t r a t i o n  of  Fe203 i s  0.05% ( w t . ) ,  t h e r e -  

f o r e  t h e  r a t i o  o f  nurr~ber of Fe atoms t o  number o f  A 1  

atotfis i s  a b o u t  1 . 3 x 1 0 - ~ .  Assuming on t h e  s u r f a c e  o f  

s i l i c a - a l u r n i n a ,  t h e  oxygen atoms a r e  h e x a g o n a l l y  c l o s e -  

packed w l t h  S i  and A 1  a t o n ~ s  f i l l i n g  t h e  t e t r a h e d r a l  s i t e s ,  

a c c o r d i n g  t o  t h e i r  r a t i o ,  t h i s  w i l l  t h e n  g i v e  2 . 3 ~ 1 0 ' ~  

A l  a toms p e r  sq.cni. C o r r e s p o n d i n g l y ,  t h i s  w i l l  g i v e  

2 . 9 ~ 1 0 "  Fe3+/sq .cm. ,  o r  an a v e r a g e  d i s t a n c e  of  abou t  

200 A between F'e3+ i o n s .  If  we f u r t h e r  assume t h a t  t h e  

adsorbed  timines a r e  s i t u a t e d  among t h e s e  Fe3' i o n s ,  

t h a t  i s ,  d i s t r i b u t e d  even ly  upon a d s o r p t i o n ,  then  t h e  

ave rage  d i s t a n c e  between t h e  ca rbon  atoms o f  t h e  amine 

and t h e s e  pe3+ i o n s  i s  abou t  100 A .  Noting t h a t  t h e  

r a t i o  of' magne t i c  moment o f  ~ e ~ +  t o  p r o t o n  i s  abou t  

5700 t i u l e s ,  we can t h e n  e s t i m a t e  t h e  d i f f e r e n c e  o f  

d i p o l e  i n t e r a c t i o n s  o f  carbon t o  ~ e 3 +  ( D F e )  and 



o f '  c a r b o n  t o  p r o t o n  ( Dl. , )  w i t h  an a v e r a g e  d i s t a n c e  of' 

a b o u t  1 . 1  A .  T h e  r a t i o  o f '  DFe  t o  D H  would b e  g i v e n  a s  

57UOx ( r C H / r C - F e ) 3 =  ' { . 6 x l 0 - ~ .  I f  t h e  c o r r e l a t i o n  t i m e s  

f o r  bo tn  d i p o l e  r e l a x a t i o n s  a r e  t h e  same,  t h e n  we would 

e x p e c t  t h e  l i r ~ e  b r o a d e n i n g  by p r o t o n  t o  be a b o u t  130 

t i r ~ ~ e s  rlior'e i r r lpor tant  t h a n  t h e  l i n e  b r o a d e n i n g  by t h e  



Caption 

F i g u r e  3.A. Proton S p e c t r u m  o f  4-ethyl- 

pyridine on silica-alumina at 0.53 

monolayer, run a t  28 deg C. 100 scans. 

F i g u r e  3.8. Carbon-13 Spectrum of t h e  

s a m e  sample, run a t  80 deg  C. 

15,000 scans. 



Figure  3 . A .  



Figure 3.B. 



F 
Experimental  

Chapter I V  

IV. 1 Apparatus 

Nuclear magnetic resonance s t u d i e s  were performed 

on a  Varian Model XL-100 spec t rometer  o p e r a t i n g  a t  a  

magnetic f i e l d  o f  23.5 k i l o g a u s s  and an RF frequency of 

25.16 MHz f o r  carbon-13. The f i e l d  i s  modulated a t  a 

f i xed  f requency of 40.96 KHz p e r m i t t i n g  t h e  use  of an 

e x t e r n a l  f l uo r ine -19  CW lock .  I t  i s  a l s o  equipped with 

a  pulsed i n t e r n a l  deuter ium lock  f o r  a d j u s t i n g  hoalogen- 

i t y  of magnet ic  f i e l d .  The probe u n i t  i s  a  s t anda rd  

Varian Model V-4412 with i n s e r t  f o r  12 tnm sample t u b e s .  

The spec t rome te r  i s  a l s o  equipped wi th  a s i n g l e  s i d e -  

band acces so ry .  A proton-noise  decoupl ing  system oper-  

a t i n g  a t  100 MHz i s  a l s o  used i n  conduc t ing  expe r i -  

ments. A N i c o l e t  1080 computer i s  b u i l t  on- l ine  t o  

t h e  spec t rome te r  f o r  t h e  pu lsed-Four ie r  t r ans fo rm oper-  

a t i o n s  u t i l i z i n g  a  TT-100 acces so ry .  Pu lse  c o n t r o l  and 

a c q u i s i t i o n  of d a t a  i s  done w i t h  a  N i c o l e t  Model 293 

pu lse  t imer  and a  294 d i s k  accessory .  



A l l  NkR exper iments  were performed a t  25.16 MHz on 

t h i s  Varian XL-100 spec t rome te r .  Proton n o i s e  decoupl ing 

was used i n  a l l  exper iments ,  excep t  when of f - resonance  

coheren t  decoupl ing  was r equ i r ed  f o r  ass ignments .  The 

e x t e r n a l  f l uo r ine -19  lock  was used th roughout  a l l  

exper iments .  Normally an 18 s e c .  (approx.  / 3 )  pu l se  

was used a t  a  r e p e t i t i o n  r a t e  of  one per t e n  seconds ,  on 

an 8K memory a l l o c a t i o n ,  t o  o b t a i n  t h e  chemical  s h i f t s  

of t h e  f r e e  amines and t h e i r  cor responding  c a t i o n s  and 

adduc ts  formed w i t h  BF3 and A 1 B r 3  . 

For t h e  s i l i c a - a l u m i n a  samples ,  a  r e p e t i t i o n  r a t e  

of f i v e  per second was used.  Between 105 and 1 .4x106 

scans  were t aken  f o r  each spectrum depending on t h e  

c o n c e n t r a t i o n  and l i n e w i d t h ,  on a  2K memory. 

Proton s p e c t r a  were run f o r  some samples t o  

i n v e s t i g a t e  t h e  p o s s i b i l i t y  of  u t i l i z i n g  proton N M H  

i n  s u r f a c e  s t u d y .  These exper iments  were performed a t  

100 MHz on t h e  same XL-100 machine w i t h  a  5 s ec  pu l se  

a t  a r e p e t i t i o n  r a t e  of  f i v e  per second.  A t y p i c a l  

spectrum was shown i n  Figure.3.A. 



A l l  s p e c t r a  were r u n  a t  approx imate ly  28 d e g r e e s  

c e l s i u s ,  u n l e s s  o the rw i se  s t a t e d .  

IV.2  S i l i ca -Alumina  Samples 

The sample o f  s i l i c a - a l u m i n a  used i s  a Grade-980, 

25 w t . %  a lumina p roduc t  from Davison (Grace)  Company, i n  

t h e  form of 3/16"x3/16" c y l i n d r i c a l  p e l l e t s  w i t h  a  bulk  

d e n s i t y  o f  39 l b / c u . f t .  and a  s u r f a c e  a r e a  o f  400 sq.rn. 

per gm. The pore  volume i s  0.70 cc/gm w i t h  an ave r age  

pore d i ame te r  of  70 A .  Th i s  sample was c a l c i n e d  a t  500 

degree  C f o r  24 hours  and then  ground t o  20-40 mesh 

powder b e f o r e  s t o r i n g  i n  100 % r e l a t i v e  humid i ty .  The 

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

be 333 sq.m./gm. b y  t h e  BET method u s i n g  n i t r o g e n .  The 

main i m p u r i t i e s  i n  t h i s  ox ide  c o n s i s t  o f  0.05% Fe203 

and 0.04% Na20, from m a n u f a c t u r e r ' s  a n a l y s i s .  

IV.3 Reagents  

The p y r i d i n e  and a l k y l p y r i d i n e s  f o r  t h e  measurement 

of p r o t o n a t i o n  and c o o r d i n a t i o n  s h i f t s  were from v a r i o u s  

commercial s o u r c e s .  P r i o r  t o  u s e ,  t h e y  were d i s t i l l e d  



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

s i e v e  t y p e  4 A .  The  h y d r o c h l o r i c  a c i d  u s e d  was  d i l u t e d  

w i t h  d e i o n i z e d  w a t e r  f r o m  c o n c e n t r a t e d  h y d r o c h l o r i c  

a c i d  p r o d u c e d  by M a l l i n c k r o d t  C h e ~ i l i c a l  Co. T h e  t e t r a -  

me thy lammonium c h l o r i d e  w a s  p r o d u c e d  by E a s t m a n  Kodak 

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

g a s - c y l i n d e r  f r o m  M a t h e s o n  Co.  T h e  A1Br3 u s e d  was 

f r o m  F i s h e r  S c i e n t i f i c  Co. 

IV.4 P r e p a r a t i o n  o f  P r o t o n a t e d  P y r i d i n e s  a n d  A l k y l -  

p y r i d i n e s  a n d  T h e i r  N M R  M e a s u r e m e n t s  

C-13 N M R  s p e c t r a  o f  t h e  a m i n e s  were r e c o r d e d  f o r  

s a m p l e s  o f  t h e  n e a t  p y r i d i n e s  w i t h  10% ( v o l . )  t e t r a -  

m e t h y l s i l a n e  (TMS) a d d e d  a s  a n  i n t e r n a l  r e f e r e n c e .  The  

c a t i o n  s a m p l e s  were p r e p a r e d  by a d d i n g  t h e  a rn ine  t o  

6M H C 1  s o  t h a t  10% o f  t h e  a c i d  r e m a i n e d  i n  e x c e s s .  

1 M  t e t r a m e t h y l a m m o n i u m  c h l o r i d e  (TMAC1) w a s  a d d e d  a s  

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

a  c o n c e n t r i c  5 m m .  t u b e  c o n t a i n i n g  TMS w a s  p u t  i n t o  

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

r e l a t i v e  t o  TMS c o u l d  b e  m e a s u r e d .  T h e  m e a s u r e d  s h i f t  



is  56.68 ppm which i s  i n  good agreement w i t h  t h e  

l i t e r a t u r e  va lue  of  56 .54  ppm r e p o r t e d  b y  Sa rnesk i  e t  

a 1 . ( 5 0 ) .  Assuming t h a t  t h i s  va lue  does no t  change from 

one amine t o  a n o t h e r ,  we ob t a ined  t h e  c a t i o n  s h i f t  of  

t h e  s e r i e s  o f  a lkylpyr idiniurn  i o n s  wi th  r e s p e c t  t o  TMS, 

with t h e  a p p r o p r i a t e  s u s c e p t i b i l i t y  c o r r e c t i o n s .  These 

r e s u l t s  were then  combined w i t h  t h e  chemical  s h i f t s  

of t h e  nea t  amines t o  g ive  t h e  p r o t o n a t i o n  s h i f t s  f'or 

a l l  s p e c i e s .  

The ass ignments  of t h e  v a r i o u s  resonances  on t h e  

N M R  s p e c t r a  were done i n  s e v e r a l  ways. For t h e  pre-  

v ious ly  r e p o r t e d  amines,  we assume t h e  ass ignments  i n  

l i t e r a t u r e  ( 1 8 , l g )  t o  be c o r r e c t .  However, f o r  t h e  pro- 

tona ted  s p e c i e s ,  only  pyridiniurn and 4-methylpyridiniurn 

ions  a r e  r e p o r t e d  (181 ,  t h e r e f o r e  s e p a r a t e  ass ignments  

were neces sa ry .  For t h e  more symmetr ical  s p e c i e s ,  

t h i s  can b e  done from i n t e n s i t y  r a t i o s ,  o f f - resonance  

decoupl ing and t h e  broadening of  t h e  C2 and C6 reson- 

ances which r e s u l t s  from coupl ing  t o  t h e  N-14 quad- 

rupo la r  nuc leus .  I n  t h e  ca se  of 2-methylpyr idine  and 

3-methylpyr idine ,  t h e  above in fo rma t ion  i s  no t  enough. 



We p r e p a r e d  t h e  HC1-amine  s o l u t i o n s  o f  d i f f e r e n t  

c o m p o s i t i o n s ;  d u e  t o  t h e  f a s t  e x c h a n g e ,  o n l y  a  s i n g l e  

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

a n d  we were a b l e  t o  o b s e r v e  a  c o n t i n u o u s  t r a n s i t i o n  

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

c a t i o n  s p e c i e s ,  a s  e x c e s s  a c i d  i s  a d d e d .  T h e s e  

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

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

t h e  c a t i o n  s h i f t s .  T h e r e  was n o  l i t e r a t u r e  v a l u e  f o r  

4 - n - p r o p y l p y r i d i n e ,  b u t  o b s e r v i n g  t h a t  t h e  m e t h y l  a n d  

m e t h y l e n e  r e s o n a n c e s  i n  4 - e t h y l p y r i d i n e  a r e  c l o s e  t o  

t h o s e  o f  e t h y l b e n z e n e  ( 5 1 1 ,  we a s s u m e  t h a t  t h e  s a m e  

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

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

t h e  c a r b o n  t o  t h e  r i n g .  

