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KINETICS OF SOME lON-MOLECULE REACTIONS ASSOCIATED 

WITH CHEMICAL-IONIZATION MASS SPECTROMETRY.

by R, Walder .

ABSTRACT

S t u d i e s  o f  t h e  k i n e t i c s  of  i o n - m o le c u l e  r e a c t i o n s  a s s o c i a t e d  

w i t h  i s o b u t a n e  c h e m i c a l - i o n i z a t i o n  mass s p e c t r o m e t r y  have  shown 

t h a t  many o f  t h e s e  r e a c t i o n s  p rocee d  v i a  t h e  f o r m a t i o n  o f  a 

c o l l i s i o n  complex which  undergoes  e i t h e r  u n i m o l e c u l a r  

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

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

complexes  be tw een  i s o b u t a n e  r e a c t a n t  i o n s  and v a r i o u s  k e t o n e s ,  

n i t r i l e s ,  a l c o h o l s ,  and a n i s o l e s  were  o b t a i n e d .  Compar isons  

be tween  t h e s e  r a t e  c o n s t a n t s  and c o l l i s i o n  f r e q u e n c i e s  

c a l c u l a t e d  from th e  A v e r a g e - D i p o l e - O r i e n t a t i o n  t h e o r y  showed t h a t ,  

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

u n i t y .  The l i f e t i m e s  o f  most  o f  t h e  c o l l i s i o n  complexes were 

found to  l i e  i n  t h e  r a n g e  1 - 1 0  P s e c .  The r e l a t i v e  

e f f i c i e n c i e s  w i t h  which  s e v e r a l  compounds e f f e c t e d  t h e  c o l l i s i o n -  

induced  d e c o m p o s i t i o n  o f  t h e  complex s u g g e s te d  t h a t  t h e  t h i r d -  

body e f f i c i e n c i e s  were d e t e rm in e d  by th e  c o l l i s i o n  d u r a t i o n .

C h a r g e *" t r a n s f e r  r e a c t i o n s  be tween th e  i s o b u t a n e  r e a c t a n t  i o n s  and 

a n i s o l e s  occu r  by a d i r e c t  mechanism.

The magnitude  o f  t h e  r a t e  c o n s t a n t s  f o r  t h e  f o r m a t i o n  

o f  c o l l i s i o n  complexes were r e l a t e d  to  t h e  s t r u c t u r e s  o f  t h e  compounds 

under  s t u d y .  Fo r  t h e  r e a c t i o n s  o f  c e r t a i n  r e a c t a n t  io n s  w i t h  t h e  

a n i s o l e s  and h a l o h y d r i n s  t h e  r a t e  c o n s t a n t s  were c o r r e l a t e d  w i th  

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

I t  was s u g g e s te d  t h a t  d i f f e r e n c e s  be tween t h e  mechanism 

proposed  h e r e i n  and t h a t  p roposed  by F i e l d  f o r  t h e  r e a c t i o n  

be tween  CqHg* and b e n z y l  a c e t a t e  were due to  d i f f e r e n c e s  i n  s a m p le -  

p r es s u re  r a n g e s .

K i n e t i c  s t u d i e s  o f  t h e  i o n - m o le c u l e  r e a c t i o n s  c o n s e q u e n t  upon 

e l e c t r o n - i m p a c t  i o n i z a t i o n  o f  methane and o f  i s o b u t a n e ,  have  

s u g g e s te d  a nove l  method o f  e s t i m a t i o n  o f  r e a g e n t - g a s  p r e s s u r e s .
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CHAPTER 1 

INTRODUCTION

1 .1  C e n e ra l  a s p e c t s  o f  i o n - m o le c u l e  r e a c t i o n s .

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

d e t e c t i o n  o f  ion -bea m s .

I o n i z a t i o n  o f  a chem ica l  s u b s t a n c e  may be e f f e c t e d  i n  a 

v a r i e t y  o f  ways .  Three  o f  t h e  more common methods  i n v o l v e  

p a s s i n g  beams o f  e l e c t r o n s ,  o r  a - p a r t i c l e s ,  o r  p h o tons  t h r o u g h  

t h e  v a p o r i z e d  s u b s t a n c e .  A f o u r t h  method r e l i e s  upon s u b j e c t i n g  

th e  sample t o  a h i g h - s t r e n g t h  e l e c t r i c  f i e l d .  Io n s  p roduced  by 

any o f  t h e s e  methods  w i l l ,  i n  g e n e r a l ,  a l s o  e f f e c t  i o n i z a t i o n  o f  

a s u b s t a n c e ,  s i n c e  a c o l l i s i o n  be tw een  an  i o n  and a m o lecu le  

o f t e n  r e s u l t s  i n  an io n - m o le c u l e  r e a c t i o n ;

A"̂  + B ---------> C* + D ( 1 . 1 - 1 )

When an  o r g a n i c  compound i s  i o n i z e d  by any o f  t h e  above m e thods ,  

s o - c a l l e d  'm o le c u la r*  io n s  produced  a r e ,  i n  g e n e r a l ,  u n s t a b l e  

and f r agm e n t  to  form s m a l l e r  i o n s  ( h e r e i n a f t e r  r e f e r r e d  to  a s  

'p r im a ry*  i o n s ) .

A mass s p e c t r o m e t e r  i s  an  i n s t r u m e n t  which u t i l i z e s  

i o n i z a t i o n  and s u b se q u e n t  f r a g m e n t a t i o n  p r o c e s s e s  f o r  che m ic a l  

a n a l y s i s .  A s c h em a t ic  d iag ram  o f  t h i s  ty p e  o f  i n s t r u m e n t  i s  g iv e n  

i n  f i g u r e  ( 1 - 1 ) .  The i o n - s o u r c e  and f l i g h t  tu b e  a r e  e v a c u a t e d  to  

low p r e s s u r e  (<10 ^ t o r r ) .  A sample i s  i n t r o d u c e d  i n t o  t h e  i n l e t  

system where i t  i s  v a p o r i z e d .  The vapou r  f low s  i n t o  t h e  i o n -
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s o u rc e  where i t  i s  i o n i z e d ,  and where t h e  r e s u l t i n g  i o n s  may undergo  

f r a g m e n t a t i o n * .  The assem bly  o f  i o n s  w i l l  n o t  undergo  r e a c t i o n s  

w i t h  t h e  n e u t r a l  m o l e c u le s  p r e s e n t ,  b u t  m e re ly  p a s s  t h r o u g h  a s l i t  

( t h e  *i o n - e x i t ’ s l i t )  o u t  o f  t h e  i o n - s o u r c e ^ .  T h e r e a f t e r  t h e  i o n s  

a r e  a c c e l e r a t e d  by an e l e c t r i c  f i e l d  a p p l i e d  be tween  t h e  i o n - e x i t  

s l i t  and a  s l i t  some 2-3mm removed from i t .  The l a t t e r  s l i t  i s  

a l s o  used  t o  fo c u s  t h e  ion-beam; t h e  s i g n  o f  t h e  p o t e n t i a l  a p p l i e d  

t o  t h i s  s l i t  d e t e r m i n e s  w he the r  i t  i s  p o s i t i v e  o r  n e g a t i v e  i o n s  

t h a t  a r e  e x t r a c t e d  from t h e  i o n - s o u r c e .  The ion-beam now p a s s e s  

th ro u g h  an  a n a l y z e r  (v ide  i n f r a )  where i t  i s  r e s o l v e d  i n t o  i t s  

component ion-beams a c c o r d i n g  to  t h e  m a s s - t o - c h a r g e  r a t i o s  (m/z)  

o f  t h e  i o n s .  A f t e r  a n a l y s i s ,  t h e  m a s s - r e s o l v e d  ion-beam p a s s e s  

t h ro u g h  a n o t h e r  s l i t  ( t h e  ’ c o l l e c t o r ’ s l i t )  and im pinges  upon a 

d e t e c t o r  (v id e  i n f r a ) .  S i g n a l s  from t h e  d e t e c t o r  a r e  a m p l i f i e d  

and r e c o r d e d .  I n  t h e  p r e s e n t  work t h e  i n i t i a l  i o n i z a t i o n  o f  

compounds was e f f e c t e d  by means o f  e l e c t r o n  im p a c t .  T h i s  method 

o f  i o n i z a t i o n  w i l l  be d e s c r i b e d  i n  some d e t a i l  i n  C hap te r  2 ,

A number o f  d i f f e r e n t  t y p e s  o f  mass a n a l y z e r s  and d e t e c t o r

s ys tem s  a r e  employed i n  mass s p e c t r o m e t r y .  D e t a i l s  o f  t h e s e  may

1 . 2  3be found in  th e  books  by Beynon , K i s e r  , and McFadden

The f o l l o w i n g  d i s c u s s i o n  w i l l  be conce rned  o n ly  w i th  t h e  a n a l y z e r

and d e t e c t o r  sys tem s  employed f o r  t h i s  work:  a  m a g n e t i c - s e c t o r

a n a l y z e r  and e l e c t r o n - m u l t i p l i e r  tu b e  r e s p e c t i v e l y .

* A d e t a i l e d  a c c o u n t  o f  an i o n - s o u r c e  w i l l  be g iv e n  i n  s e c t i o n  2 . 2 .  
t

At 10 t o r r  t h e  mean f r e e  p a t h  of  an i o n  i s  s e v e r a l  m e t r e s .