I .  P r e p a r a t i o n  o f  BF3 A d d u c t s  w i t h  P y r i d i n e  a n d  

A l k y l p y r i d i n e s  a n d  T h e i r  N M R  M e a s u r e m e n t s  

P u r i f i e d  a m i n e s  were d i s s o l v e d  i n  b e n z e n e  ( F i s h e r  

S c i e n t i f i c  a n a l y t i c a l  g r a d e  ) ( v / v : 1 / 6 )  a n d  d e g a s s e d  

i n s i d e  a 12 m m  ( 0 . d . )  p y r e x  t u b e .  B o r o n  t r i f l u o r i d e  w a s  



t h e n  i n t r o d u c e d  i n t o  t h e  b e n z e n e  s o l u t i o n  by t h e  c o n v e n -  

t i o n a l  g a s - v o l u m e t r i c  m e t h o d  t o  e n s u r e  a  10% e x c e s s  o f  

b o r o n  t r i f l u o r i d e .  

C-13 c h e m i c a l  s h i f t s  were m e a s u r e d  f o r  b o t h  t h e  

n e a t  p y r i d i n e  a n d  a l k y l p y r i d i n e s  i n  b e n z e n e  a n d  f o r  t h e  

BF3 a d d u c t s ,  w i t h  r e s p e c t  t o  b e n z e n e .  The  a s s i g n m e n t s  

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

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

t h e  a d d u c t  f o r m e d  by 2 - m e t h y l p y r i d i n e .  A p p a r a n t l y  t h e  

C3 r e s o n a n c e  w a s  ' h i d d e n 1  by t h e  b e n z e n e  p e a k ,  t h e r e f o r e  

c h l o r o f o r m  w a s  u s e d  a s  a  s o l v e n t  a n d  a l l  r e s o n a n c e s  were 

c l e a r l y  a s s i g n e d .  

The  p y r i d i n e s - A 1 B r 3  c o m p l e x e s  were p r e p a r e d  t h e  

sarne way. T h e  A1Br3 u s e d  w a s  f i r s t  s u b l i m e d  a n d  t h e n  

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

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

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

wou ld  n o t  b e  h y d r o l y s e d .  The  s o l u t i o n  c o n t a i n i n g  t h e  

c o m p l e x  was  t h e n  t r a n s f e r e d  t o  a  12 mm N M R  t u b e  a n d  

d e g a s s e d .  



IV.6 P r e p a r a t i o n  o f  A d s o r b a t e -  S i l i c a - A l u m i n a  S a m p l e s  

f o r  N M R  M e a s u r e m e n t s  

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

v a p o r  p r e s s u r e  a t  room t e m p e r a t u r e ,  s o  t h e  p r e p a r a t i o n  

o f  s a m p l e s  r e q u i r e s  a  s p e c i a l  a p p a r a t u s  ( F i g u r e  4 ) .  The 

o x i d e  f o r  N M R  m e a s u r e m e n t  was c o n t a i n e d  i n  12  mm ( 0 . d . )  

p y r e x  t u b e s ,  w h i c h  were t h e n  g l a s s - b l o w n  t o  A .  A f t e r  

d e g a s s i n g  p r o c e d u r e ,  t h e  s t o p c o c k  t o  A was c l o s e d .  Mea- 

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

B w h i c h  was  t h e n  d e g a s s e d .  The t w o  c o m p a r t m e n t s  were 

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

e x c e p t  C a n d  were t h e n  e q u i l i b r a t e d  i n  a n  o v e n  a t  9 0 ' ~  

f o r  a t  l e a s t  a n  h o u r  a n d  t h e n  a l l o w e d  t o  c o o l .  I n  no  

c a s e  was any l i q u i d  a m i n e  v i s i b l e  a f t e r  t h i s  t r e a t m e n t ,  

and s i n c e  t h e  amount  o f  g a s  p h a s e  a m i n e  would  b e  n e g l i -  

g i b l e ,  a t  t h e  v a p o r  p r e s s u r e  o f  t h e  l i q u i d ,  we c o u l d  

assume  t h a t  e s s e n t i a l l y  a l l  o f  t h e  a m i n e s  were a d s o r b e d  

on t h e  s o l i d  s a m p l e .  W a t e r - t r e a t e d  s a m p l e s  were p r e p a r e d  

by t h e  same t e c h n i q u e ,  a  m e a s u r e d  a m o u n t  o f  w a t e r  b e i n g  

a d d e d  t o  t h e  same c o m p a r t m e n t  a s  t h e  a m i n e .  A v e r a g e  

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

+ 0 . 0 5  m o l e s / s q . m .  - 



To Vacuum 

All stopcocks a r e  t e f l o n - t y p e  with 

s i l i c o n e  seal from Ace Glass Co. 

Compartment B has a volume of about 

0 . 5  ml. 

Figure 4 

Apparatus f o r  t h e  p repara t ion  of 

samples. 



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

s a m p l e s  o f  t h e  n e a t  l i q u i d  a m i n e s ,  u s i n g  a  s u s c e p t i b i -  

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

p h s i c a l l y  a d s o r b e d  TMS ( 5 2 ) ,  o f  0 .4  ppm d o w n f i e l d .  

S p e c t r a  were r u n  a t  t e m p e r a t u r e s  r a n g i n g  f r o m  amb- 

i e n t  ( a p p r o x .  2 8 ' ~ )  t o  8 0 ' ~ .  I n  g e n e r a l ,  n a r r o w e r  

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

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

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

m e a s u r e m e n t  was  a l w a y s  a t  l e a s t  t w e n t y  d e g r e e s  be low t h e  

t e m p e r a t u r e  a t  which  v i s i b l e  l i q u i d  c o n d e n s a t e  a p p e a r e d  

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

A s p e c i a l  s a m p l e  was p r e p a r e d  f o r  4 - e t h y l p y r i d i n e  

on p u r e  s i l i c a  g e l  a t  0 .91  m o n o l a y e r .  The s i l i c a  g e l  was 

a  D a v i s o n  G r a d e  9 2 3  p r o d u c t  w i t h  a  s u r f a c e  a r e a  o f  560 

sq.m. p e r  gm. and  a n  i m p u r i t y  o f  0 .05% Fe203 .  The N M R  

s p e c t r u m  was  o b t a i n e d  i n  t h e  same way a s  f o r  o t h e r  

s a m p l e s .  T h i s  e x p e r i m e n t  was d e s i g n e d  t o  m e a s u r e  t h e  

c h e m i c a l  s h i f t s  o f  p h y s i c a l l y  a d s o r b e d  4 - e t h y l p y r i d i n e .  

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



t o  be i n e r t  and i t s  i n t e r a c t i o n  w i t h  weak base  i s  no t  

s t r o n g e r  than hydrogen bonding ( 1 5 , 1 7 , 5 3 ) ,  which i s  

a p p l i c a b l e  i n  our c a s e  i n  d e f i n i n g  t h e  p h y s i c a l l y  sorbed 

4 -e thy lpy r id ine  on s i l i c a - a l u m i n a ,  because of t h e  low 

f r a c t i o n  of A 1  atoms i n  t h e  s u r f a c e  s t r u c t u r e .  The 

observed chemical  s h i f t  f o r  C 2  i s  - 0 . 9  ppm and 1.5 ppm 

f o r  C4 a f t e r  s u s c e p t i b i l i t y  c o r r e c t i o n  ( 5 2 ) .  



C h a p t e r  V 

R e s u l t s  a n d  I n t e r p r e t a t i o n  

V. l  T h e  P r o t o n a t i o n  S h i f t s  of Some A l k y l p y r i d i n e s  

R e s u l t s  of t h i s  e x p e r i m e n t  a r e  t a b u l a t e d  i n  T a b l e  1 ,  

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

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

T h e  n e c e s s a r y  s u s c e p t i b i l i t y  c o r r e c t i o n  i s  0 . 4  ppm 

d o w n f i e l d .  S o  a l t h o u g h  o u r  d a t a  a r e  m e a s u r e d  u p  t o k 0 . 0 3  

pprn f r o m  t h e  d i g i t a l  r e s o l u t i o n ,  we h a v e  t o  r e p o r t  t h e  

d a t a  t o  k0.1 ppm,  d u e  t o  u n c e r t a i n t i e s  i n  c a l c u l a t i n g  

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

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

i n  g o o d  a g r e e m e n t  w i t h  t h e  l i t e r a t u r e  v a l u e s  ( 1 7 , 1 8 , 1 9 ,  

2 0 ) .  S l i g h t  v a r i a n c e  e x i s t s  f o r  t h e  a l k y l p y r i d i n e s  when  

c o m p a r e d  t o  t h o s e  of L a u t e r b u r  ( 2 0 )  a n d  t h e n  c o n v e r t e d  

t o  t h e  TMS s c a l e  b y  S t o t h e r s  ( 5 1 ) .  O u r  m e a s u r e m e n t s  a r e  

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



4 - e t h y l p y r i d i n e .  T h i s  d i f f e r e n c e  may b e  d u e  t o  s y s t e m -  

a t i c  e r ro r  i n  h i s  e x p e r i m e n t ,  o r  i n  t h e  n e c e s s a r y  c o n v e r -  

s i o n  t o  t h e  TMS s c a l e .  

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

s o m e w h a t  b e t w e e n  t h a t  of  P u g m i r e  a n d  G r a n t  ( 1 8 )  a n d  

L a v a l l e e  e t  a 1 . ( 1 9 ) .  T h i s  a g a i n  may b e  d u e  t o  s y s t e m a t i c  

e r r o r s  s i n c e  t h e  o l d e r  e x p e r i m e n t s  were d o n e  b y  c o n t i n -  

u o u s  w a v e  s p e c t r o s c o p y  o n  a  low f r e q u e n c y  N M R  s p e c t r o m e t e r ,  

w h i c h  i s  t h o u g h t  t o  b e  i n a c c u r a t e .  Also,  t h e r e  may b e  

s o m e  m i s t a k e  i n  L a v a l l e e l s  d a t a ,  s i n c e  m e t h a n o l  w a s  u s e d  

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

b y  t h e  H+ o r  H20 p r e s e n t .  

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

a d d i t i v e  a s  p o i n t e d  o u t  b y  L a u t e r b u r  ( 2 0 ) .  T h i s  i s  c o n -  

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

a n d  a l k y l p y r i d i n e s ,  a s  s h o w n  i n  T a b l e  2 .  T h u s  t h e  r i n g  

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

0 .2  ppm, b y  c o m p a r i n g  t h e  d a t a  f o r  p y r i d i n e  a n d  mono- 

m e t h y l p y r i d i n e s .  



U n f o r t u n a t e l y ,  t h e  a d d i t i v e  p r o p e r t y  i s  n o t  o b s e r v e d  

f o r  t h e  r n e t h y l a t i o n  , n o r  f o r  t h e  p r o t o n a t i o n  s h i f t s  o f  

t h e  a l k y l p y r i d i n i u m  i o n s .  T h u s  i f  o n e  d e t e r m i n e s  m e t h y l -  

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

p y r i d i n i u m  i o n s ,  t h e s e  f i g u r e s  f a i l  t o  r e p r o d u c e  t h e  C4 

s h i f t s  o f  2 , 6 - d i m e t h y l p y r i d i n i u m  by  7 ppm a n d  t h e  C 2  

s h i f t  o f  2,4,6-trimethylpyridinium i o n  b y  6  ppm. 

From t h e  o b s e r v a t i o n  o f  t h e  d a t a ,  s u b s t i t u t i o n  a t  C 2  

t e n d s  t o  d e c r e a s e  t h e  C2 p r o t o n a t i o n  s h i f t ,  a n d  s u b s t i -  

t u t i o n  a t  C4 t e n d s  t o  i n c r e a s e  t h e  C4 p r o t o n a t i o n  s h i f t .  

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

s u b s t i t u t e d  a t  C2 a n d  i t  i s  u p f i e l d  i n  a l l  c a s e s .  

T h e  u p f i e l d  p r o t o n a t i o n  s h i f t  f o r  C2 o n  p y r i d i n i u m  

i o n  i s  e x p l a i n e d  by P u g m i r e  a n d  G r a n t  ( 1 8 )  a s  a r i s i n g  

f r o m  t h e  d e c r e a s e  i n  N-C bond  o r d e r  upon  p r o t o n a t i o n .  

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

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

p o s i t i o n .  W i t h  a  m e t h y l  s u b s t i t u t i o n  a t  C2,  t h e r e  w i l l  

b e  a  (7 d o n a t i o n  f r o m  t h e  m e t h y l  g r o u p ,  w i t h  a  s u b s e -  

q u e n t  d e c r e a s e  i n  t h e  C-CH3 o r d e r .  T h i s  c o u l d  t h e n  

p r o d u c e  t h e  u p f i e l d  s h i f t s  f o r  C2 a n d  t h e  m e t h y l  g r o u p s  

a s  o b s e r v e d ' .  



T h i s  exp l ana t ion  may be o v e r s i m p l i f i e d .  Recent 

molecular  o r b i t a l  c a l c u l a t i o n s  on N-15 chemical  s h i f t s  

( 5 4 )  r e v e a l  t h e  same u p f i e l d  s h i f t  f o r  n i t rogen  from 

p y r i d i n e  t o  pyr idinium ion .  Their  exp l ana t ion  i s  t h a t  

t h e r e  i s  a  change i n  e x c i t a t i o n  energy bas ing  on t h e  

e v a l u a t i o n  of paramagnetic component of  t h e  s c r e e n i n g  

t e n s o r .  Th is  argument may be a p p l i e d  t o  C 2  and o t h e r  

n u c l e i  o f  t h e  pyr idinium ion t o  e x p l a i n  t h e  "wrongll way 

t h a t  t h e  chemical  s h i f t s  go.  



T a b l e  1 

C-13 C h e m i c a l  S h i f t s  o f  P y r i d i n e  a n d  A l k y l -  

P y r i d i n e s  a n d  T h e i r  C o r r e s p o n d i n g  C a t i o n s  ( p p m )  

A m i n e  a n d  F r e e  Raw C a t i o n  C o r r e c t e d  P r o t o n a t i o n  

C-Atoms  A m i n e  S h i f t s  C a t i o n  S h i f t s  

S h i f t s  wrt TMACl S h i f t s  (f 0 .1  ppm)  

w r t  TMS wrt TMS 

P y r i d i n e  

2 150.26 85.77 141.9 -8 .3  

3 123.96 7 2 - 1 7  128.3 4.4 

4 135.90 91.77 147.9 12.0 



Amine and F r e e  

C-Atoms Amine 

S h i f t s  

wrt TMS 

3-methylpyr id ine  

2 150.71 

3  133.15 

4 136.21 

5 123.30 

6  147.33 

CH 3 18.14 

Raw Ca t ion  

S h i f t s  

wr t  T M A C l  

C o r r e c t e d  

Ca t ion  

S h i f t s  

wrt TMS 

P r o t o n a t  ion  

S h i f t s  

( M . 1  ppm) 



Amine and Free  

C-Atoms Amine 

S h i f t s  

wrt TMS 

4-n-propylpyr id ine  

2  150.08 

3  124.02 

4 150.98 

QCH2 37.30 

PcH 2  23.75 

C H 3  13.74 

Raw Cat ion  Cor rec ted  P ro tona t i on  

S h i f t s  Cat ion S h i f t s  

wrt  T M A C l  S h i f t s  ( f 0 . 1  ppm) 

wrt TMS 



A m i n e  and F r e e  Raw C a t i o n  

C-Atoms Amine S h i f t s  

S h i f t s  wr t  T M A C l  

wrt TMS 

3 , 5 - d i m e t h y l p y r i d i n e  

2  147.86 82.74 

3 132.37 82 .35  

4  136.71 9 2 - 3 5  

CH 3 1 7 - 9 9  -37 - 5 8  

C o r r e c t e d  P r o t i o n a t i o n  

C a t i o n  S h i f t s  

S h i f t s  k0 . l  ppm) 

wrt TMS 

Note : T h e  p r o t o n a t i o n  s h i f t s  a r e  o b t a i n e d  from 

d i f f e r e n c e  o f  f r e e  amines and t h e  c a t i o n  

s h i f t s .  Minus s i g n  i n d i c a t e s  an u p f i e l d  

s h i f t .  

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



T a b l e  2 

T h e  E f f e c t s  o f  M e t h y l  S u b s t i t u t i o n  o n  R i n g  C-13 

M a g n e t i c  S h i e l d i n g s  i n  P y r i d i n e s  ( i n  ppm) 

M e t h y l  R i n g  C a r b o n  P o s i t i o n s  M e t h y l  D e r i v a t i v e s  

P o s i t i o n  2 3 4 

O r t h o  E f f e c t  

M e t a  E f f e c t  

- 0.8 ----- + 0.1 

- 0 . 9  ----- + 0 . 2  

----- - 0.7 ----- 



Methyl Ring C a r b o n  P o s i t i o n s  M e t h y l  D e r i v a t i v e s  

position 2 3 4 

P a r a  E f f e c t  

2 ----- - 3.1 ----- 2-methylpyridine 

2 ----- - 3.3 ----- 2,6-dimethylpyridine 

3 - 3.0 ----- ----- 3-methylpyridine 

3 - 2.8 ----- ----- 3,5-dimethylpyridine 

Direct S u b s t i t u t i o n  Effect 

2 + 8.4 ----- ----- 2-methylpyridine 

2 + 8 - 3  ----- ----- 2,6-dirnethylpyridine 

3 ----- + 9 . 2  ----- 3-methylpyridine 

3 ----- + 9.1 ----- 3,5-dimethylpyridine 

4 ----- ----- +lO.8 4-rnethylpyridine 

4 ----- ----- +10.4 2 , 4 , 6 - t r i r n e t h y l p y r i d i n e  

Note: sign n o t a t i o n s  s a m e  a s  in Table.1. 



V.2 T h e  C o o r d i n a t i o n  S h i f t s  o f  Some A l k y l p y r i d i n e s  

R e s u l t s  o f  t h i s  e x p e r i m e n t  a r e  c o l l e c t e d  i n  T a b l e  3 ,  

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

s h i f t s .  A d d u c t  s h i f t s  f o r m e d  w i t h  A 1 B r 3  a r e  c o l l e c t e d  i n  

T a b l e  3A, fo r  p y r i d i n e ,  2 , 6 - d i m e t h y l p y r i d i n e  a n d  4 - e t h y l -  

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

v e r t e d  t o  t h e  TMS s c a l e  from t h e  1 2 8 . 4 9  ppm we o b s e r v e d  

f o r  b e n z e n e  d o w n f i e l d  from TMS. 

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

k0.03  ppm. I t  i s  d i f f e r e n t  from t h a t  of t h e  p r o t o n a t e d  

c a s e ,  b e c a u s e  b e n z e n e  i s  u s e d  a s  i n t e r n a l  r e f e r e n c e  a n d  

n o  s u s c e p t i b i l i t y  c o r r e c t i o n  i s  r e q u i r e d .  

T h e r e  i s  s l i g h t  v a r i a n c e  b e t w e e n  t h e  c h e m i c a l  s h i f t s  

o f  t h e  a d d u c t s  f o r m e d  w i t h  BF a n d  A I B r j .  B a s i c a l l y ,  i t  3 
i s  d u e  t o  t h e  f a c t  t h a t  b r o m i d e  i s  a  b u l k y  g r o u p ,  s o  i t  

w i l l  l e s s e n  t h e  s t r e n g t h  o f  t h e  b o n d  f o r m e d  b e t w e e n  

I 

I a l u m i n u m  a n d  n i t r o g e n .  T h u s  t h i s  s t e r i c  h i n d r a n c e  w i l l  
e 
& i n d u c e  a  c h a r g e  o n  n i t r o g e n  t h a t  i s  l e s s  p o s i t i v e  t h a n  
C [ t h a t  w o u l d  b e  f o r m e d  f r o m  RF3 a n d  t h u s  a  s t r o n g e r  b o n d  



o r d e r  i n  t h e  N-C bond  w i t h  t h e  r e s u l t  o f  a  s m a l l e r  

u p f i e l d  s h i f t  f o r  C2 o n  p y r i d i n e  a n d  2 , 6 - d i m e t h y l -  

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

t h e  m e t h y l  g r o u p  w i l l  n o t  h a v e  much e f f e c t  on  t h e  C 2  

s h i f t .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  m a g n i t u d e  o f  C 4  

s h i f t  i s  h i g h e r  i n  t h e  A 1 B r 3  a d d u c t s  t h a n  t h o s e  o f  t h e  

BF3 a d d u c t s .  A p p a r e n t l y ,  C4 is  m o r e  d e s b i e l d e d  i n  t h e  

f o r m e r  compound d u e  t o  t h e  s a m e  a r g u m e n t  g i v e n  a b o v e .  

A s  c o u l d  b e  o b s e r v e d ,  t h e  u p f i e l d  C2 c o o r d i n a t i o n  

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

f o r  t h e  2 - s u b s t i t u t e d  a l k y l p y r i d i n e s ,  by 2 . 1  pprn f o r  

2 - m e t h y l p y r i d i n e ,  1 1  ppm f o r  2 , 6 - d i m e t h y l p y r i d i n e  a n d  

4 . 3  ppm f o r  2,4,6-trimethylpyridine. T h e  e x p l a n a t i o n  i s  

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

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

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

N-C bond  o r d e r  i s  b i g g e r  i n  t h e  c a s e  o f  c a t i o n  s p e c i e s ,  

a n d  t h e r e f o r e  t h e  o b s e r v a t i o n .  



W h i l e  t h i s  e l e c t r o s t a t i c  r e a s o n i n g  may c o n t r i b u t e  

t o  t h e  t o t a l  e f f e c t ,  t h e  m e c h a n i s m  f o r  t h e  C - 1 3  s h i f t  

g i v e n  e a r l i e r  f o r  t h e  p r o t o n a t i o n  s h i f t  may s t i l l  a p p l y  

i n  t h i s  c a s e ,  t h a t  i s ,  t h e  c h a n g e  i n  p a r a m a g n e t i c  c o n -  

t r i b u t i o n  i n  t h e  s c r e e n i n g  t e n s o r  may s t i l l  be  d o m i n a n t .  

I n  g e n e r a l ,  t h e  t r e n d  t h a t  i s  o b s e r v e d  i n  t h e  p r o -  

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

t h e  d e c r e a s e  i n  t h e  C2 s h i f t  a s  m e t h y l  g r o u p  is  s u b s -  

t i t u t e d  t h e r e .  A s  c o u l d  b e  s e e n  i n  T a b l e  4 ,  t h e  a d d i t i v e  

p r o p e r t i e s  of  m e t h y l  s u b s t i t u t i o n  i s  n o t  o b s e r v e d  

a l s o  f o r  t h e  BF3 a d d u c t s .  



T a b l e  3  

C-13 Chemical S h i f t s  o f  t h e  BF3 Adducts  formed w i t h  

P y r i d i n e  and I t s  Alky l  D e r i v a t i v e s .  

Amine and F r e e  Amine BF3 Adduct C o o r d i n a t i o n  

C-atoms S h i f t  wrt S h i f t  wrt S h i f t  (ppm) 

TMS (ppm) TMS (ppm) 

P y r  i d i n e  

2  150.17 

3 123.54 

4 135.34 

2 - m e t h y l p y r i d i n e  

2  158.56 

3  122 .90  

4  135.61 

5 120 .52  

6  149.49 

Cfi 3  24 .46  



A m i n e  a n d  F r e e  Arnine BF3 A d d u c t  C o o r d i n a t i o n  

C-Atoms S h i f t  wrt S h i f t  wrt S h i f t s  ( p p m )  



A m i n e  a n d  F r e e  A m i n e  BF3 A d d u c t  C o o r d i n a t i o n  

C-Atoms S h i f t  wrt; S h i f t  wrt S h i f t s  ( p p m )  

TMS ( p p m )  TMS ( p p m )  

4 - n - p r  o p y l p y r  i d i n e  

4 - t - b u t y l p y r  i d i n e  



P Amine and Free Amine BF3 Adduct Coordination 

C-Atoms Shift wrt Shift wrt Shifts (ppm) 

Note: notations same as in Table.1. 

See text for estimate of uncertainties. 



T a b l e  3.A 

C-13 C h e m i c a l  S h i f t s  o f  t h e  A1Br3 A d d u c t s  f o r m e d  w i t h  

Some A l k y l p y r  i d i n e s  

Arnine a n d  F r e e  Arnine A1Br3  A d d u c t  C o o r d i n a t i o n  

C-Atoms S h i f t  wrt S h i f t  wrt S h i f t  (ppm) 

P y r  i d i n e  

2  1 5 0 . 1 7  1 4 6 . 5 5  

3 1 2 3 . 5 4  1 2 6 . 3 0  

2 , 6 - d i m e t h y l p y r  i d i n e  



Table 4 

T h e  Effects of Methyl Substitution on Ring C-13 Magnetic 

Shieldings in Pyridines-BF3 Adducts 

Methyl Ring Carbon Position Methyl Derivatives 

Position 2 3 4 

Ortho Effect 



Methyl Ring C a r b o n  P o s i t i o n s  Methyl D e r i v a t i v e s  

position 2 3 4 

P a r a  E f f e c t  

----- - 3.1 ----- 2-methylpyridine 

----- - 2.3 ----- 2,6-dimethylpyridine 

0.0 ----- ----- 3-methylpyridine 

- 3 ,o ----- ----- 3,5-dimethylpyridine 

D i r e c t  S u b s t i t u t i o n  E f f e c t  

2 +13.4 ----- ----- 2-methylpyridine 

2 +14.4 ----- ----- 2,6-dimethylpyridine 

3 ----- +11.0 ----- 3-methylpyridine 

3 ----- +10.6 ----- 3,5-dimethylpyridine 

4 ----- ----- +13.6 4-rnethylpyridine 

4 ----- ----- +13.0 2,4,6-trimethylpyridine 

Note: n o t a t i o n s  s a m e  a s  in Table.2. 