When t h e  io n s  p roduced  i n  t h e  i o n - s o u r c e  a r e  a c c e l e r a t e d  

by f a l l i n g  th ro u g h  a p o t e n t i a l  d i f f e r e n c e  o f  V v o l t s ,  t h e  

work done on an  i o n  i s  zeV, where z i s  th e  number o f  c h a r g e s  on 

t h e  i o n ,  and e i s  t h e  e l e c t r o n i c  c h a r g e .  Th i s  work i s  e q u a l  to  

t h e  k i n e t i c  e n e rg y  g a in e d  by t h e  i o n s .  Thus

mv^/2 = zeV ( 1 , 1 - 2 )

where m and v  a r e  r e s p e c t i v e l y  t h e  mass and v e l o c i t y  o f  t h e  i o n .

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

p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  o f  m o t io n  o f  t h e  ion-beam,  c a u s e s

each  io n  t o  e x p e r i e n c e  a f o r c e ,  F ^ ,  o r t h o g o n a l  t o  b o t h  i t s

d i r e c t i o n  of  m o t ion  and t h e  f i e l d  d i r e c t i o n .  The m a gn i tude  o f

t h e  f o r c e  i s  g iv e n  by

F„ = Bzev o

I f  t h e  t r a j e c t o r y  o f  t h e  ion-beam i s  an a r c  of  r a d i u s - o f - c u r v a t u r e

r ,  t h e n  th e  c e n t r i p e t a l  f o r c e  e x p e r i e n c e d  by t h e  i o n  i s  g iv e n  by

F = mv^/r  c

Kow s i n c e  f o r  a s t a b l e  t r a j e c t o r y  F^ = F^ ,  i t  can  be s een  t h a t  

V = Bzer/m 

and hence (from e q u a t i o n  1 . 1 - 2 ) )  t h a t

m/z = eB^r^/2V ( 1 . 1 - 3 )

Mass s p e c t r o m e t e r s  employing m a g n e t i c - s e c t o r  a n a l y z e r s  a r e  

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

g iv e n  v a l u e s  o f  B and V t h e  ion-beams w i t h  m/z g iv e n  by e q u a t i o n  

( 1 . 1 - 3 )  p a s s  t h ro u g h  t h e  c o l l e c t o r  s l i t  and a r e  d e t e c t e d .  Thus 

s y s t e m a t i c  v a r i a t i o n  ( s c a n n in g )  o f  e i t h e r  t h e  m a g n e t i c  f i e l d ,  o r  

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



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

The e l e c t r o n - m u l t i p l i e r  tu b e  c o n s i s t s  o f  a  s e r i e s  o f  p l a t e s  

C’d y n o d e s ’ ) e l e c t r i c a l l y  co n n e c te d  by a ne tw ork  o f  r e s i s t o r s .

The ion-beam p a s s i n g  th ro u g h  t h e  c o l l e c t o r  s l i t  im pinges  upon 

t h e  f i r s t  dynode ( t h e  s o - c a l l e d  c o n v e r s i o n  dynode) and c a u s e s  

a shower o f  e l e c t r o n s  t o  be e m i t t e d .  These e l e c t r o n s  a r e  

a c c e l e r a t e d  toward t h e  second dynode where t h e i r  im pac t  c a u s e s  

a d d i t i o n a l  e l e c t r o n  e m i s s i o n .  Th i s  p r o c e s s  i s  r e p e a t e d  down 

each  s t a g e  o f  t h e  m u l t i p l i e r ,  and t h e  f i n a l  dynode ( t h e  

’c o l l e c t o r * )  i s  co n n e c te d  t o  an e l e c t r o m e t e r  f o r  a m p l i f i c a t i o n  

and r e c o r d i n g .  Most m u l t i p l i e r  t u b e s  i n  common use  c o n t a i n  

be tween 12  and 20 dynodes .

The number o f  e l e c t r o n s  e m i t t e d  from t h e  c o n v e r s i o n  dynode 

p e r  i n c i d e n t  i o n ,  and f o r  each  s u b s e q u e n t  e l e c t r o n  im pact  a t  t h e  

o t h e r  dynodes ,  i s  a c o m p l ic a te d  f u n c t i o n  o f  t h e  mass ,  k i n e t i c  

e n e rg y ,  and a tomic  c o m p o s i t io n  o f  t h e  im ping ing  io n ,  and a l s o  o f  t h e  

a c c e l e r a t i n g  v o l t a g e  be tween  each  dynode and o f  th e  n a t u r e  o f  t h e  

dynode m a t e r i a l ^  . A t y p i c a l  1 7 - s t a g e  m u l t i p l i e r  tu b e  w i t h  a 

p o t e n t i a l  d i f f e r e n c e  o f  200  v o l t s  be tween  each  demode, and w i t h  

t h e  dynodes c o n s t r u c t e d  from a m i x t u r e  o f  b e r y l l i u m  ( 2%) and c o p p e r ,  

has  a g a i n  o f  a p p r o x im a te ly  10^ .

I t  was s t a t e d  above t h a t  t h e  i n i t i a l  i o n i z a t i o n  o f  t h e  sample 

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

b e f o r e  t h e  io n s  a r e  a c c e l e r a t e d  i n t o  t h e  a n a l y z e r .  Some o f  t h e  

i o n s  formed a r e ,  however ,  m e t a s t a b l e :  th e y  a r e  withdrawn from t h e  

i o n - s o u r c e  w h i l e  r e m a in in g  i n t a c t ,  b u t  undergo  f r a g m e n t a t i o n  d u r i n g



a c c e l e r a t i o n .  When t h i s  happens  a somewhat d i f f u s e  peak  a p p e a r s  

i n  t h e  sp ec t ru m  a t  a  p o s i t i o n  o f t e n  c o r r e s p o n d in g  to  a non

i n t e g r a l  m ass .  The p r e s e n c e  o f  such  peaks  can  be u n d e r s t o o d  by 

c o n s i d e r i n g  what  happens  when an  i o n  o f  mass mj f a l l s  t h ro u g h  a 

p o t e n t i a l  d i f f e r e n c e  Vj b e f o r e  decomposing t o  g iv e  an  i o n  o f  mass 

m2 » The f o l l o w i n g  a s s u m p t io n s  a r e  made a b o u t  t h e  b e h a v i o u r .

The o r i g i n a l  i o n  i s  assumed to  be formed w i t h  ze ro  k i n e t i c  e n e rg y ,  

and t h e  f ragmenta t ion  o c c u r s  w i t h  a v e r y  s m a l l  r e l e a s e  o f  i n t e r n a l  

e n e rg y .  I n  a d d i t i o n ,  i f  t h e  i o n  and t h e  n e u t r a l  f r a g m e n t  formed 

i n  th e  d i s s o c i a t i o n ,  t r a v e r s e  t h e  re m a in d e r  o f  t h e  a c c e l e r a t i n g  

f i e l d  t o g e t h e r ,  t h e n  t h e  io n  o f  mass m w i l l  e n t e r  t h e  a n a l y z e r  

r e g i o n  w i th  v e l o c i t y ,  v ,  g iv e n  by e q u a t i o n  ( 1 . 1 - 4 )  ( c f . ,  e q u a t i o n  

(1 . 1- 2),

m2V^ /2  = (m2 /m i)zeV j+ ze(V -V i)  ( 1 . 1 - 4 )

T h i s  i o n  w i l l  now t r a v e r s e  t h e  m a g n e t ic  f i e l d  w i t h  a r a d i u s  o f  

c u r v a t u r e  g iv e n  by

r  =  ̂ ^ 2 2  1 +  ̂ ^ , 1- 5 )
Bze \B2ze m% m̂ V

*
F u r th e rm o re  th e  r a d i u s  o f  c u r v a t u r e  o f  an  io n  m i n  t h e  m a gne t ic  

f i e l d  i s  g iv e n  by

SO that comparison of equations ( 1 . 1 - 5 )  and ( 1 .1 - 6 )  shows that a

*
p o s i t i o n  c o r r e s p o n d i n g  to  m on t h e  mass s c a l e ,  where

m e t a s t a b l e  t r a n s i t i o n  g iv e s  r i s e  t o  a peak  i n  t h e  spec t rum  a t  a 

I c o r r e :

m* = h I ' l  + fa i-m;, ) (V -Vi)  
mj m V

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



p r i o r  to  t h e  e n t r a n c e  o f  t h e  i o n  i n t o  t h e  a n a l y z e r  r e g i o n ,  t h e n  

VvVj, and

2
m = m2 /mi ( 1 , 1 - 7 )

I n  s p e c t r a  o b t a i n e d  u s i n g  mass s p e c t r o m e t e r s  w i t h  m a g n e t i c - s e c t o r  

a n a l y z e r s  t h e  p o s i t i o n s  o f  peaks  a r i s i n g  from f r a g m e n t a t i o n  o f  

m e t a s t a b l e  i o n s  a r e  g iv e n  by e q u a t i o n  ( 1 . 1 - 7 ) .  Such peaks  a r e  

g e n e r a l l y  r e f e r r e d  to  a s  ’m e t a s t a b l e  p e a k s ’ , d e s p i t e  t h e  f a c t  t h a t

t h i s  t e rm  c o u ld  be m i s l e a d i n g .  Examples o f  m e t a s t a b l e  peaks

w i l l  be found i n  th e  s p e c t r a  d e s c r i b e d  h e r e i n .

B. R e a c t i o n s  be tween  io n s  and m o l e c u le s  i n  t h e  

gas  p h a s e .

5In  1912 Thomson , i n  h i s  s tu d y  o f  t h e  p a r a b o l a s  formed by

io n s  i n  h i s  equ ipm en t ,  o b s e rv e d  a p a r t i c l e  hav in g  a mass of

3 a . m . u .  He s p e c u l a t e d  t h a t  t h i s  p a r t i c l e  m igh t  be  t r i a t o m i c

hyd ro g en .  I n  1916 Dempster  ^ ob s e rv ed  an  io n  h a v in g  a m a s s - t o -

cha rge  r a t i o  (m/z) o f  3 i n  t h e  mass s p e c t r o g r a p h  o f  hydrogen  and

s u g g e s te d  t h a t  t h i s  migh t  b e  Hg . Nine y e a r s  l a t e r  t h e  i o n i z a t i o n
7

o f  hydrogen  was s t u d i e d  by Hogness and Lunn , who a l s o  obse rved  

an io n  hav ing  m/z = 3 ,  F u r th e r m o re ,  t h e y  o bse rved  t h a t  t h e  

i n t e n s i t y  o f  t h e  ion-beam c o r r e s p o n d i n g  t o  m/z = 3 i n c r e a s e d  as

th e  p r e s s u r e  o f  hydrogen  i n c r e a s e d .  S i m i l a r  o b s e r v a t i o n s  were  a l s o

8 9made i n  1925 by Smyth who l a t e r  s t a t e d  t h a t  t h e  e v id e n c e

s u g g e s t e d  t h a t  Hg^ was formed by t h e  i o n - m o le c u l e  r e a c t i o n

+ H2 ---------> Ha'*’ + H* ( 1 . 1 - 8 )



P r o b a b ly  t h e  f i r s t  d e f i n i t i v e  s t u d y  o f  io n - m o le c u l e  r e a c t i o n s

was c a r r i e d  o u t  by Hogness and H arkness  i n  1928,  These

w orkers  s t u d i e d  b o th  t h e  p o s i t i v e  and n e g a t i v e  io n s  formed f rom

i o d i n e  vap o u r  and showed t h a t  I 2^ was formed b o t h  by  e l e c t r o n -

+im pact  i o n i z a t i o n  and by ch a rg e  t r a n s f e r  from I

l'  ̂ + I 2  -------- > I + I 2 * (1 .1 -9 )

and t h a t  I 3 was produced  i n  t h e  r e a c t i o n

+ I 2  > I 3* + I  ( 1 .1 - 1 0 )

The o n l y  p r im a ry  n e g a t i v e  i o n  o b s e rv e d  was I  , w hich  underwent a 

c h a r g e - t r a n s f e r  r e a c t i o n  w i t h  I 2 so t h a t  I 2 was formed by  t h e  

r e a c t i o n

r  + %2  > I  + I 2”  ( 1 .1 - 1 1 )

F u r th e r m o re ,  I 3 was formed by t h e  r e a c t i o n

I 2 + I 2 -------- ^ I 3 + I  ( 1 .1 - 1 2 )

I n  1936 E y r i n g ,  H i r s c h f e l d e r , and T a y lo r  o b t a i n e d  t h e  c o l l i s i o n

f r e q u e n c y  o f  r e a c t i o n  ( 1 . 1- 8 ) from a t h e o r e t i c a l  t r e a t m e n t  b ased

upon a b s o l u t e  r a t e  t h e o r y  . The r e s u l t  o b t a i n e d  was i n  e x c e l l e n t

agreement w i t h  t h e  e x p e r i m e n t a l  r e s u l t  measured s u b s e q u e n t l y  .

Modern s t u d i e s  o f  i o n - m o le c u l e  r e a c t i o n s  were  begun i n  t h e

13mid 1950’ s when S tev e n so n  and S c h i s s l e r  , and F i e l d ,

F r a n k l i n ,  and Lampe , i n  t h e  U n i te d  S t a t e s ,  and T a l ’ r o z e  and 

Lyubimova , i n  t h e  U . S . S . R . ,  a l l  obse rved  t h e  f o r m a t i o n  o f  t h e  

CH5 i o n  from methane ( r e a c t i o n  1 . 1 - 1 3 )

CH^f + CHi  ̂ ---------> CH5* + CH3 '  ( 1 .1 - 1 3 )

S ince  t h e  d i s c o v e r y  o f  t h i s  r e a c t i o n ,  i n t e r e s t  i n  i o n - m o le c u l e



r e a c t i o n s  h a s  grown a t  such  a r a t e  t h a t ,  i n  r e c e n t  y e a r s ,  t h e  

number o f  a r t i c l e s  p u b l i s h e d  pe r  y e a r  on t h i s  s u b j e c t  a l o n e  i s  

g r e a t e r  t h a n  t h e  t o t a l  number o f  a r t i c l e s  on a l l  a s p e c t s  o f  mass 

s p e c t r o m e t r y  p u b l i s h e d  p r i o r  to  t h e  d i s c o v e r y  o f  r e a c t i o n  ( 1 , 1 - 1 3 ) .

The p r i n c i p a l  ty p e s  o f  r e a c t i o n  now known to  o c c u r  be tween  

io n s  and m o l e c u le s  i n  t h e  gas  p h a s e  a r e  c h a r g e - t r a n s f e r  r e a c t i o n s ,  

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

p r o c e s s e s .  Examples o f  p r o t o n - t r a n s f e r , atom—t r a n s f e r ,  and 

c h a r g e - t r a n s f e r  r e a c t i o n s  were g i v e n  i n  e q u a t i o n s ( 1 .1 - 8 )  t o  ( 1 . 1 - 1 3 ) ,  

Examples o f  h y d r i d e - i o n  t r a n s f e r  a r e  found i n  t h e  r e a c t i o n s  o f  

ca rbén ium  io n s  w i t h  a l k a n e s ,

Cn^2n+1^ + ^ ^ 2m+2 ---------> ^n ^2 n + 2  + V 2m+l'^ (1 .1 - 1 4 )

These  were f i r s t  o b s e rv ed  by F i e l d  and L a m p e . C l u s t e r i n g  

p r o c e s s e s  have  been  e x t e n s i v e l y  s t u d i e d  by K e b a r le ^ ^  . Examples 

o f  such  r e a c t i o n s  a r e  g iv e n  by

H3O* + nH20 ---------> (H20)n+iH'*’ ( 1 .1 - 1 5 )

An example o f  a t w o - a t o m - t r a n s f e r  r e a c t i o n  i s  t h e  H2 -  t r a n s f e r  

r e a c t i o n

^ 3^ 6 * *'■ C4H1 Q ---------> C3D6H2 + CkHg" (1 .1 -1 6 )

i n  which  C^Hiois  i s o b u t a n e .  O the r  ty p e s  o f  r e a c t i o n  which may 

o c c u r  be tween  an  io n  and a m o le c u le  a r e  e n e r g y - t r a n s f e r  p r o c e s s e s ,  

i n  which no chem ica l  change i s  o b s e r v e d .

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

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

r e a c t i o n s  were much l a r g e r  t h a n  t h e  c o l l i s i o n  f r e q u e n c i e s  p r e d i c t e d  

from c a l c u l a t i o n s  b a s e d  on t h e  a s s u m p t io n  t h a t  t h e  i n t e r a c t i o n



be tween  an  i o n  and a m o le c u le  was domina ted by Van d e r  Waals f o r c e s .  

Such l a r g e  r a t e  c o n s t a n t s  have  r e c e n t l y  been  r a t i o n a l i z e d  by t h e

19 . . .  .A v e r a g e - D i p o l e - O r i e n t a t i o n  t h e o r y  i n  which ion -d ipo ]e  f o r c e s  

a r e  in c lu d e d  i n  t h e  i o n - m o le c u l e  i n t e r a c t i o n  p o t e n t i a l .  A l though  

e a r l y  r e s u l t s  s u g g e s te d  t h a t  many io n - m o le c u l e  r e a c t i o n s  p ro cee d ed  

w i t h o u t  ene rgy  o f  a c t i v a t i o n ,  i t  i s  now r e a l i z e d  t h a t ,  w h i l e  t h e r e  

i s  o f t e n  no a c t i v a t i o n  b a r r i e r  i n  exo the rm ic  i o n - m o le c u l e  r e a c t i o n s ,  

t h e  ene rg y  o f  a c t i v a t i o n  can  be  s i g n i f i c a n t  i n  endo the rm ie  r e a c t i o n s  

(v ide  i n f r a ) .

C. Reasons  f o r  t h e  s t u d y  o f  i o n - m o le c u l e  r e a c t i o n s ,

I o n -m o le c u le  r e a c t i o n s  p l a y  an i m p o r t a n t  r o l e  i n  t h e  c h e m i s t r y

of  f l am es  ^ ^ , i n  t h e  s tu d y  o f  r a d i a t i o n  c h e m i s t r y  ,and t h e

22c h e m is t r y  o f  th e  i o n o s p h e r e  , F u r th e r m o re ,  t h e  growing u s e  o f  

c h e m i c a l - i o n i z a t i o n  mass s p e c t r o m e t r y  means t h a t  io n - m o le c u l e  

r e a c t i o n s  a r e  s t e a d i l y  becoming more i m p o r t a n t  i n  g e n e r a l  

a n a l y t i c a l  c h e m i s t r y .