( 1 i n d i c a t e s  s u b s t i t u t i o n  at t h e  c a r b o n  atom. 



V.3 I n v e s t i g a t i o n  o f  S u r f a c e  A c i d i c  S i t e s  on S i l i c a -  

Alumina  

V . 3 . A .  C h o i c e  o f  P r o b e  G a s  

The i m p o r t a n c e  o f  a  p r o b e  g a s  i n  t h e  i n v e s t i g a t i o n  

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

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

o u r  N M R  s t u d y ,  f i r s t ,  l a r g e  c h e m i c a l  s h i f t s  upon a d s o r -  

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

S e c o n d l y ,  t h e  N M H  s p e c t r a  o f  t h e  a d s o r b e d  p r o b e  g a s  h a v e  

t o  g i v e  good r e s o l u t i o n  a n d  s i g n a l  t o  n o i s e  ( S / N )  r a t i o  

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

time a n d  a s s o c i a t e d  m a c h i n e r y  a r e  c o s t l y ) .  T h i r d l y ,  and 

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

b e  a b l e  t o  d i f f e r e n t i a t e  a  L e w i s  a c i d  s i t e  f r o m  a  B r o n s t e d  

t y p e  a c i d  s i t e .  Not many p r o b e  g a s e s  u s e d  i n  t h e  p a s t  

s a t i s f y  a l l  t h e  r e q u i r e m e n t s .  2 , 6 - d i - t - b u t y l p y r i d i n e  h a s  

been  u s e d  t o  d i f f e r e n t i a t e  t h e  L e w i s  a c i d i c  s i t e s  a s  was 

d o n e  by Dewing e t  a 1 . ( 5 5 ) .  T h e i r  i n f r a r e d  o b s e r v a t i o n s  

show t h a t  2 , 6 - d i - t - b u t y l p y r i d i n e  c a n  d i s p l a c e  c o o r d i n -  

a t e l y  bound ( t o  L e w i s  s i t e )  p y r i d i n e  f r o m  a n  a l u m i n a  



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

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

a c c e p t e d  m o d e l  o f  c o o r d i n a t i o n  d i r e c t  t o  a n  e x p o s e d  ~ 1 ~ ' .  

H o w e v e r ,  D e w i n g ' s  p a p e r  i s  a c o n t r o v e r s i a l  o n e .  O t h e r  

w o r k e r s  c l a i m  t h a t  2 , 6 - d i r n e t h y l p y r i d i n e  o r  2 , 4 , 6 - t r i -  

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

r e a s o n s  ( 5 6 , 5 7 1 .  

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

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

i n  i n f r a r e d  s t u d i e s ,  a s  w a s  d o c u m e n t e d  b y  t w o  t e x t  b o o k s  

( 5 8 , 5 9 )  a n d  n u m e r o u s  p a p e r s .  F r o m  o u r  p r e v i o u s  s t u d y  

( 1 7 )  a n d  t h i s  o n e ,  p y r i d i n e  i s  c o n c l u d e d  n o t  t o  b e  a n  

i d e a l  p r o b e  g a s  i n  C-13 N M R  s t u d i e s .  T y p i c a l  C-13 N M R  

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

s h o w n  i n  F i g u r e  5 ,  a t  0.52 a n d  0 . 7 6  m o n o l a y e r  r e s p .  

A s  i s  e v i d e n t ,  t h e  C 4  r e s o n a n c e  i s  l o s t  i n  t h e  b a c k -  

g r o u n d  n o i s e  ( o r  h i d d e n  u n d e r  t h e  h u g e  C2 r e s o n a n c e )  

a n d  b o t h  t h e  C2 a n d  C 3  r e s o n a n c e s  d o  n o t  h a v e  g o o d  re-  

s o l u t i o n .  



Capt ion  

F i g u r e  5.A. Carbon-13 s p e c t r u m  o f  p y r i d i n e  

a d s o r b e d  on s i l i c a - a l u m i n a  a t  0 .52  

mono laye r ,  r u n  a t  90 deg  C .  15 ,000  

s c a n s .  

F i g u r e  5 .8 .  Carbon-13 s p e c t r u m  o f  p y r i d i n e  

a t  0 .76  mono laye r ,  run  a t  90 deg  C .  

15 ,000  s c a n s .  



Figure 5 . A .  



Figure 5.B.  



A s  i n d i c a t e d  i n  o u r  p r e v i o u s  s t u d y  ( I T ) ,  t h e  t o t a l  

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

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

o f  a d s o r b e d  m o l e c u l e s ) .  T o t a l  c o v e r a g e  i s  a l w a y s  

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

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

w i t h  a  s u b s e q u e n t  e r ro r  i n  t h e  c a l c u l a t i o n  of t o t a l  

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

f o r  o u r  s t u d y .  

F o r  s i m i l a r  r e a s o n s ,  t h e  a s s y m e t r i c  m o n o - m e t h y l -  

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

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

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

d i r e c t i o n s  u p o n  p r o t o n a t i o n  or  c o o r d i n a t i o n  a s  s h o w n  i n  

T a b l e s . 1  a n d  3 ) .  P o s s i b l y  , t h e  C 2  a n d  C6 r e s o n a n c e s  

w i l l  b e  r e l a t i v e l y  b r o a d  d u e  t o  N-14 q u a d r u p o l e  c o u p l i n g  

a n d  b e  d i s t i n g u i s h e d ,  b u t  t h e i r  b r o a d n e s s  w i l l  a l s o  

' h i d e '  t h e  C4 r e s o n a n c e .  C3 a n d  C5 r e s o n a n c e s  c o u l d  b e  

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

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

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

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

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



The spectra o f  2,6-dimethylpyridine and 3,5-di- 

methylpyridine are shown in Figures 6 and 7. For 3 , 5 -  

dimethylpyridine, the C 2  and C4 resonances are s o  close 

together that they can't be resolved. From the spectra 

o f  2,6-dimethylpyridine, it seems to be a good choice 

since all resonances are relatively narrow except the C4 

resonance which has a low S/N ratio, and is relatively 

broad. Table 5 lists the observed chemical shifts of all 

the carbons of 2,6-dimethylpyridine upon adsorption on 

silica-alumina at various coverages. But due to the small 

C2 and C4 chemical shift changes, 2,6-dimethylpyridine 

was not studied in detail. 



Caption 

Figure 6.A. Carbon-13 spectrum o f  2 , 6 -  

dimethylpyridine at 0.80 monolayer on 

a water-treated silica-alumina. 

100,000 scans at 80 deg C. 

Figure 6.B. Carbon-13 spectrum o f  2 , 6 -  

dimethylpyridine at 0.82 monolayer on 

a non-treated silica-alumina. 

100,000 scans at 8 0  deg C. 



Figure 6 . ~ .  



Figure 6 . ~ .  



Caption 

Figure 7.A.  Carbon-13 spectrum o f  3,5- 

dimethylpyridine at 0.70 monolayer on 

a water-treated silica-alumina. 

300,000 scans at 80 deg C. 

Figure 7 . B .  Carbon-13 spectrum o f  3,5- 

dimetnylpyridine at 0.70 monolayer on 

non-treated silica-alumina. 

250,000 scans at 80 deg C. 



Figure 7 . A .  



Figure  7 .B.  



T a b l e  5 

Chemical  S h i f t  o f  2 , 6 - d i m e t h y l p y r i d i n e  

on S i l i c a - A l u m i n a  

Monolayer Coverage Chemical  S h i f t s  

8 p m o l e / s q . m .  C2,6 C3,5 C4 C H 3  

Non-Water-Treated 

0 . 5 8  2.38 0 .1  1 . 3  1 . 0  -1 .9  

0 .70  2 .89  0 . 2  2 . 0  2 . 2  -1.7 

0 .82 3 - 3 6  0 . 0  1 . 4  2 . 1  -1 .5  

0 .90  3 .68  0 . 0  1 .7  -0 .1  -1 .4  

Wate r -Trea ted  

0 . 5 8  2 .38  -0.6 1  .g  2 . 7  -1.9 

0 .69  2.82 -0.4 1 . 9  2 . 7  -2.0 

0.80 3 - 3 0  -0 .3  2 . 5  2 . 8  -1 .6  

Note:  A l l  s p e c t r a  were t a k e n  a t  80 deg C 

Chemical  s h i f t s  were o b t a i n e d  by s u b t r a c t i n g  

t h e  obse rved  s h i f t  from t h a t  o f  n e a t  l i q u i d .  

The w a t e r - t r e a t e d  sample  was p r e p a r e d  by 

i n t r o d u c t i o n  o f  3 . 6 p m o l e s  H20/sq.m. 

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

u p f i e l d  s h i f t .  Average d e v i a t i o n  i s  2 0 . 3  ppm. 



F r o m  T a b l e s  1 a n d  3 ,  t h e  C2 a n d  C4 o n  4 - e t h y l -  

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

a n d  when  c o o r d i n a t e d  t o  BF3 a n d  A 1 B r 3  , s o  i t  seems 

t o  b e  a  g o o d  c a n d i d a t e  a s  a  p r o b e  g a s .  A l s o ,  t h e  C2 

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

c l o s e ,  -9 .1  a n d  -7 .8  ppm r e s p e c t i v e l y ,  we may b e  a b l e  t o  

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

o f  4 - e t h y l p y r i d i n e  a d s o r b e d  o n  d i f f e r e n t l y  p r e p a r e d  

s i l i c a - a l u m i n a  a r e  s h o w n  i n  F i g u r e s  8 a n d  9 .  

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

m e t h y l  r e s o n a n c e s  a r e  w e l l  r e s o l v e d .  T h e  CH2 r e s o n a n c e  

is  b r o a d  a n d  h a s  a  l o w  S/N r a t i o .  D e t a i l e d  s t u d y  o n  

4 - e t h y l p y r i d i n e  a d s o r b e d  on s i l i c a - a l u m i n a  i s  g i v e n  i n  

t h e  n e x t  s e c t i o n .  



Caption 

F i g u r e  8 Carbon-13 spec t rum of 4 -e thy l -  

p y r i d i n e  a t  0.55 monolayer on water-  

t r e a t e d  s i l i c a - a l u m i n a .  

75,000 s cans  a t  80 deg C 

F i g u r e  9 Carbon-13 spec t rum of  4 -e thy l -  

pyd id ine  a t  0 .53 monolayer on non- 

t r e a t e d  s i l i c a - a l u m i n a .  15 ,000 s cans  

a t  80 d e g  C .  (same f i g u r e  a s  3 . B . : )  



Figure  8 



Figure 9 



V.3.E E l u c i d a t i o n  o f  C o n c e n t r a t i o n  o f  S u r f a c e  A c i d i c  

S i t e s  o n  S i l i c a - A l u m i n a  

T a b l e s  6 a n d  7 l i s t s  t h e  o b s e r v e d  c h e m i c a l  s h i f t s  

o f  a l l  c a r b o n s  on 4 - e t h y l p y r i d i n e  when a d s o r b e d  on 

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

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

f o r  r e p r o d u c i b i l i t y  o f  d a t a ,  N M R  s p e c t r a  were r e p e a t e d  

f o r  o n e  o f  t h e  s a m p l e s  f r o m  e a c h  c a t e g o r y .  I n  g e n e r a l ,  

t h e  a v e r a g e  d e v i a t i o n  f o r  C2 i s  k 0 . 2  ppm and  5 0 . 3  ppm 

f o r  C4. T h i s  l a r g e  d e v i a t i o n  i s  d u e ,  p a r t l y ,  t o  t h e  time 

t a k e n  f o r  e a c h  N M R  r u n ,  d u r i n g  w h i c h  t h e  m a g n e t i c  f i e l d  

may h a v e  d r i f t e d .  The N M R  s p e c t r u m  o f  t h e  r e f e r e n c e  a m i n e  

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

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

2 0 . 4  ppm d e p e n d i n g  on t h e  l e n g t h  o f  r u n .  