An u n d e r s t a n d i n g  o f  com bust ion  p r o c e s s e s ,  and i n  p a r t i c u l a r  

com bust ion  of  h y d ro ca rb o n s  w i th  m e ta l  a d d i t i v e s ,  i s  v i t a l  t o  any  

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

e n g i n e .  F i r s t l y ,  w i t h  t h e  f o r s e e a b l e  d i m i n i s h i n g  a v a i l a b i l i t y  o f  

h y d ro c a rb o n  f u e l s ,  i t  i s  o f  paramount im p o r tan ce  t h a t ,  when th e y  

a r e  b u r n t ,  t h e  maximum amount o f  u s e f u l  ene rg y  i s  o b t a i n e d .

S econd ly ,  i t  i s  o f  o b v ious  e n v i ro n m e n ta l  im por tance  t h a t  t h e  

c o n c e n t r a t i o n s  o f  t o x i c  m e t a l s  ( e g . ,  l e a d )  i n  t h e  a tm osphere  

shou ld  be k e p t  as  sm a l l  a s  p o s s i b l e .  A knowledge o f  t h e  k i n e t i c s  

and thermodynamics  o f  i o n - m o le c u l e  r e a c t i o n s  may be o f  a s s i s t a n c e
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i n  a t t a i n i n g  b o t h  t h e s e  g o a l s .

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

i o n o s p h e r e ,  s i n c e  i t  i s  t h i s  r e g i o n  which  p r e v e n t s  d ange rous  h i g h -  

e n e rg y  s o l a r  r a d i a t i o n  from r e a c h i n g  t h e  e a r t h ’ s s u r f a c e .  The 

e v o l u t i o n  o f  th e  i o n o s p h e r e  i s  l a r g e l y  d e t e rm in e d  by t h e  o c c u r r e n c e  

o f  i o n - m o le c u l e  r e a c t i o n s .  A knowledge o f  t h e  io n -m o le c u le  

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

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

t im e-d ev e lo p m en t  o f  t h e  r e g i o n  t o  be p r e d i c t e d .  With t h i s  knowledge 

i t  would be p o s s i b l e  t o  f o r e s e e ,  f o r  example ,  changes  i n  c l i m a t i c  

c o n d i t i o n s .

Very r e c e n t  work has  s u g g e s t e d  t h a t  c e r t a i n  p h y s i o l o g i c a l

d i s o r d e r s ,  f o r  example ,  heada ches  and m i g r a i n e ,  may r e s u l t  f rom

23th e  remova l  of  n e g a t i v e  i o n s  from t h e  a tm osphere  . (N eg a t iv e  io n s

a r e  removed from t h e  a tm osphere  by  c e n t r a l - h e a t i n g  s y s tem s . )  I t

i s  p o s s i b l e  t h e n  t h a t  t h e  s tu d y  o f  a tm o s p h e r ic  i o n - m o le c u l e  r e a c t i o n s

r e s u l t i n g  from t h e  u s e  o f  c e n t r a l - h e a t i n g  sys tems  may come t o  be  o f

m e d ic a l  i n t e r e s t .

For t h e  c h e m is t ,  an i m p o r t a n t  a s p e c t  o f  t h e  s tu d y  o f  i o n -

m o le c u le  r e a c t i o n s  i n  t h e  gas  p hase  i s  t h a t  k i n e t i c  and thermodynamic

p a r a m e t e r s  a r e  measured i n  t h e  a b s en ce  o f  s o l v e n t .  F u r t h e r m o re ,  gas-

phase  s t u d i e s  o f  r e a c t i o n s  l i k e  ( 1 .1 - 1 5 )  a c t u a l l y  g iv e  i n f o r m a t i o n

24on t h e  s o l v a t i o n s  o f  i o n s .  For  example,  r e s u l t s  have  shown 

t h a t  t h e r e  i s  no p r e f e r r e d  v a l u e  o f  n i n  t h e  c l u s t e r s  (H2O ) f o r  

n = 1 t o  9 .  As t h e  s i z e  o f  such c l u s t e r s  i s  i n c r e a s e d  t h e i r  

b e h a v i o u r  app roac hes  t h a t  o f  t h e  s o l v a t e d  i o n  i n  t h e  l i q u i d  p h a s e .
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Hence,  i n  p r i n c i p l e ,  i n f o r m a t i o n  upon t h e  b e h a v i o u r  o f  i o n s  i n  

l i q u i d s  c o u ld  be  o b t a i n e d  by e x t r a p o l a t i o n  o f  d a t a  o b t a i n e d  from 

t h e  s t u d y  o f  io n - m o le c u l e  r e a c t i o n s  i n  t h e  gas  p h a s e .  The 

s i g n i f i c a n c e  o f  t h i s  work l i e s  i n  t h e  f a c t  t h a t ,  up t o  now, t h e  

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

u n d e r s t o o d .

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

m o le c u le  r e a c t i o n s  a r e  co n n ec ted  w i th  t h e  a n a l y t i c a l  a p p l i c a t i o n s  

o f  such  r e a c t i o n s ,  c h e m i c a l - i o n i z a t i o n  mass s p e c t r o m e t r y .  These 

r e a s o n s  a r e  d i s c u s s e d  i n  s e c t i o n  I . 2 . B .

D. Use o f  t h e  r e l a t i v e  i n t e n s i t i e s  o f  ion-beams f o r  t h e  

d e t e r m i n a t i o n  o f  t h e  r a t e s  o f  io n - m o le c u l e  r e a c t i o n s .

A mass s p e c t r o m e t e r  p e r m i t s  r a p i d  and a c c u r a t e  measurement 

o f  th e  i n t e n s i t i e s  o f  ion-beams c o r r e s p o n d in g  to  r e a c t a n t  and 

p r o d u c t  io n s  i n  r e a c t i o n  ( 1 . 1- 1 ) ,  and i s  t h e r e f o r e  a c o n v e n i e n t  

p i e c e  o f  a p p a r a t u s  f o r  s tu d y in g  t h e  r a t e s  o f  io n - m o le c u l e  r e a c t i o n s .  

The c o n c e n t r a t i o n s  o f  i o n s  i n  t h e  i o n - s o u r c e  a r e  much lower  t h a n  

t h a t  o f  n e u t r a l  m o l e c u le s  . C o n seq u en t ly  t h e  p r o b a b i l i t y  o f  

r e a c t i o n  be tween an  io n  and a n e u t r a l  s t a b l e  m o le c u le  i s  much 

l a r g e r  t h a n  t h a t  o f  r e a c t i o n  be tween t h e  io n  and n e u t r a l  f r a g m e n ts  

formed i n  t h e  c o u r s e  o f  e i t h e r  t h e  p r im a ry  f r a g m e n t a t i o n  p r o c e s s  

o r  t h e  c o l l i s i o n  r e a c t i o n s .  F u r th e r m o re ,  t h e  io n -m o le c u l e  

r e a c t i o n s  can  be c o n s i d e r e d  as  p s e u d o - f i r s t - o r d e r  p r o c e s s e s .

The r a t e  e q u a t i o n  f o r  t h e  d i s a p p e a r a n c e  o f  r e a c t a n t  io n s  

i n  r e a c t i o n  ( 1 . 1 - 1 ) i s

■ - ^ = k [ A U [ B ]  ( 1 .1 - 1 7 )
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where k  i s  t h e  r a t e  c o n s t a n t  o f  t h e  r e a c t i o n .  I n t e g r a t i o n  o f  

t h i s  e q u a t i o n  g iv e s

lo g  . [A^] /  Q = - k  [s ] T ( 1 ,1 - 1 8 )

i n  which t i s  t h e  r e s i d e n c e  t im e  o f  A i n  t h e  i o n - s o u r c e ,  [ a ^  

i s  t h e  i n s t a n t a n e o u s  c o n c e n t r a t i o n  o f  A^, and [a'*’]^  i s  t h e  

c o n c e n t r a t i o n  o f  t h e  r e a c t a n t  i o n  i n  t h e  a b s en ce  o f  r e a c t i o n  

( 1 . 1 - 1 ) .  I t  i s  im m ed ia te ly  a p p a r e n t  t h a t  t h e  d e t e r m i n a t i o n  o f  

t h e  r a t e  c o n s t a n t  r e q u i r e s  a knowledge  o f  t h e  i o n - s o u r c e  p r e s s u r e  

o f  t h e  n e u t r a l  s p e c i e s  (B ) , t h e  i o n  r e s i d e n c e  t im e ,  t ,  and t h e  

c o n c e n t r a t i o n  o f  t h e  i o n  A^ i n  t h e  i o n - s o u r c e .  The measurement 

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

s e c t i o n  2 . 3 ,  and t h e  e s t i m a t i o n  o f  io n  r e s i d e n c e  t im es  i n  s e c t i o n  

3 . 1 .