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

d e g a s s e d  a t  a b o u t  270  d e g  C and  420  d e g  C s e p a r a t e l y  a s  

i l l u s t r a t e d  i n  T a b l e  7 .  T h e r e  i s  no a p p a r e n t  d i f f e r e n c e  

b e t w e e n  t h e m ,  b e c a u s e  t h e  u n c e r t a i n t y  i n  a s s i g n i n g  t h e  

c h e m i c a l  s h i f t s  t o  e a c h  r e s o n a n c e  p e a k  r a n g e s  f r o m  0 . 2  ppm 



to 0.3 ppm. It is interesting to note that in Table 7, the 

chemical shifts of both C2 and C4 remain practically the 

same from 0.45 to 0.69 monolayer. This is the main 

reason why the plot of observed chemical shift versus 

inverse of coverage (see below) is so scattered. This 

observation is similar to that for 2,6-dimethylpyridine 

(from Table.5). One can actually see some sort of a 

maximum for the C4 chemical shift when the coverage 

of 2,6-dimethylpyridine on silica-alumina is from 0.7 

to 0.8 monolayer. 



i 

T a b l e  6 

Observed Chemical S h i f t s  o f  4 - e t h y l p y r i d i n e  

adso rbed  on Wate r -Trea ted  S i l i ca -Alumina  

Monolayer 

8 
0.17 

0.27 

0 .45  

0.55 

0 .55  ( * I  

0 .69 

Cover age  

p m o l e / s q . m .  

0.71 

1 .11  

1 . 8 8  

2 .70  

2 .70  

2 .88  

Chemical S h i f t s  

C2,6 C3,5 C4 C H 2  C H 3  

-7.6 3.1 8 . 9  -0.6 -1.4 

-4.4 1.9 6 . 5  - 1 . 2  -1 .8  

- 4 . 3  2 . 1  5 . 5  -0.0 -1.4 

-4.4 1 . 9  5 .4  -0 .3  -0 .8  

-4.1 1 . 3  6 . 2  -0.4 - 1 . 9  

-3.9 1 . 4  5 . 3  -0 .5  -1.6 

Note: A l l  n o t a t i o n s  same a s  T a b l e . 5  

Degass ing  t e m p e r a t u r e  a t  240 t o  265 deg  C 

( * I  i n d i c a t e s  a  r e r u n  o f  t h e  same sample .  

Average d e v i a t i o n  i n  c h e m i c a l  s h i f t  0 . 3  ppm 



T a b l e  7  

Observed Chemical  S h i f t s  o f  4 - e t h y l p y r i d i n e  

adso rbed  on Non-wa t e r  T r e a t e d  Si02-A1203 

Monolayer Cover age  Chemical S h i f t  (ppm) 

8 p m o l e / s q . m .  C2,6 c 3 , 5  c 4  CH2 cH3 

Degassed a t  260-285 deg C 

0 .40 1 .71  -3 .2  2 .5  3 .8  1 . 3  -1 .0  

0 .53  2 .22  -2.2 2 .6  3 .5  0 .4  -1 .7  

0 .77  3 .22  -1.1 1 .9  3.1 0 . 0  -0 .8  

0 .91 3 .78  -2 .0  0 .7  2.9 -1 .8  -1.4 

0.91 ( " 1  3 .78  -1.9 0.6 3 . 3  -1 .3  -1.4 

Degassed a t  422 deg C 

0 .58  2.41 -2.9 2 . 0  4 .1  -0 .3  -1 .8  

0 .76  3.17 -2.1 1 .2  3.0 -1 .2  - 1 . 1  

0.91 3 .78  -1 .5  1 . 5  2 .5  -0 .q  - 0 - 6  

Note : A l l  n o t a t i o n s  same a s  p r e v i o u s l y  d e s c r i b e d .  

Average d e v i a t i o n  i n  c h e m i c a l  s h i f t  5 0 . 3  ppm 



T h e  water i n t r o d u c e d  i n t o  t h e  w a t e r - t r e a t e d  

s i l i c a - a l u m i n a  r a n g e d  f r o m  3 . 1 2  t o  3.85 p m o l e / s q . m .  

T h e  a m o u n t  of w a t e r  a d s o r b e d  w i l l  b e  s u f f i c i e n t  t o  

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

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

V a u g h a n  ( 3 2 ) .  T h e r e  w i l l  a l s o  b e  a n  i n v e r s i o n  o f  a c i d -  

s i t e  d e n s i t i e s .  P a r r y  ( 2 2 )  a n d  B a s i l a  e t  a 1 . ( 2 8 )  f o u n d  

t h a t  t h e  L e w i s  s i t e  c o n c e n t r a t i o n  d e c r e a s e s  a n d  t h e  

B r o n s t e d  s i t e  c o n c e n t r a t i o n  i n c r e a s e s  u p o n  r e h y d r a t -  

i o n .  T h i s  i n v e r s i o n  i s  b e l i e v e d  t o  b e  d u e  t o  t h e  

c o n v e r s i o n  o f  L e w i s  s i t e s  t o  B r o n s t e d  s i t e s .  



V.3.C. I n t e r p r e t a t i o n :  L i n e a r  M o d e l  1 .  

F rom p r e v i o u s  r e s u l t s  i n  t h i s  l a b o r a t o r y  ( l 7 , 5 3 ) ,  

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

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

( T a b l e s  1 a n d  3 1 ,  we o b s e r v e d  t h a t  t h e  p r o t o n a t i o n  a n d  

c o o r d i n a t i o n  s h i f t s  o f  t h e  C2 o n  4 - e t h y l p y r i d i n e  a r e  

c l o s e  t o g e t h e r  ( - 9 . 1  a n d  -7 .8  ppm r e s p e c t i v e l y ) .  T h u s  

we c a n  a s s u m e  a n  a v e r a g e  a c i d i c  s h i f t  f o r  b o t h .  If t h i s  

i s  d o n e ,  t h e n  t h e  C2 s h i f t  o f  4 - e t h y l p y r i d i n e  c o u l d  be  

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

o n  s i l i c a - a l u m i n a  b e c a u s e  it w i l l  g i v e  t h e  s a n e  a v e r a g e  

s h i f t  when a d s o r b e d  o n  a  B r o n s t e d  o r  a L e w i s  s i t e .  

I f  we f u r t h u r  a s s u m e  t h a t  t h e  o b s e r v e d  c h e m i c a l  

s h i f t s  r e l a t e  t o  c o v e r a g e  a s  i n  ( 1 7 ) ,  w e  c a n  wri te  

w h e r e  6:is i s  t h e  o b s e r v e d  C2 c h e m i c a l  s h i f t ,  8:2 , t h e  

C2 
p r o t o n a t i o n  s h i f t  f o r  C 2 ,  SL , t h e  c o o r d i n a t i o n  s h i f t  

o f  C 2 ,  n ~  t h e  t o t a l  moles o f  m o l e c u l e s  a d s o r b e d  o n t o  
b 

j t h e  s u r f a c e , n + ,  t h e  n u m b e r  o f  moles o f  a m i n e s  b o n d e d  
il 



t o  B r o n s t e d  s i t e s ,  n L ,  t h e  number  o f  m o l e s  o f  a m i n e s  

b o n d e d  t o  L e w i s  s i t e s  a n d  n N ,  t h e  number  o f  m o l e s  o f  

a m i n e s  p h y s i c a l l y  a d s o r b e d  on t h e  s u r f a c e  ( o r  t o  non-  

a c i d i c  s i t e s ) .  And f i n a l l y  8 i2  , t h e  c h e m i c a l  s h i f t  

t h a t  w o u l d  b e  o b t a i n e d  f o r  C2 f o r  p h y s i c a l l y  a d s o r b e d  

4 - e t h y l p y r i d i n e  m o l e c u l e s  ( w h i c h  i s  e q u a l  t o  -0 .9  ppm 

--- t h e  d a t a  f r o m  S i 0 2  e x p e r i m e n t ) .  

N o t i c e  t h a t  t h i s  m o d e l  a s s u m e s :  

1 )  T h e  number  o f  B r o n s t e d  a n d  L e w i s  a c i d i c  s i t e s  a r e  

f i x e d  on t h e  s u r f a c e  o f  s i l i c a - a l u m i n a .  

2 )  T h e  p r o b e  g a s  ( 4 - e t h y l p y r i d i n e )  e i t h e r  i n t e r a c t s  w i t h  

a n  a c i d i c  s i t e  o r  d o e s n ' t  ( i . e .  t o  a n o n - a c i d i c  s i t e ) .  

3 )  T h e  o b s e r v e d  c h e m i c a l  s h i f t  i s  a  w e i g h t e d  a v e r a g e  o f  

t h e  p o p u l a t i o n s  o f  4 - e t h y l p y r i d i n e  i n t e r a c t i n g  w i t h  

B r o n s t e d ,  L e w i s  o r  n o n - a c i d i c  s i t e s .  

4 )  C h e m i c a l  s h i f t s  o f  t h e s e  t h r e e  k i n d s  o f  4 - e t h y l p y r i -  

d i n e  m o l e c u l e s  a r e  g i v e n  by  v a l u e s  w i t h  BF3 a d d u c t s  

( SL  , a q u e o u s  H C 1  ( 8+ 1 a n d  w i t h  S i 0 2  ( SN 1 

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



U s i n g  t h e s e  a s s u m p t i o n s  a n d  a s s u m i n g  t h a t  t h e  8, 
a n d  sL  c a n  b e  a v e r a g e d  t o  g i v e  a  t o t a l  a c i d i c  s h i f t  

o f  -8 .5  ppm, [ V . 1 ]  b e c o m e s  

S i n c e  t h e  sum o f  ( n + + n L )  s h o u l d  g i v e  t h e  t o t a l  

number  of m o l e s  o f  4 - e t h y l p y r i d i n e  b o n d e d  t o  a c i d i c  

s i t e s  ( n A )  a n d  from A s s u m p t i o n . 2  nT w o u l d  b e  g i v e n  by  

t h e  sum o f  n A + n N ,  a f t e r  s i m p l e  a l g e b r a ,  we wou ld  g e t  

S u b s t i t u t i n g  d a t a  from T a b l e s  6 a n d  7 ,  we w i l l  o b t a i n  

T a b l e s  8 a n d  9 .  



Coverage 

pmole/sq.m 

1.71 

2 .22  

3 .22  

3.78 

3.78 

2 .41  

3 .17 

3 .78 

Table  8 

F r a c t i o n  and Number of  Moles o f  

Acidic S i t e s  f o r  Non-treated 

Su r f ace .  

C2 8 obs 
f A = n A / n T  n A P o l e / s q . m )  

( 2 0 . 2 )  (+ 0 . 0 4 )  (+ 0 .2 )  

-3 .2  0 .30  0 .5  

-2 .2  0 .17 0 .4  

Average = --- ( * I  0 .4  

Note: ( * I  denote  no average  can be t aken .  See t e x t .  



Table  9 

F r a c t i o n  and Number of  Moles o f  

Acidic S i t e s  f o r  Water- t reated 

S i l i c a - a lumina  

Cover age 
C2 

8 abr fA=nA/nT  n A w o l e / s q . m . )  

Average = --- ( * )  ---(*I 

Note: ( * I  denote  no average  can be t a k e n ,  s ee  t e x t .  



The v a l u e s  o b t a i n e d  i n  T a b l e  8 a r e  a l m o s t  c o n -  

s i s t e n t  e x c e p t  t h e  a n o m a l o u s  v a l u e s  o f  f A =  0 . 0 3  and 

n A =  0.1/CLmole/sq.m. W h i l e  f o r  T a b l e  9 ,  a b n o r m a l i t y  is  

o b s e r v e d ,  w h i c h  i s  n o t  f o u n d  i n  T a b l e  8 .  The a p p a r e n t  

i n c r e a s e  i n  nA v a l u e s  f r o m  c o v e r a g e  o f  0 . 7 1  t o  2 . 7 0  

p r n o 1 e s l s q . m .  i s  o f  c o u r s e  d u e  t o  t h e  r e g i o n  o f  a l m o s t  

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

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

by an e q u i l i b r i u m ,  r a t h e r  t h a n  by t h e  t o t a l  number o f  

a c i d i c  s i t e s .  T h i s  would i m p l y  a s u b s t a n t i a l  amount  o f  

weak a c i d i c  s i t e s  ( o f  t h e  a p p r o x i m a t e  s t r e n g t h  o f  4- 

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

a t  v a r i a n c e  w i t h  p r e v i o u s  r e s u l t s  ( 1 2 ) .  T h e r e f o r e  we 

c o u l d  c o n c l u d e  a t  t h i s  s t a g e  t h a t  n A  = ( 0 . 4 5 0 . 2 )  

/ -Lmoles / sq .m.  f o r  n o n - t r e a t e d  s i l i c a - a l u m i n a  arid no  v a l u e  

f o r  t h e  w a t e r - t r e a t e d  s u r f a c e .  However i f  t h e  u n c e r t a i n t y  

i s  i n c r e a s e d  t o  $- 0 . 4 ,  t h e n  n A  f o r  t h e  w a t e r - t r e a t e d  

s a m p l e s  c a n  b e  a v e r a g e d  a s  ( 0 . 9 ~ 0 . 4 ) ~ m o l e s / s q . m .  