I f  t h e  a p p r o p r i a t e  s can  mode i s  used  ( s e e  s e c t i o n  2 . 2 )  t h e  

t ime  s p e n t  i n  c o l l e c t i n g  io n s  o f  a  g iv e n  mass i s  th e  same f o r  a l l  

m a ss e s ,  making i t  p o s s i b l e  t o  e s t i m a t e  t h e  r e l a t i v e  c o n c e n t r a t i o n s  

o f  ions  i n  t h e  i o n - s o u r c e .  F u r th e r m o re ,  t h e  v a r i a t i o n  i n  w id th  

o f  t h e  b a s e s  o f  s p e c t r a l  peaks  i s  s u f f i c i e n t l y  sm a l l  t h a t  t h e  • 

h e i g h t s  o f  t h e  peaks  a r e  d i r e c t l y  p r o p o r t i o n a l  to  t h e  a r e a s  under  

them. Thus ,  t h e  h e i g h t s  o f  t h e  peaks  r e l a t i v e  t o  one a n o t h e r  

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

o f  t h e  io n s  i n  t h e  i o n - s o u r c e .  I f  t h i s  i s  t r u e ,  t h e n  t h e  

r e l a t i v e  c o n c e n t r a t i o n  o f  an  io n  h av in g  m/z = n i s  g iv e n  by  

I^ /% I  where I ^  i s  t h e  h e i g h t  o f  t h e  r e l e v a n t  peak  and ^ I  i s  t h e  

sum o f  t h e  h e i g h t s  o f  a l l  peaks  i n  t h e  spec t rum  ( i e . ,  t h e  t o t a l  

i o n  c u r r e n t ) .  The e x p r e s s i o n  I ^ / ^ I  w i l l  be  r e f e r r e d  to  a s  t h e
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r e l a t i v e  abundance o f  th e  io n  h a v in g  m/z = n th ro u g h o u t  t h i s  

t h e s i s .  E q u a t io n  ( 1 .1 - 1 8 )  now becomes

l o g  = - k [ B ] t  ( 1 .1 - 1 9 )

p r o v id e d  i t  i s  a p p r e c i a t e d  h e r e  t h a t  r e f e r s  to  t h e  r e l a t i v e  

abundance  o f  t h e  c o r r e s p o n d in g  i o n .

For  t h e  h e i g h t s  o f  s p e c t r a l  peaks  t o  r e f l e c t  a c c u r a t e l y  

t h e  abundances  o f  io n s  i n  t h e  i o n - s o u r c e ,  t h e  f o l l o w i n g  c o n d i t i o n s  

must  a l s o  be v a l i d :  t h e  e f f i c i e n c y  w i t h  w hich  io n s  a r e  e x t r a c t e d  

from t h e  i o n - s o u r c e  must  be  t h e  same f o r  a l l  i o n s  w ha teve r  t h e i r  

mass and k i n e t i c  en e rg y ;  t h e  l o s s e s  o f  i o n s  d u r in g  t h e i r  p a s s a g e  

th ro u g h  t h e  v a r i o u s  s l i t s  must  be  in d e p e n d e n t  o f  t h e  mass o f  t h e  

i o n s ;  and t h e  g a i n  o f  t h e  m u l t i p l i e r  must  be  in d e p e n d e n t  o f  t h e  

n a t u r e  o f  t h e  i o n s  im ping ing  on t h e  f i r s t  dynode.  None o f  t h e s e  

c o n d i t i o n s  a r e ,  however ,  s t r i c t l y  v a l i d ,  and i t  w i l l  be s e e n  i n  

s e c t i o n  2 . 2  t h a t ,  f o r  t h e  p u rp o s e s  o f  th e  p r e s e n t  work some 

a t t e m p t  has  been  made to  min imize  m a s s - d i s c r i m i n a t i o n  e f f e c t s  

a r i s i n g  from t h e  i o n - s o u r c e  and c o l l e c t o r  s l i t .  I t  i s  u n f o r t u n a t e  

t h a t  so l i t t l e  d a t a  on t h e  v a r i a t i o n  o f  e l e c t r o n - m u l t i p l i e r  g a i n  

w i th  t h e  mass ,  k i n e t i c  e n e rg y ,  and a tom ic  c o m p o s i t i o n ,  o f  i o n s  i s  

a v a i l a b l e

I t  i s  a p p a r e n t  from e q u a t i o n  ( 1 .1 - 1 9 )  t h a t  t h e  r a t e  c o n s t a n t ,  

k ,  o f  a s im p le  b i m o l e c u l a r  r e a c t i o n  can  be  o b t a i n e d  by o b s e r v i n g  

t h e  v a r i a t i o n  o f  th e  r e l a t i v e  abundance  o f  t h e  r e a c t a n t  i o n ,  A , a s  

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

t im e ,  T, i s  v a r i e d .  K i n e t i c  d a t a  f o r  more c o m p l ic a te d  r e a c t i o n s  

can s i m i l a r l y  be o b t a i n e d  by such  m e thods .  Th is  w i l l  be d i s c u s s e d  

i n  C hap te r  4 .
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1 . 2  C h e m i c a l - i o n i z a t i o n  mass s p e c t r o m e t r y .

I t  was s t a t e d  i n  s e c t i o n  1 . 1 . A t h a t  i o n s  p roduced  from 

bombardment o f  a gas  by e l e c t r o n s ,  a - p a r t i c l e s ,  o r  p h o to n s ,  

may th e m s e lv e s  be  used  to  e f f e c t  i o n i z a t i o n  o f  m o l e c u le s  v i a  

i o n - m o l e c u l e  r e a c t i o n s .  Th is  i s  t h e  p r i n c i p l e  o f  c h e m ic a l -  

i o n i z a t i o n  mass s p e c t r o m e t r y :  t h e  u t i l i z a t i o n  o f  a s p e c i f i c  s e t  

o f  i o n s  t o  e f f e c t  a  few s p e c i f i c  t y p e s  o f  i o n - m o le c u l e  r e a c t i o n s  

w i t h  a wide v a r i e t y  o f  d i f f e r e n t  compounds.

26I n  c h e m i c a l - i o n i z a t i o n  mass s p e c t r o m e t r y  a gas  ( t h e  s o -  

c a l l e d  r e a g e n t  gas )  i s  i n t r o d u c e d  i n t o  t h e  i o n - s o u r c e  a t  a p r e s s u r e  

g e n e r a l l y  i n  t h e  r a n g e  0 . 1  -  2 .0  t o r r .  T h i s  gas  i s  i o n i z e d  by 

one o f  t h e  above-m ent ioned  m e t h o d s , u s u a l l y  e l e c t r o n  im p a c t .  As 

t h e  gas  p r e s s u r e  i s  c o m p a r a t i v e l y  h ig h  ( c f . s e c t i o n  1 . 1 .A) t h e  

r e s u l t i n g  p r im a ry  io n s  a r e  a b l e  t o  undergo  r e a c t i o n s  w i t h  m o le c u le s  

o f  t h e  r e a g e n t  g a s .  The io n s  p roduced  from t h e s e  r e a c t i o n s  may 

now r e a c t  w i t h  a second  s u b s t a n c e  ( r e f e r r e d  t o  h e r e i n  as  t h e  

’ s a m p l e ’ ) i n t r o d u c e d  i n t o  t h e  i o n - s o u r c e .  I n  g e n e r a l  t h e  p r e s s u r e  

o f  t h e  sample i s  k e p t  much s m a l l e r  t h a n  t h e  r e a g e n t - g a s  p r e s s u r e  

so t h a t  t h e  e x t e n t  o f  i o n i z a t i o n  o f  sample m o l e c u le s  d i r e c t l y ,  by 

t h e  e l e c t r o n  beam, i s  n e g l i g i b l e .

The c h e m i c a l - i o n i z a t i o n  t e c h n i q u e  may be  i l l u s t r a t e d  by 

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

w ork .  I o n i z a t i o n  o f  i s o b u t a n e  by an  e l e c t r o n  beam r e s u l t s  i n  

t h e  f o r m a t i o n  o f  t h e  m o l e c u l a r  i o n - r a d i c a l :

+ e  -------> 2 e (1 . 2- 1 )
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T his  i o n - r a d i c a l  t h e n  f ragm en ts  t o  g iv e  t h e  p r im a ry  i o n s -  t h e  ions

ob s e rv ed  i n  t h e  e l e c t r o n - i m p a c t  mass spec t rum  o f  i s o b u t a n e .  An

example o f  a f r a g m e n t a t i o n  r e a c t i o n  i s  t h e  r e a c t i o n  w hich  r e s u l t s  i n

+ . *t h e  f o r m a t i o n  of  t h e  C3H7 i o n  ,

Ci+Hio"  ̂ ----------> C3 H7 * + CH3 ' ( 1 . 2 - 2 )

which  undergoes  a h y d r i d e - t r a n s f e r  r e a c t i o n  w i t h  i s o b u t a n e ;

C3 H7  + C4 H1 0  ----------> C3 H3  + Ct^I  ̂ ( 1 . 2 - 3 )

S i m i l a r  r e a c t i o n s  a r e  undergone  by t h e  o t h e r  p r im a r y  io n s  w i t h  

t h e  r e s u l t  t h a t  a t  m o d e ra t e l y  h ig h  p r e s s u r e s  (>0,15 t o r r )  t h e  

sp ec t ru m  o f  i s o b u t a n e  c o n s i s t s  a lm o s t  e n t i r e l y  o f  C^Hg* i o n s .

These i o n s  a r e  used  to  e f f e c t  t h e  i o n i z a t i o n  o f  t h e  sample.