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

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

we a r e  l i m i t e d  by Model 1 t h a t  o n l y  t h e  t o t a l  a c i d  

s i t e s  a r e  f o u n d .  T h a t  i s  how Model 2  d i f f e r s  f r o m  

t n e  above---we a c t u a l l y  h a v e  more  t h a n  o n e  p a r a m e t e r .  



V.3.D. L i n e a r  M o d e l  2 

A s  c o u l d  b e  s e e n  i n  T a b l e s  1 a n d  3 ,  t h e  C4 s h i f t s  

o f  4 - e t h y l p y r i d i n e  u p o n  p r o t o n a t i o n  a n d  c o o r d i n a t i o n  

a r e  q u i t e  d i f f e r e n t  ( 1 4 . 5  a n d  9 . 5  ppm r e s p e c t i v e l y ) .  

T h e  o b s e r v e d  C4 c h e m i c a l  s h i f t  o f  4 - e t h y l p y r i d i n e  when 

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

s h i f t  n o r  t h e  c o o r d i n a t i o n  s h i f t  e v e n  a t  C8.17 m o n o l a y e r  

( a  v e r y  l o w  c o v e r a g e  i n d e e d ) .  S o  we c o u l d  a s s u m e  t h a t  

t h e  a m o u n t  o f  a d s o r b e d  4 - e t h y l p y r i d i n e  e x c e e d s  a l l  

a v a i l a b l e  a c i d  s i t e s  o n  t h e  s u r f a c e .  If t 1 . i ~  i s  t h e  

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

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

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

t h e  n o n - a c i d i c  s i t e s  ( w h e r e  we w o u l d  o b s e r v e  p h y s i c a l l y  

a d s o r b e d  4 - e t h y l p y r i d i n e ) .  If t h i s  a s s u m p t i o n  i s  v a l i d  

a n d  w i t h  t h e  f o u r  b a s i c  a s s u m p t i o n s  l i s t e d  f o r  M o d e l  1 ,  

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

m o l e c u l e s  ( f + ) ,  f r a c t i o n a l  n u m b e r  o f  c o o r d i n a t e d  m o l e -  

c u l e s  ( f L )  a n d  f r a c t i o n a l  n u m b e r  of p h y s i c a l l y  a d s o r b e d  

m o l e c u l e s  ( f N )  b y  : 



C 4  
w h e r e  Eobs i s  t h e  o b s e r v e d  C4 c h e m i c a l  s h i f t  and  s t 4  

C4 
i s  t h e  o b s e r v e d  p r o t o n a t i o n  s h i f t ,  EL , i s  t h e  o b s e r v e d  

c o o r d i n a t i o n  s h i f t ,  and  8k4 i s  t h e  C4 c h e m i c a l  s h i f t  

t h a t  would  b e  o b s e r v e d  f o r  p h y s i s o r b e d  4 - e t h y l p y r i d i n e ,  

w h i c h  i s  e q u a l  t o  1 . 5  ppm f rom p r e v i o u s  a r g u m e n t  f o r  

8i2 v a l u e .  

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

n o t  b e  c o r r e c t ,  i . e .  by a s s u m i n g  t h a t  t h e  o b s e r v e d  C2 

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

wr i te  a  s i m i l a r  e q u a t i o n  a s  LV.31 r e l a t i n g  C2 c h e m i c a l  

s h i f t s  a s  

~ v . 4 1  8!zs = 8 t 2 f +  + + 8 k 2 f N  

w i t h  t h e  same n o t a t i o n s .  S u b s t i t u t i n g  B + a n d  v a l u e s  

f o r  C2 and  C4 f r o m  T a b l e s  1  and  3 and v a l u e s  f r o m  

t h e  d a t a  o f  a d s o r b e d  4 - e t h y l p y r i d i n e  on s i l i c a ,  we c a n  

t h e n  re-wri te  KV.31 a n d  LV.41 a s  
C 4  

[ V o 3 . A 1  8 obs = 1 4 . 5  f + +  9 . 4 6  f L +  1 . 5  f N  

[V.4.A1 aC2 = - 9 . 1  f + -  7 . 8 9  f L -  0 . 9  f N  
obs 

Adding  and  s u b t r a c t i n g  [ V . 3 . A l  and  [V.4 .A1,  we g e t  

IV.5.Al 8:: + = 1 . 5 7  f L +  5 . 4  f + +  0 . 6  f N  

[V.5.B1 8C4 obs = 1 7 . 3 5  f L + 2 3 . 6  f + +  2 . 4  f N  



We k n o w  t h a t  f + ,  t h e  f r a c t i o n  of p r o t o n a t e d  

m o l e c u l e s ,  i s  e q u a l  t o  

[ V . 6 . A 1  f +  = n + / n ~  

a n d  s i m i l a r l y  

[ V . 6 . B ]  f L  = n L / n T  a n d  

[ V . 6 . C 1  f N  = n N / n T  

w h e r e  n + ,  n L  a n d  n N  a r e  t h e  n u m b e r  o f  m o l e s  of 

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

p h y s i s o r b e d  m o l e c u l e s  r e s p e c t i v e l y ,  a n d  n T  is  t h e  

t o t a l  m o l e s  o f  c h e m i s o r b e d  4 - e t h y l p y r i d i n e .  

A l s o ,  we know t h a t  

LV.71 n ~  = n +  + "L 

w h e r e  n A  i s  t h e  t o t a l  m o l e  o f  a c i d i c  s i t e s ,  a n d  

EV.81  IT = + n ~  

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

o f  t w o  k i n d s  o n l y :  a c i d i c  a n d  n o n - a c i d i c ,  a n d  t h a t  t h e  

a c i d i c  s i t e s  a r e  o f  t w o  k i n d s :  B r o n s t e d  a n d  L e w i s  t y p e s  

o n l y .  



S u b s t i t u t i n g  LV.61, fV.71, and [V.81 i n t o  [V.5.A1 

and [V.5 .B] ,  we a r r i v e  a t  

[v .g .Al  B C 4  C2 obs +Bobs  = i / n T [  0.97xnA+ 3.83xn+1 + 0 . 6  

[V.9.01 8:: -8;; = 1/nT[14.95xnA+ 6 .25xn+]  + 2 . 4  

W i t h  e a c h  datum from T a b l e s  6 and 7  f o r  t h e  non- 

t r e a t e d  and w a t e r - t r e a t e d  s u r f a c e ,  we have a  p a i r  o f  

s i m u l t a n e o u s  e q u a t i o n s ,  t h a t  we c o u l d  s o l v e .  The r e s u l t s  

a r e  shown i n  T a b l e s  10 and 1 1 .  



Table  10 

n A  and n+  v a l u e s  f o r  n o n - t r e a t e d  

s i l i c a - a l u m i n a  s u r f a c e  

Average = 0.6 0 . 2  

Note: D e v i a t i o n s  f o r  nA and n+ = & 0 . 2 ~ m o l e s / s q . m .  

( * )  d e n o t e s  r e j e c t e d  v a l u e s  i . e .  n+>nA o r  

v a l u e s  o f  nA which l e a d  t o  n e g a t i v e  v a l u e s  o f  



T a b l e  11 

nA and n+ v a l u e s  f o r  w a t e r - t r e a t e d  

s i l i c a - a l u m i n a  s u r f a c e  

C 2 
6 obr 8 Z 

Average  = 0 . 9  0 . 4  

Note:  D e v i a t i o n s  f o r  nA and n+ = 2 0 . 2  moles / sq .m.  

O t h e r  n o t a t i o n s  same a s  i n  T a b l e  10.  



The above  c a l c u l a t i o n  i s  more r e a l i s t i c  i n  t h e  

s e n s e  t h a t  i t  on ly  assumes t h a t  t h e  obse rved  chemica l  

s h i f t s  ( o f  C2 and C4) a r e  a v e r a g e  s h i f t s  of  t h e  r a p i d l y  

exchang ing  4 - e t h y l p y r i d i n e  inv lecu les  among a l l  t h e  

a c i d i c  and n o n - a c i d i c  s i t e s ,  which i s  v a l i d  from p r e -  

v i o u s  p u b l i c a t i o n ~  o f  t h i s  l a b o r a t o r y  ( l 7 , 5 4 ) .  

However, a s  cou ld  be obse rved  from T a b l e s . 1 0  and 

1 1 ,  o n l y  50% o f  t h e  r e s u l t s  a r e  p h y s i c a l l y  m e a n i n g f u l  

( t h e  o t h e r s  a r e  a l l  r e j e c t e d  due  t o  n o n - p h y s i c a l  c h a r -  

a c t e r l s t i c s :  n+ v a l u e s  l e s s  t h a n  n A  v a l u e s  e t c . )  

T h i s  anomalous t r e n d  i s  a g a i n ,  a r e f l e c t i o n  o f  t h e  

f l u c t u a t i n g  chemica l  s h i f t s  obse rved  w i t h  r e s p e c t  t o  

c o v e r a g e s .  

We c o u l d  summarize o u r  r e s u l t s  w i t h  comparison t o  

l i t e r a t u r e  v a l u e s  a s  f o l l o w s  i n  T a b l e . 1 2 .  

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

p l e s  f a l l  q u i t e  c l o s e  t o  t h e  l i t e r a t u r e  v a l u e s  f o r  bo th  

t o t a l  a c i d i c  s i t e s  and Brons ted  s i t e s  c o n c e n t r a t i o n ,  b u t  

n o t  f o r  t h e  w a t e r - t r e a t e d  s a m p l e s .  T h i s  may a r i s e  from 

some d e f e c t s  i n  ou r  models .  



Groups 

Table 12 

Eluc ida ted  t o t a l  a c i d i c  s i t e s  ( N A )  

and number of p ro tona t ed  s i t e s  (N,) 

Schwarz ( 6 1 )  

B a s i l a  & Kantner 

(28 ,301  

Scokar t  e t  a l .  

( 6 2 )  

Clark & Holm 

(60 

Ours 

Model 1 

Model 2 

To ta l  Acidic  

S i t e s  x 10 '3  

per sq  .cm. 

Bronsted 

S i t e s  x1013 

per sq.crn. 

1 . 1  

2 .3 ( r ehyd)  

1 .8  

Note: rehyd= rehydra ted  samples .  



V . 3 . E .  D e f e c t s  i n  t h e  Models. 

The f l a w  i n  t h e s e  two l i n e a r  models  and t h e  f 'our 

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

o b s e r v a t i o n s :  f i r s t ,  some d a t a  i n  T a b l e s . 6  and 7 l e a d  

t o  n e g a t i v e  amounts o f  Lewis a c i d  i n  T a b l e s . 1 0  and 1 1 .  

S e c o n d l y ,  i n  c a s e  o f  w a t e r - t r e a t e d  s a m p l e s ,  t o t a l  a c i d  

a p p e a r s  t o  i n c r e a s e  w i t h  c o v e r a g e .  T h i s  i s  caused  by  

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

from 1 .1  t o  2.9,,!-4.mole/sq.m. And t h i r d l y ,  t o t a l  concen-  

t r a t i o n  o f  a c i d i c  s i t e s  seems t o  i n c r e a s e  w i t h  added 

w a t e r .  One would have e x p e c t e d  t h a t  t h e r e  i s  a  conver -  

s i o n  o f  Lewis s i t e s  t o  Brons ted  s i t e s  w i t h  t o t a l  a c i d  

c o n c e n t r a t i o n  c o n s t a n t  ( 2 2 , 2 8 , 3 0 , 6 1 ) .  

A p p a r e n t l y ,  bo th  o f  t h e s e  two l i n e a r  models  a r e  

n o t  a p p l i c a b l e  i n  t h e  p r e s e n t  o b s e r v a t i o n  on s i l i c a -  

a lurnina.  P l o t s  o f  obse rved  C 2  and C 4  c h e m i c a l  s h i f t s  

from T a b l e s  6 and 7 v e r s u s  t h e  i n v e r s e  o f  c o v e r a g e s  

a r e  shown i n  F i g u r e s  10 and 11. I n  g e n e r a l ,  t h e  p l o t  

o f  C 4  v s  l / c o v e r a g e  i s  q u i t e  l i n e a r  a f t e r  l e a s t  s q u a r e  

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



Figure 10 P l o t s  of Observed C 2  Chemical S h i f t s  

versus l / ~ o v e r a g e  f o r  Non- and Water-Treated 

Silica-Alumina Surface.  

0.5 1.0 1.5 . 1 

(,moles/sq.m. )-I 

, . H20-treated 

O ~ o n - ~ r e a t e d  degassed a t  2 6 0 ~ ~  

Non-Treated degassed a t  4 2 2 O ~  
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F igu re  11 P l o t s  of Observed C4 Chemical S h i f t s  

v e r s u s  l / coverage  f o r  Non- and Water-Treated 

Si l ica-Alumina Sur face .  