■f +m ole c u le  , AH. The r e a c t a n t  io n  Ci^Hg has  been  found t o  r e a c t

p r e d o m i n a n t l y  a s  a B r^ ns ted  a c i d , t r a n s f e r r i n g  a p r o t o n  t o  t h e

sample m o lecu le  ( r e a c t i o n  ( 1 . 2 - 4 ) ) ,  a l t h o u g h  i t  may a l s o  a c t  as

a Lewis a c i d  and e i t h e r  a c c e p t  a h y d r i d e  io n  from t h e  sample

m o lecu le  ( r e a c t i o n  1 . 2 - 5 ) )  o r  form an a s s o c i a t i o n  complex w i t h

i t  ( r e a c t i o n  ( 1 . 2 - 6 ) ) ;

C^Hg* + AH ----------> Ci+Hg + AH2 '*’ ( 1 . 2 - 4 )

Ct+Hg'*’ + AH ----------> C4 H1 0  + A"*" ( 1 . 2 - 5 )

C^Hg* + AH ----------> Cj+Hg.AH'*’ ( 1 . 2 - 6 )

*  +  ^
O ther  f r a g m e n t a t i o n  r e a c t i o n s  o f  Ci+Hjo* a r e  d i s c u s s e d  i n
s e c t i o n  3 . 2 .

^ I t  i s  n e c e s s a r y  h e r e  t o  r e p r e s e n t  sample m o le c u le s  by AH, b u t  
i n  s u b s e q u e n t  c h a p t e r s  t h e  l e t t e r  M w i l l  r e p r e s e n t  a  sample 
m o le c u le  as  t h i s  n o t a t i o n  i s  more c o n v e n i e n t  t h e r e .
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The i o n i c  p r o d u c t s  o f  any o f  t h e s e  r e a c t i o n s  may decompose 

b e f o r e  l e a v i n g  t h e  i o n - s o u r c e .  When t h e  sample i s ,  f o r  example,  

an  a l c o h o l ,  ROH, r e a c t i o n s  ( 1 , 2 - 4 )  and ( 1 ,2 - 5 )  may b o t h  o c c u r ,  

b u t  th e  e x t e n t  t o  which each  o f  t h e  r e a c t i o n s  p ro cee d s  depends on 

t h e  n a t u r e  o f  Ri

+ ROH--------> Ci+Hs + ROH2* ( 1 . 2 - 7 )

+ ROH --------> Cj+Hio + ( 1 , 2 - 8 )

F u r th e r m o re ,  some o f  t h e  ROH2* i o n s  may undergo  d eco m p o s i t i o n  

r e a c t i o n s

ROH2* ------- -> r"  ̂ + H2O ( 1 . 2 - 9 )

Hence t h e  p r i n c i p a l  ions  i n  t h e  c h e m i c a l - i o n i z a t i o n  mass spec t rum

+ + +
of  an a l c o h o l  a r e  l i k e l y  t o  be  R , RO , and ROH2 •

A wide v a r i e t y  o f  r e a g e n t  g a s e s  can  be used  i n  c h e m ic a l -

i o n i z a t i o n  mass s p e c t r o m e t r y ,  a l t h o u g h  by f a r  t h e  most  common a r e
27 . 2 8

i s o b u t a n e ,  methane , and ammonia . The p r i n c i p a l

r e a c t a n t  io n s  p roduced  from methane a r e  CH5* and C2H5* ,  w h i l e

th o s e  produced  from ammonia a r e  NHi  ̂ and t h e  (NH3)^H^ i o n s .

O the r  r e a g e n t  g a s e s  can  be hyd rogen ,  t h e  i n e r t  g a s e s ,  n i t r o g e n ,

w a t e r ,  m e th a n o l ,  and t e t r a m e t h y l s i l a n e .  Review a r t i c l e s  i n  which

29 30th e  u s e s  o f  t h e s e  g a s e s  a r e  d i s c u s s e d  have been  p u b l i s h e d  , ,

31 32, . R e c e n t l y  t h e  u s e  o f  c h e m i c a l - i o n i z a t i o n  mass

33s p e c t r o m e t r y  i n v o l v i n g  n e g a t i v e  io n s  has  been  r e a l i z e d  •

In  g e n e r a l ,  c h e m i c a l - i o n i z a t i o n  s p e c t r a  a r e  f a r  s im p l e r  t h a n  

t h e  c o r r e s p o n d in g  e l e c t r o n - i m p a c t  s p e c t r a .  F u r th e rm o re ,  t h e  

c h e m i c a l - i o n i z a t i o n  t e c h n i q u e s  o f t e n  a f f o r d  io n s  hav in g  masses  

n e a r  t h e  m o l e c u l a r  w e ig h t  o f  t h e  sample ( e g , ,  AH2 o r  A^) w hich  

a r e  c o m p a r a t i v e ly  s t a b l e .  Whereas an  e l e c t r o n - i m p a c t  mass
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spec t rum  o f  a sample may o f t e n  n o t  show t h e  p r e s e n c e  o f  m o l e c u l a r  

i o n s ,  t h e  c o r r e s p o n d in g  c h e m i c a l - i o n i z a t i o n  mass spec t rum  w i l l  

most  l i k e l y  i n d i c a t e  io n s  from w hich  a m o l e c u la r  w e ig h t  may be 

deduced .  In  a d d i t i o n ,  io n s  p roduced  by  c h e m i c a l - i o n i z a t i o n  

p r o c e s s e s  undergo  d e c o m p o s i t i o n  r e a c t i o n s  (eg ,  r e a c t i o n  (1 , 2- 9 ) )  

w hich  a r e  more e a s i l y  r a t i o n a l i z e d  th a n  a r e  many o f  t h e  

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

A g r e a t  d e a l  o f  c u r r e n t  r e s e a r c h  i n t o  c h e m i c a l - i o n i z a t i o n  

mass s p e c t r o m e t r y  i s  b e i n g  d i r e c t e d  tow ards  f i n d i n g  r e a c t a n t  i o n s  

(b o th  p o s i t i v e  and n e g a t i v e )  which  r e a c t  w i t h  s p e c i f i c  t y p e s  o f  

compounds.  An example o f  such  an  io n  i s  which  w i l l
LL

p r o t o n a t e  a g - / n s a t u r a t e d  k e t o n e s ,  b u t  u n d e rg o es  o n ly  a d d i t i o n

r e a c t i o n s  w i t h  s a t u r a t e d  k e t o n e s  .

C h e m i c a l - i o n i z a t i o n  mass s p e c t r o m e t r y  i s  an im p o r t a n t  

a n a l y t i c a l  method i n  a l l  t h o s e  a r e a s  o f  r e s e a r c h  i n  which  e l e c t r o n -  

im pact  mass s p e c t r o m e t r y  has  p r e v i o u s l y  been  a p r i n c i p a l  method o f  

a n a l y s i s .  I t  i s  f i n d i n g  a p a r t i c u l a r  im por tance  i n  t h e  a n a l y s i s  o f  

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

From t h e s e  f i e l d s ,  t h e  d a t a  o b t a i n e d  from chem ica l  i o n i z a t i o n  i s  

v e r y  o f t e n  complementary  t o  t h a t  o b t a i n e d  from e l e c t r o n - i m p a c t  

i o n i z a t i o n .  Taken t o g e t h e r  t h e  two t e c h n i q u e s  p r o v i d e  an 

e x t r e m e l y  p ow er fu l  a n a l y t i c a l  me thod.
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1 ,3  Methods a v a i l a b l e  f o r  t h e  s tu d y  o f  t h e  k i n e t i c s

o f  i o n - m o le c u l e  r e a c t i o n s  i n  t h e  gas  p h a s e ,

A. I n t r o d u c t i o n ,

Some o f  t h e  more common methods  f o r  t h e  s tu d y  o f  t h e  

k i n e t i c s  o f  io n - m o le c u l e  r e a c t i o n s  a r e  d e s c r i b e d  i n  t h i s  s e c t i o n .  

Only a b r i e f  o u t l i n e  o f  each  o f  t h e  t e c h n i q u e s  w i l l  be  g i v e n ,  

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

t h e  i n f o r m a t i o n  a v a i l a b l e  from each  me thod.  A l though  t h e  

d e s c r i p t i o n  o f  each  t e c h n i q u e  i s  b r i e f ,  t h e  r e f e r e n c e s  g iven  w i l l  

p r o v id e  d e t a i l s  o f  th e  c o n s t r u c t i o n  and u s e f u l n e s s  o f  t h e

i n s t r u m e n t s .  Recen t  r e v ie w s  o f  t h e  methods  i n c l u d e  t h o s e  by

31 . 37 . onWilson  , F r a n k l i n  , and J e n n in g s

I t  was shown i n  s e c t i o n  1 , 1 , D t h a t  t h e  k i n e t i c s  o f  i o n -  

m o lecu le  r e a c t i o n s  may be s t u d i e d  by o b s e r v i n g  t h e  v a r i a t i o n  o f  

t h e  r e l a t i v e  abundances  o f  i o n s  a s  e i t h e r  t h e  c o n c e n t r a t i o n  o f  

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

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

be low,

B. C on t inuous  l o n - E x t r a c t i o n  Mass S p e c t ro m e t r y ,

A l l  m a s s - s p e c t r o m e t r i c  t e c h n i q u e s  i n  which io n s  a r e  formed 

c o n t i n u o u s l y  i n  t h e  i o n - s o u r c e ,  and a r e  c o n t i n u o u s l y  e x t r a c t e d  

from t h e  i o n - s o u r c e  by an a c c e l e r a t i n g  f i e l d ,  a r e  r e f e r r e d  t o  

g e n e r a l l y  a s  c o n t in u o u s  i o n - e x t r a c t i o n  t e c h n i q u e s ,  E l e c t r o n -  

im pac t  mass s p e c t r o m e t r y ,  c h e m i c a l - i o n i z a t i o n  mass s p e c t r o m o e t r y  

and . h i g h - p r e s s u r e  mass s p e c t r o m e t r y  a r e  examples o f  such  t e c h n i q u e s ,  

The te rm  * h i g h - p r e s s u r e  mass sp ec t ro m e t ry *  i s  used  when p r e s s u r e s
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i n  t h e  i o n - s o u r c e  a r e  g r e a t e r  t h a n  c a ,  10  ^ t o r r .

As e l e c t r o n - i m p a c t  mass s p e c t r o m e t r y  has  been  d i s c u s s e d  i n  

s e c t i o n  1 , 1 . A, and c h e m i c a l - i o n i z a t i o n  mass s p e c t r o m e t r y  i n  

s e c t i o n  1 , 2 , ^ ,  no f u r t h e r  d e s c r i p t i o n  o f  t h e  methods need  be 

g iv e n  h e r e .  Th is  s e c t i o n  w i l l  be u s e d ,  however,  f o r  a 

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

d e t e r m i n a t i o n  o f  r a t e  c o n s t a n t s  by c o n t in u o u s  i o n - e x t r a c t i o n  

m e thods .  T h i s  i s  im p o r t a n t  as  t h e  method was used  f o r  t h e  

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

At b e s t ,  c o n t in u o u s  i o n - e x t r a c t i o n  methods  y i e l d  

e x p e r i m e n t a l  r a t e  c o n s t a n t s ,  k^ ^^ ,  which  a r e  t i m e -a v e ra g e d  r a t e  

c o n s t a n t s :

kexp= 7  ^0 ( 1 -3 -1 )

where k ( t )  i s  t h e  r a t e  c o n s t a n t  which  would be o b t a i n e d  i f  a l l  

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

same l e n g t h  o f  t i m e ,  t ,  and t i s  t h e  io n  r e s i d e n c e  t i m e .  F o r  

t h i s  c o n d i t i o n  to  h o l d ,  a l l  t h e  r e a c t a n t  io n s  shou ld  be formed 

w i t h  no e x ce ss  ene rgy  a t  t h e  same d i s t a n c e  from t h e  i o n - e x i t  s l i t ^ .  

and sh o u ld  d r i f t  from t h e i r  p o i n t  o f  f o r m a t i o n  under  t h e  

i n f l u e n c e  o f  a c o n s t a n t  e l e c t r i c  f i e l d  t o  t h e  e x i t  s l i t .  Thus,  

f o r  e l e c t r o n - i m p a c t  i o n i z a t i o n ,  t h e  n a t u r e  o f  t h e  t i m e - a v e r a g e  

i s  n o t  d e f i n e d  u n l e s s  t h e  f o l l o w i n g  a s s u m p t io n s  a r e  v a l i d  : -

( 1 ) t h e  e l e c t r o n  beam i s  i n f i n i t e l y  nar row;

( 2 ) t h e  io n  i n i t i a l l y  has  z e r o  e n e rg y ;

(3) th e  e l e c t r i c  f i e l d  i n  t h e  i o n - s o u r c e  i s  c o n s t a n t .

I f  t h e s e  a s s u m p t io n s  a r e  v a l i d ,  t h e n

t  = v t / v e  ( 1 , 3 - 2 )
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w here v i s  th e  i n s t a n t a n e o u s  v e l o c i t y  o f  th e  io n ,  and v^ i s  t h e

e x i t  v e l o c i t y  o f  th e  i o n .  Under t h e s e  c o n d i t i o n s ,  th e

m easured  r a t e  c o n s t a n t  i s  c h a r a c t e r i s t i c  o f  th e  r e a c t i o n  and

in d e p e n d e n t  o f  th e  p a r t i c u l a r  c o n d i t i o n s  o f  th e  m easurem ent.  In

t h i s  c a s e  k i s  i d e n t i f i e d  w i th  k ( v e ) ,  a r a t e  c o n s t a n t  w hich  i s  exp

a v e l o c i t y - a v e ra g e  o f  a r a t e  c o n s t a n t ,  k ( v ) ,  and which depends 

on th e  io n  v e l o c i t y ,  v .  Thus

k = i  J e k (v )d v  ( 1 .3 - 3 )exp Vg *' 0

The r a t e  c o n s t a n t s  o b ta in e d  from c o n t i n u o u s - e x t r a c t i o n  mass 

s p e c t ro m e try  may be compared w i th  r a t e  c o n s t a n t s  o b ta in e d  from 

o t h e r  m ethods o n ly  i f  th e  t h r e e  a s su m p tio n s  s t a t e d  above a r e  v a l i d ,  

and th e n  o n ly  i f  th e  e x i t  v e l o c i t y  o f  th e  io n  i s  th e  same in  

b o th  c a s e s .  I f  th e  a ssu m p tio n s  a r e  n o t  v a l i d  th e n  th e  

e x p e r im e n ta l  r a t e  c o n s t a n t  may show a dependence upon th e  c o n d i t i o n s  

o f  th e  m easurem ent,  and may be i n  e r r o r  by a s  much as  a f a c t o r  

o f  two . D e t a i l s  o f  e x p e r im e n ts  w hich t e s t  th e  v a l i d i t y  o f  

a ssu m p tio n s  (1) - ( 3 )  a r e  g iv e n  by Henchman^® .

A m a jo r  o b s t a c l e  to  th e  d e t e r m in a t io n  o f  a c c u r a t e  r a t e  

c o n s t a n t s  from h i g h - p r e s s u r e  mass s p e c t ro m e try  i s  a consequence  

o f  th e  o c c u r r e n c e  o f  r e a c t i o n s  th ro u g h o u t  an e n e rg y  ra n g e  

0 < E < E^, where i s  th e  e x i t  e n e rg y  o f  th e  i o n s .  F u r th e rm o re ,  

th e  e n e rg y  d i s t r i b u t i o n  i s  p r e s s u r e - d e p e n d e n t  owing to  th e  

a t t e n u a t i o n  o f  th e  r e a c t a n t - i o n  beam a lo n g  th e  r e a c t i o n  p a t h .

R a te  c o n s t a n t s  d e te rm in e d  from  c h e m ic a l - i o n i z a t i o n  mass 

s p e c t ro m e t ry  a r e  l i k e l y  to  be somewhat more a c c u r a t e  th a n  th o s e  

d e te rm in e d  from h i g h - p r e s s u r e  mass s p e c t r o m e t r y .  S in ce ,o w in g  to
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t h e  sample p r e s s u r e  b e in g  much s m a l le r  th a n  th e  t o t a l  io n - s o u r c e  

p r e s s u r e ,  th e  d i s t r i b u t i o n  o f  e n e r g i e s  i n  a g iv e n  ty p e  o f  r e a c t a n t  

io n  w i l l  be e s s e n t i a l l y  in d e p en d en t  o f  t h e  n a t u r e  o f  th e  sam ple .

The en e rg y  d i s t r i b u t i o n  w i l l  be th e  same f o r  g iv e n  c o n d i t i o n s  o f  

t e m p e r a tu r e ,  r e a g e n t - g a s  p r e s s u r e ,  e l e c t r i c - f i e l d  s t r e n g t h ,  and 

e l e c t r o n  e n e rg y ,  so t h a t  r a t e s  o f  r e a c t i o n  o f  sam ples w i th  a g iv e n  

r e a c t a n t  io n  sho u ld  be c o r r e c t  r e l a t i v e  to  each  o t h e r .  F u r t h e r 

m ore, i f  a r a t e  c o n s t a n t  i s  o b ta in e d  from an  e x p e r im en t i n  w hich 

th e  sample p r e s s u r e  i s  v a r i e d  o ver  a c o m p a ra t iv e ly  sm all  ra n g e  

w h i le  th e  r e a g e n t - g a s  p r e s s u r e  i s  h e ld  c o n s t a n t ,  th e n  th e  e f f e c t s  

o f  th e  p re s s u re -d e p e n d e n c e  o f  t h e  r e a c t a n t - i o n  e n e rg y  

d i s t r i b u t i o n  w i l l  be n e g l i g i b l e .