0 

O Non-Treated degassed a t  260 C 

0 

0 Non-Treated degassed a t  422 C 



s i n g  t e m p e r a t u r e  ( a t  260  and  4 2 2 ' ~ )  seer1 t o  h a v e  sor~le  

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

t e r i n g  o f  d a t a  p o i n t s  i s  n o t  c o m p e n s a t e ( 1  by t h e  e r r o r s  

a s s o c i a t e d  w i t h  t h e  o b s e r v e d  c h e m i c a l  s l i i f t s .  W h i l e  f o r  

t h e  C2 p l o t ,  t h e r e  i s  a  c l e a r  d e v i a t i o n  f r o m  l i n e a r i t y .  

F o r  t n e  w a t e r - t r e a t e d  s a m p l e s ,  t h e  p o i n L s  on t h e  g r a p h  

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

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

t h r o u g h  t h e m .  The d a t a  p o i n t s  f o r  t h e  n o n - t r e a t e d  sarn- 

p l e s  a l s o  show a  p o o r  f i t  f o r  a  s t r a i g h t  l i n e .  More 

d a t a  p o i n t s  on  t h e  o b s e r v e d  C2 and  C4 c h e m i c a l  s h i f t s  

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

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

and  t ime l i m i t a t i o n s ,  t h i s  i s  n o t  p o s s i b l e ,  t h e  r e a s o n s  

b e i n g  g i v e n  e a r l i e r  u n d e r  A p p a r a t u s  i n  C h a p t e r  I V .  

Based  on t h e  a b o v e  d i s c u s s i o n ,  t h e  s y s t e m  o f  ad-  

s o r b e d  4 - e t h y l p y r i d i n e  on  s i l i c a - a l u m i n a  seenls more  

c o m p l e x  t h a n  p r e d i c t e d  by e a r l i e r  s t u d i e s  ( 1 7 )  f r o m  

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

a t u r e  u s i n g  o t h e r  p h y s i c a l  t e c h n i q u e s  ( t i t r a t i o n  o r  I R  

s t u d y ) .  A p p a r e n t l y  a more  c o m p l e x  m a t h e m a t i c a l  model  i s  

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

s h i f t s  on  c o v e r a g e s ,  i f  s u c h  r e l a t i o n s h i p  e x i s t s .  



T h e  few p o s s i b i l i t i e s  why t h i s  l i n e a r  c o r r e l a t i o n  

b r e a k s  down may b e  d u e  t o  t h e  f o l l o w i n g  : 

( 1 )  T h e r e  i s  a n  e q u i l i b r i u m  r e a c t i o n  o f  t h e  a c i d i c  

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

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

t i t r a t i o n  e x p e r i m e n t s  by Damon e t  a 1 . ( 6 4 )  r e g i s t e r e d  a  

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

R e f e r i n g  t o  Damon1s  d a t a ,  t h e  a c i d  s t r e n g t h  f o r  o u r  

s a m p l e  c o u l d  r a n g e  f r o m  4 . 7 5  t o  - 6 . 6 3 .  T h e  p o s s i b l e  

i m p l i c a t i o n s  a r e :  

i )  S i n c e  we d i d n ' t  o b s e r v e  s e p a r a t e  r e s o n a n c e  l i n e s  f o r  

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

i s  a n  a v e r a g e  o f  a l l  p o p u l a t i o n s  o f  4 - e t h y l p y r i d i n e  

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

w i t h  d i f f e r e n t  e q u i l i b r i u m  c o n s t a n t s ,  w h i c h  i s  

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

c h a n g e s  t h a t  were o b s e r v e d .  

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

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

r e s u l t  o f  t h i s  e q u i l i b r i u m ,  i g n o r i n g  d i f f e r e n t  

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



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

no q u a n t i t a t i v e  j u s t i f i c a t i o n  c o u l d  b e  o b t a i n e d  d u e  t o  

t h e  unknown n a t u r e  o f  t h e  s u r f a c e  o f  t h i s  c a t a l y s t .  B u t  

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

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

t h e  o b s e r v e d  c h e m i c a l  s h i f t s .  

( 2 )  A n o t h e r  p o s s i b l e  d e f e c t  would  b e  t h e  a s s i g n m e n t  o f  

c o o r d i n a t i o n  s h i f t .  A s  c o u l d  b e  s e e n  i n  T a b l e s . 3  and 3A 

t h e  c o o r d i n a t i o n  s h i f t  o f  t h e  BF3 a n d  A 1 B r 3  a d d u c t s  

w i t h  4 - e t h y l p y r i d i n e  a r e  s i g n i f i c a n t l y  d i f f e r e n t .  Aga in  

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

t h o s e  o f  L a v a l l e e  e t  a l . ( l g )  who m e a s u r e d  t h e  c h e m i c a l  

s h i f t s  o f  p y r i d i n e s  c o o r d i n a t e d  t o  R h ( I I 1 )  a n d  C o ( I I I ) ,  

and C u s h l e y  e t  a 1 . ( 6 5 )  who m e a s u r e d  c h e m i c a l  s h i f t s  

of a r o m a t i c  N - o x i d e s .  

T h e s e  d i f f e r e n c e s  i n  c o o r d i n a t i o n  s h i f t s  may r e v e a l  

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

t h e  L e w i s  a c i d  s i t e s  on  s i l i c a - a l u m i n a .  We may s p e c u -  

l a t e  t h a t  a t  low c o v e r a g e ,  t h e  a d s o r b e d  a m i n e  would  b e  

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



h i n d r a n c e  (BF3 t y p e )  a n d  t h e n  t o  g r e a t e r  s t e r i c  h i n -  

d r a n c e  s i t e s  ( A 1 B r 3  t y p e )  a s  c o v e r a g e  i n c r e a s e s .  T h i s  

may be  r e p r e s e n t e d  by a  t r a n s i t i o n  i n  t h e  o b s e r v e d  

c h e m i c a l  s h i f t s  on t h e  p l o t s  shown i n  F i g u r e s .  10 and  

1 1  w i t h  a  s i g m o i d a l  s h a p e  c u r v e .  

I f  t h i s  s p e c u l a t i o n  i s  v a l i d ,  t h e  model  e x p r e s s i n g  

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

w i l l  b e  more  coriiplex b e c a u s e  now i t  c o n t a i n s  more  t e r m s  

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

d i f f e r e n t  L e w i s  s i t e s  w i t h  v a r y i n g  s t e r i c  h i n d r a n c e  

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

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

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

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

v i e w  o f  r e c e n t  s t u d i e s  ( 5 3 , 5 6 1  a n d  o l d e r  o n e s  ( 2 2 , 2 8 )  

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

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

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

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

a l u m i n a ,  i t  s h o u l d n ' t  d i f f e r  t o o  much f r o m  t h a t  s o r b e d  



on pure  s i l i c a  g e l  by 0 .2  t o  0 . 3  ppm. So t h e  ass ignment  

of  c o o r d i n a t i o n  s h i f t  may be t h e  f l aw i n  our l i n e a r  

models. 

( 3 )  So lven t  e f f e c t s  have been s t u d i e d  e f f e c t i v e l y  by 

means of  N M R .  Recent s t u d y  by Litchrnan ( 6 7 )  has  po in ted  

o u t  t h a t  s p e c i f i c  i n t e r a c t i o n s  among d i f f e r e n t  molecules  

can a l s o  produce a  s o l v e n t  e f f e c t .  There fore  t h e  e f f e c t  

o f  t h e  two p o s s i b l e  i n t e r a c t i o n s  on t h e  s u r f a c e  such a s  

adso rba t e -wa te r ,  adsorba te -adsorba te  i n t e r a c t i o n s  can 

be approximated a s  a d i l u t i o n  of adsorbed amine b y  water  

o r  an i n e r t  s o l v e n t  such a s  ( C H 3 ) 4 C  . 

However, t h i s  approximation i s  o v e r - s i m p l i f i e d ,  

because i n  t h e  l i q u i d  s t a t e ,  t h e  a~n ine  tnolecules a r e  

surrounded by s o l v e n t  molecules b u t  i n  t h e  adsorbed 

s t a t e ,  i t  i s  only  a  two-dimensional problem. The re fo re ,  

only  a  q u a l i t a t i v e  d i s c u s s i o n  of t h e s e  i n t e r a c t i o n s  

can be g iven .  



T h e  f i r s t  i n t e r a c t i o n ,  i . e .  t h e  a d s o r b a t e - w a t e r  

i n t e r a c t i o n  i s  i m p o r t a n t  o n l y  i n  w a t e r - t r e a t e d  s a m p l e s  

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

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

( 5 3 , 5 5 ) .  Also o n l y  s o l v e n t  e f f e c t  d a t a  a r e  a v a i l a b l e  

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

4 - e t h y l p y r i d i n e .  S i n c e  t h e  a m o u n t s  of water a n d  t h e  

4 - e t h y l p y r i d i n e  a d s o r b e d  a r e  k n o w n ,  t h e  a m o u n t  o f  d i l -  

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

s h i f t  c h a n g e s  c a n  b e  e x t r a p o l a t e d  f r o m  L i t c h r n a n ' s  d a t a  

( 6 7 ) .  T h e  r e s u l t s  a r e  s h o w n  i n  T a b l e  13 .  



T a b l e  13 

S o l v e n t  E f f e c t  o f  Water on Chemical S h i f t s  

o f  t h e  Adsorba te - -S i l i ca -Alumina  System 

Coverage Coverage Mole % C2 S h i f t  C4 S h i f t  

4 - e t h y l  H2•‹ 4 - e t h y l  changes  c h a n g e s  

p y r i d i n e  p y r i d i n e  ( P P ~ )  (PPm) 

p n o l e / m 2  p n o l e / m 2  

0.71 3 - 7 3  16  -1.27 1.62 

1 . 1 1  3 .70  23 -1.17 1.50 

1 .85  3 .80  33 -1.06 1 .38  

2.70 3 . 7 3  42 -0.89 1 .  18 

2.70 3 . 7 3  42 -0.89 1.18 

2 .88  3 .64  44 -0.86 1.14 

3.81 3.85 50  -0.77 1 .04 

Note:  ( - ) v e  s i g n  i n d i c a t e s  u p f i e l d  s h i f t .  

( + ) v e  s i g n  i n d i c a t e s  d o w n f i e l d  s h i f t .  

Data f rom T a b l e  6 .  



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

w a t e r - a d s o r b a t e  i n t e r a c t i o n s  r a n g i n g  f r o m  1 t o  1 . 6  ppm 

f o r  C 4  s h i f ' t  a n d  -0.8 t o  - 1 . 3  ppm f o r  C 2  s h i f t .  N o t i c e  

t h a t  t h e  u p f i e l d  s h i f t  f o r  C2 a n d  t h e  d o w n f i e l d  s h i f t  

f o r  C 4  i s  t h e  same  a s  t h a t  f o r  a d s o r b e d  s p e c i e s .  T h e r e -  

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

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

by a n  a v e r a g e  o f  -1 pprn f o r  C 2  a n d  1 . 3  pprn f o r  C 4  s h i f t .  

S i n c e  sC2= -0 .9  ppm a n d  8k4 = 1.5  ppm f r o m  N 
4 - e t h y l p y r i d i n e  o n  s i l i c a  e x p e r i m e n t ,  t h e  a m i n e - w a t e r  

c o m p l e x  w o u l d  j u s t  l o o k  l i k e  m o r e  non-bonded  a m i n e  i . e .  

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

some c h a n g e  i n  t h e  n u m b e r s  ( n N ) ,  b u t  w o u l d  n o t  c a u s e  

t h e  m o d e l  t o  b r e a k  down.  

However  a  q u a n t i t a t i v e  j u s t i f i c a t i o n  o f  how s t r o n g  

t h i s  i n t e r a c t i o n  i s  c a n n o t  b e  o b t a i n e d ,  b e c a u s e  : 

i )  The  w a t e r  m o l e c u l e s  may b e  c h e m i s o r b e d  on t h e  s u r f a c e  

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

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



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

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

c h a n g e s  g i v e n  f o r  s o l v e n t  e f f e c t  i n  T a b l e . 1 3  may not  

b e  j u s t i f i a b l e .  

F o r  t h e  a d s o r b a t e - a d s o r b a t e  i n t e r a c t i o n ,  we c a n  d o  

i t  i n  a  n a i v e  way--- b y  a s s u m i n g  t h a t  t h e  a d s o r b a t e s  

a r e  e f f e c t i v e l y  ' d i l u t e d 1  w i t h  a n  i n e r t  s o l v e n t  l i k e  

n e o p e n t a n e ,  (CH3I4C.  

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

s o l v e n t ,  ( C H 3 ) 4 C ,  we o b t a i n  a n  a r e a  o f  38 A* p e r  m o l e c u l e  

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

i c a l l y  s h a p e d  m o l e c u l e .  F u r t h e r  a s s u m i n g  t h a t  t h i s  ' s o l -  

v e n t 1  o c c u p i e s  t h e  r e s t  o f  t h e  a r e a  o n  t h e  s u r f a c e ,  n o t  

o c c u p i e d  b y  t h e  a d s o r b e d  4 - e t h y l p y r i d i n e ,  t h e  a m o u n t  o f  

(CH3I4C o n  t h e  s u r f a c e  c a n  b e  c a l c u l a t e d .  T h e  

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

p e n t a n e l - -  s o l u t e  ( 4 - e t h y l p y r i d i n e )  d i l u t i o n  s y s t e m .  T h e  

e f f e c t  o n  C2 c h e m i c a l  s h i f t  u p o n  d i l u t i o n  i s  almost 

c o n s t a n t  a t  a b o u t  0.05 ppm f r o m  0 t o  100% d i l u t i o n  e x -  

t r a p o l a t e d  from L i t c h m a n ' s  d a t a  ( 6 7 ) .  H o w e v e r ,  a  s l i g h t  

e f f e c t  i s  o b s e r v e d  f o r  t h e  C4 c h e m i c a l  s h i f t ,  a n d  t h e y  

a r e  t a b u l a t e d  i n  T a b l e s . 1 4  f o r  n o n -  a n d  w a t e r - t r e a t e d  

s a m p l e s .  



T a b l e  1 4  

A d s o r b a t e - A d s o r b a t e  I n t e r a c t i o n s  i n  t h e  

S y s t e m  o f  4 - e t h y l p y r i d i n e  o n  S i l i c a - A l u m i n a  

C o v e r a g e  ( p r n o l e / s q . m .  M o l e  % C 4  S h i f t  

4 - e t h y l  H20 4 - e t h y l  C h a n g e s  

p y r i d i n e  p y r  i d i n e  ( P P ~ )  

N o t e :  same n o t a t i o n  a s  i n  T a b l e  13. 



R e s u l t s  from non- t rea ted  samples show a  very smal l  

e f f e c t  upon i n t e r a c t i o n s  among a d s o r b a t e s ,  and they  

can be accounted f o r  by  exper imenta l  and i n s t r u m e n t a l  

e r r o r s  excep t  a t  coverage of 1 .71  and 2 . 2 2 / l m o l e s  per 

sq.m. Larger  e f f e c t s  a r e  observed f o r  t h e  w a t e r - t r e a t e d  

samples.  Not ice  t h a t  t h e  d i l u t i o n  i n  t h i s  c a se  does no t  

i n c l u d e  t h e  p resence  of water molecu les ,  t h e r e f o r e  t h e  

s o l v e n t  e f f e c t  i n  t h i s  c a se  should  be s m a l l e r  than  

t hose  g iven  i n  Table 1 4 .  I f  water  c o n c e n t r a t i o n  has  t o  

be included i n t o  t h e  c a l c u l a t i o n ,  we would be cons ide r -  

ing  a  very  complicated he te rogeneous  sys tem,  and n e t  

s o l v e n t  e f f e c t  could no t  be ob t a ined .  

There fore  t h e  adso rba t e - adso rba t e  i n t e r a c t i o n  i s  

very smal l  indeed.  Other i n t e r a c t i o n s  such a s  t h e  l o c a l  

e f f e c t s  of  adso rba t e - su r f ace  b ind ing  and p o s s i b l e  s u r -  

f a c e  s t r u c t u r e  d e f e c t s  caused by a d s o r b a t e  b ind ing  a r e  

d i f f i c u l t  t o  e v a l u a t e ,  s i n c e  they  i nvo lve  t h e  e x a c t  

s t r u c t u r e  of  t h e  s u r f a c e  of s i l i c a - a l u m i n a .  Water 

molecules  adsorbed on t h e  s u r f a c e  a r e  expected t o  cause  

some change on t h e  s u r f a c e  s t r u c t u r e  e .g .  conve r t i ng  

Lewis s i t e s  t o  Bronsted s i t e s  ( 2 8 , 3 0 , 6 1 ) ,  b u t  t h i s  e f f e c t  

i s  n o t  w e l l  demonstrated i n  t h i s  s t u d y .  



V.3.F Cons t ruc t ion  of a  P o s s i b l e  Su r f ace  Model 

We could e s t i m a t e  t h e  A 1  atoms on t h e  s u r f a c e  b y  

t h e  fo l l owing  na ive  way. S ince  t h e  r a t i o  o f  A 1  atoms t o  

S i  atoms i n  t h i s  s i l i c a - a l u m i n a  i s  32%, t h e r e f o r e ,  t h e r e  

a r e  about  two A 1  atoms i n  every t h i r t e e n  0 atoms. Assume- 

ing  t h a t  t h e  s u r f a c e  0 atoms a r e  hexagonal ly  close-packed 

w i t h  i o n i c  r a d i i  of  1 . 4 0  A ,  t h e r e  would then be 2 . 3 ~ 1 0 ' ~  

A 1  atoms per  sq.cm. A l l  o f  t h e s e  A 1  atoms would be 

r e s i d i n g  i n  t h e  t e t r a h e d r a l  h o l e s  among t h e  0 atoms i f  

we assume t h a t  t h e  A 1  atoms a r e  s i t u a t e d  i n  t h e  S i  

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

l a t t i c e  f o r  t h e  S i  atoms. 

I f  t h i s  s imple  model i s  a c c e p t e d ,  we a r e  faced  

w i t h  an immediate ques t i on :  i f  a l l  t h e  A 1  atoms a r e  

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

s u r f a c e ,  why wouldn' t  our r e s u l t s  i n  Table 12 approach 

t h e  number of A 1  atoms? 

To e x p l a i n  t h i s ,  we have t o  go back t o  F igure  1 

and 2 f o r  t h e  s u r f a c e  s t r u c t u r e s  o f  Bronsted s i t e s  and 

Lewis s i t e s .  



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

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

e a c h  A1-0 l i n e  r e p r e s e n t s  o n e  h a l f  of a v a l e n c e  u n i t .  

S i l i c a  c a n  ' r e a c t t  w i t h  s u c h  a  s y s t e m  

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

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

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

( 2 6 ) .  S i m p l e  c a l c u l a t i o n  r e v e a l s  t h a t  t h e  n u m b e r  of t h i s  

k i n d  o f  o x y g e n  ( t h r e e - c o o r d i n a t i o n )  e x c e e d s  t h e  n u m b e r  

o f  A 1  a toms on t h e  s i l i c a - a l u m i n a  s u r f a c e ,  s o  t h a t  

i t  i s  n o t  s u r p r i s i n g  t h a t  most of  t h e  A 1  a t o m s  e x i s t  

i n  t h i s  f o r m .  



To summarize, on t h e  s i l i c a - a l u m i n a  s u r f a c e ,  t h e r e  

i s  an upper l i m i t  of  about 1 . 7 ~ 1 0 ' ~  A 1  atoms per sq.cm. 

which a r e  non-acidic  due t o  packing and/or  t e t r a -  

c o o r d i n a t i o n  s o  t h a t  they  could  no t  be conver ted t o  

a c i d i c  s i t e s .  The o t h e r  A 1  atoms e x i s t  a s  Bronsted o r  

Lewis a c i d i c  s i t e s ,  depending on t h e  t r e a t m e n t s  of t h e  

s u r f a c e .  However due t o  t h e  l a c k  of an a p p r o p r i a t e  model 

f o r  i n t e r p r e t a t i o n  of d a t a ,  t h e  e x a c t  c o n c e n t r a t i o n  of 

each k i n d  o f  a c i d i c  s i t e s  could  no t  be a s c e r t a i n e d .  



C h a p t e r  V I  

VI. C o n c l u s i o n  a n d  F u t u r e  S t u d y  

I n  t h i s  s t u d y ,  we a r e  a b l e  t o  e s t a b l i s h  t h r e e  

f a c t s .  F i r s t ,  p u l s e  a n d  F o u r i e r  t r a n s f o r m  N M R  s p e c t r o s -  

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

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

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

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

e x c e s s i v e l y  b r o a d .  

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

t r a t e d .  4 - e t h y l p y r i d i n e  i s  b y  n o  m e a n s  t h e  b e s t  a v a i l -  

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

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

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

s t e r i c  h i n d r a n c e  w o u l d  b l o c k  i t s  a d s o r p t i o n  o n  L e w i s  

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

a t i o n  of t h e  t o t a l  a c i d i c  a n d  p r o t o r ~ i c  s i t e s .  2 , 6 - d i - t -  

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



w a s  d o n e  b y  D e w i n g  e t  a 1 . ( 5 5 ) .  A n o t h e r  p o s s i b l e  p r o b e  

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

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

c a t a l y s t  ( 6 8 , 6 9 ) .  Due t o  t h e  d i f f e r e n c e  i n  t h e i r  r e s p -  

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

r e s u l t s .  

T h i r d l y ,  c a r b o n - 1 3  N M R  c h e m i 2 a l  s h i f t s  of t h e  

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

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

t e d  a n d  L e w i s  a c i d i c  s i t e s  o n  t h e  s u r f a c e .  W i t h  t h e  p r e -  

s e n t  r e s u l t s  a n d  d e r i v a t i o n s ,  we I i o p e  t h a t  it a p p l i e s  t o  

o t h e r  w e l l - s t u d i e d  s u r f a c e s  a l s o .  

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

d o ,  b y  n o  m e a n s ,  d e m o n s t r a t e  t h a t  C-13 N M R  s p e c t r o s c o p y  

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

A n o t h e r  n u c l e u s  w h i c h  i s  a l s o  s u i t a b l e  f o r  t h i s  

k i n d  o f  s t u d y  i s  N-15. I t  i s  l e s s  a b u n d a n t  a n d  h a s  a  

s m a l l e r  g y r o m a g n e t i c  r a t i o  t h a n  C - 1 3 ,  b u t  w i t h  t h e  p u l s e  

a n d  F o u r i e r  t r a n s f o r m  t e c h n i q u e  we a r e  u s i n g ,  i t  m i g h t  



be p o s s i b l e .  Chemical s h i f t  d i f f e r e n c e s  between N M 3  , 
coord ina t ed  N H 3 ,  and N H ~ +  a r e  g iven i n  r e f . ( 7 0 , 7 1 ) .  

Also t h e i r  r e s p e c t i v e  N-15 s p e c t r a  a r e  s i g n i f i c a n t l y  

d i f f e r e n t .  The re fo re ,  i f  we perform an N-15 experiment 

f o r  NH3 adsorbed on s i l i c a - a l u m i n a ,  we may be a b l e  t o  

de te rmine  q u a n t i t a t i v e l y  t h e  amount o f  N H 3  behaving a s  

coordinate ly-bound and t h o s e  a s  p ro tona t ed  s p e c i e s .  T h u s  

t h e  c o n c e n t r a t i o n  of a c i d i c  s i t e s  could  be de te rmined .  

Neve r the l e s s ,  t h e  f e a s i b i l i t y  i s  l i m i t e d  by  t h e  

f a c t  t h a t  adsorbed N H 3  molecules  may exchange between 

d i f f e r e n t  s i t e s ,  so  t h e  average o f  an o r i g i n a l  q u a r t e t  

and a  q u i n t e t  would be a  mess, and only  a f t e r  some 

compl ica ted  a n a l y s i s  of  l i ne - shape  would r e s u l t  a  c l e a r  

While t h e  above sounds r e a s o n a b l e ,  t h e r e  a r e  a  few 

t e c h n i c a l  problems. F i r s t ,  f o r  such a  s tudy  t o  be a  

s u c c e s s ,  i t  r e q u i r e s  q u i t e  a  l o t  of  N M R  machine and 

computer t ime .  Enriched 1 5 ~ ~ 3  i s  cheap ,  bu t  N-15 enr iched  

o r g a n i c  compounds e .g .  p y r i d i n e  a r e  expens ive .  Secondly,  

c o o r d i n a t e l y  bound N H 3  has a  p a r t i a l  p o s i t i v e  charge  and 



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

t o  t h a t  o f  N H ~ + ,  t h u s  c o m p l i c a t i n g  t h e  s p e c t r u m .  T h i r d l y ,  

d u e  t o  t h e  s m a l l  s i z e  o f  N H 3  , i t  may n o t  b e  a b l e  t o  

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

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

may r e s u l t  i n  a  m o r e  c o m p l i c a t e d  N M R  s p e c t r u m ,  e x c e p t  

p o s s i b l y ,  c o m p o u n d s  l i k e  N(CH3)3  a n d  N(C2H5)3. 

I n  t h e  c a s e  o f  o u r  p r e s e n t  s t u d y ,  e n r i c h e d  C-13 

c o m p o u n d s  may s o l v e  t h e  p r o b l e m  of p e a k  a s s i g n m e n t s  a n d  

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

W i t h  t h e  a d v e n t  o f  s o l i d - N M H  a n d  P r o t o n - E n h a n c e d  

N u c l e a r  I n d u c t i o n  S p e c t r o s c o p y  e x p e r i m e n t s ,  s u r f a c e  

s t u d i e s  c o u l d  b e  e x t e n d e d  f o r  cases  i n  w h i c h  s t r o n g e r  

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

t h i s  l a b o r a t o r y  a t  t h i s  t ime. 
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