D e s p i te  t h i s ,  th e  m easured  r a t e  c o n s t a n t  may s t i l l  be i n  

e r r o r  by as  much as  a f a c t o r  o f  two a s  a consequence  o f  th e  l a c k  

o f  v a l i d i t y  o f  a ssu m p tio n s  (1) - ( 3 ) ,  Such an e r r o r  i s  n o t ,  p e r h a p s ,  

to o  s e r i o u s  f o r  th e  p u rp o se s  o f  th e  p r e s e n t  work, p ro v id e d  r e l a t i v e  

r a t e s  a r e  a c c u r a t e .  These problem s a r e  d i s c u s s e d  f u r t h e r  i n  

s e c t i o n  1 .4 ,

C. P u l s e d - io n - s o u r c e  mass s p e c t r o m e t r y .

P ro b a b ly  th e  e a r l i e s t  te c h n iq u e  dev e lo p ed  f o r  th e  s p e c i f i c

p u rp o se  o f  e v a l u a t i n g  r a t e  c o n s t a n t s  was p u l s e d - i o n - s o u r c e  mass 

39s p e c t ro m e t ry  . In  t h i s  t e c h n iq u e  an e l e c t r o n  beam i s  p a s s e d  

th ro u g h  a gas  i n  th e  io n - s o u r c e  f o r  a b r i e f  p e r io d  ( c a .0 ,1  p s e c ) , 

D uring  t h i s  t im e  io n s  a r e  formed from  th e  g a s .  A f t e r  th e  e l e c t r o n -  

beam h a s  been  sw itch ed  o f f ,  io n s  may be  r e t a i n e d  i n  th e  i o n - s o u r c e  

f o r  a m e a su ra b le  *delay* p e r i o d ,  b e f o r e  b e in g  e x t r a c t e d  and
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a n a ly z e d .  T h is  d e la y  p e r io d  may be v a r i e d  from ze ro  to  a 

few m ic ro s e c o n d s .  Ions  a r e  e x t r a c t e d  by a p p l i c a t i o n  o f  a 

v o l t a g e  p u l s e  o f  th e  a p p r o p r i a t e  s ig n  e i t h e r  to  a r e p e l l e r  p l a t e ,  

o r  to  an io n -w i th d ra w a l  p l a t e ,  o r  to  b o th  s im u l ta n e o u s ly .  I n  t h i s  

method r e a c t i o n  r a t e s  a r e  d e te rm in e d  by o b se rv in g  th e  v a r i a t i o n  o f  

io n -a b u n d a n c e s  a s  th e  d e la y  tim e  i s  v a r i e d .

One o f  th e  p rob lem s a s s o c i a t e d  w i th  th e  method i s  t h a t  t h e  

e x t r a c t i o n  p u l s e  can  e x e r t  m a s s - d i s c r im in a t io n  e f f e c t s ,  and th e  

m ag n itu d es  o f  such e f f e c t s  i n c r e a s e  as  th e  d e l a y  t im e  i s  i n c r e a s e d .

The e f f e c t s  a r e  due ,  a t  l e a s t  i n  p a r t ,  t o  th e  f a c t  t h a t  r a t e s  o f  

d i f f u s i o n  away from th e  sam pling  r e g io n  a r e  d i f f e r e n t  f o r  

d i f f e r e n t  i o n s .  They c a n ,  how ever, be m in im ized  by w orking  w i th  

d e l a y  t im es  f o r  w hich  l o s s  o f  io n s  by d i f f u s i o n  i s  sm all  ( c a . 0 - 2 p s e c ) .  

I t  i s  a l s o  d i f f i c u l t  to  employ t h i s  method w i th  h ig h  i o n -  

s o u rc e  p r e s s u r e s  s in c e  r e a c t a n t  and p ro d u c t  io n s  a r e  s c a t t e r e d  

d i f f e r e n t l y  when th e  e j e c t i o n  p u l s e  i s  a p p l i e d .  D e s p i te  such 

p ro b lem s ,  th e rm a l  r a t e  c o n s t a n t s  w i th  an e r r o r  a s  sm a ll  a s  10 to  

20% can  be o b ta in e d  from th e  m ethod.

An e l e g a n t  v a r i a t i o n  o f  th e  p u l s in g  te c h n iq u e  i s  t h e  s o - c a l l e d  

t r a p p e d - io n  method which was o r i g i n a l l y  s u g g e s te d  by Baker and 

H asted  and deve loped  by H a r r i s o n  , I n  t h i s  method io n s  

a r e  p roduced  by an e le c t ro n -b e a m  p u l s e  o f  c a . l  y s e c .  These 

io n s  a r e  th e n  h e ld  f o r  a v a r i a b l e  d e la y  tim e  in  th e  s p a c e -  

ch a rg e  w e l l  g e n e ra te d  by t h e  p a s s a g e  o f  a lo w -en e rg y  («4 eV) 

beam o f  e l e c t r o n s  th ro u g h  th e  i o n - s o u r c e .  D uring  t h i s  s to r a g e  

p e r io d  r e a c t i v e  c o l l i s i o n s  may o ccu r  be tw een  th e  t r a p p e d  io n s
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and n e u t r a l  m o le c u le s  f lo w in g  th ro u g h  th e  io n - s o u r c e .  The 

t r a p  i s  th e n  d e s t ro y e d  by a p p ly in g  a  v o l t a g e  p u l s e  to  th e  

r e p e l l e r  p l a t e ,  th u s  e j e c t i n g  io n s  from th e  i o n - s o u r c e .  D e lay  

t im e s  a s  long  as  0 .0 1  seconds  a r e  r e a d i l y  a c h ie v e d .

An im p o r ta n t  f e a t u r e  o f  th e  te c h n iq u e  i s  t h a t  r a t e  c o n s t a n t s  

may be m easured  u n d e r  c o n d i t i o n s  f o r  w hich  th e  t r a n s l a t i o n a l  

en e rg y  o f  r e a c t a n t  io n s  i s  s i g n i f i c a n t l y  l e s s  th a n  0 ,1  eV, 

F u r th e rm o re ,  th e  te c h n iq u e  may be in c o r p o r a te d  a t  low c o s t  

i n t o  any c o n v e n t io n a l  io n - s o u r c e  to  g iv e  i t  c h e m i c a l - i o n i z a t i o n  

c a p a b i l i t i e s  a t  low p r e s s u r e ,

D. D r i f t - t u b e  mass s p e c t r o m e t r y .

In  a d r i f t - t u b e  io n - s o u rc e ^ ^  , io n s  a r e  formed by e l e c t r o n -  

im pact i o n i z a t i o n  o f  a gas  a t  one end o f  a tu b e  s e v e r a l  

c e n t im e t r e s  i n  l e n g t h .  The tu b e  i s  c o n s t r u c t e d  w i th  a s e r i e s  o f  

m e ta l  r i n g s  e l e c t r i c a l l y  i n s u l a t e d  from one a n o t h e r .  A f t e r  

fo rm a t io n  in  th e  i o n i z a t i o n  r e g io n ,  th e  io n s  d r i f t  down th e  tu b e  

under  th e  in f l u e n c e  o f  an e l e c t r i c  f i e l d  p roduced  by a p p ly in g  

s t e a d i l y  d e c r e a s in g  v o l t a g e s  to  th e  m e ta l  r i n g s .  At t h e  end o f  

th e  d r i f t  tu b e  th e  io n s  p a s s  th ro u g h  an  e x i t  s l i t  i n t o  th e  mass 

s p e c t ro m e te r  a n a ly z e r  r e g i o n .  I f  th e  p r e s s u r e  i n  th e  d r i f t  tu b e  

i s  s u f f i c i e n t l y  l a r g e ,  and th e  f i e l d  s t r e n g t h  s u f f i c i e n t l y  s m a l l ,  

th e n  th e  mean e n e rg y  o f  c o l l i s i o n s  o f  io n s  w i th  n e u t r a l  m o le c u le s  

i s  low, and hence  r a t e  c o n s t a n t s  a r e  d e te rm in e d  a t  n e a r - th e r m a l  

c o n d i t i o n s .

An im p o r ta n t  f e a t u r e  o f  t h i s  method i s  t h a t  a c h a r a c t e r i s t i c  

d r i f t  v e l o c i t y  i s  e s t a b l i s h e d  in  th e  d r i f t  tu b e ,  and hence  th e
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s p a t i a l  and v e l o c i t y  d i s t r i b u t i o n s  o f  th e  io n s  a r e  w e l l  

d e f i n e d .  The r e a c t i o n  r e g io n  i s  w e l l  s e p a r a t e d  from th e  i o n -  

so u rc e  r e g io n  and i s  s u f f i c i e n t l y  l a r g e  t h a t ,  e i t h e r  th e  r e a c t i o n  

p a th  l e n g t h  may be a l t e r e d  by u s in g  a movable io n - s o u r c e  , o r  

th e  r e a c t i o n  tim e  may be v a r i e d  by r e v e r s a l  o f  th e  f i e l d  By

a l t e r i n g  t h e s e  two p a ra m e te r s  t h e  i n d i v i d u a l  c o n t r i b u t i o n s  o f  

d r i f t ,  d i f f u s i o n ,  and r e a c t i o n ,  to  th e  e x p e r im e n ta l  d a t a  may be 

o b t a in e d .

The ad v an tag e  o f  b e in g  a b le  to  c a r r y  o u t  ex p e r im e n ts  o v e r  a 

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

o r d e r s  o f  r e a c t i o n .  F u r th e rm o re ,  t h e  r a t e s  o f  slow r e a c t i o n s  can  

be  o b ta in e d  from work co nduc ted  a t  h ig h  p r e s s u r e s ,

E, lo n -C y c lo tro n -R e so n a n c e  S p e c t ro m e try ,

An io n - c y c lo t r o n - r e s o n a n c e  s p e c t r o m e te r^ ^  c o n s i s t s  o f  a 

c e l l  ( t y p i c a l  d im en s io n s  1 x 1 x 5  in c h e s )  w hich i s  p la c e d  i n  a 

m a g n e tic  f i e l d .  Io n s  a r e  g e n e ra te d  by e l e c t r o n - i m p a c t  

i o n i z a t i o n  o f  a gas  a t  one end o f  th e  c e l l  and d r i f t  th ro u g h  i t  

under th e  in f l u e n c e  o f  c ro s s e d  e l e c t r i c  and m ag n e tic  f i e l d s  i n t o  

th e  s o - c a l l e d  re so n a n c e  r e g io n .  I n  t h i s  r e g io n  th e  io n s  a r e  

i r r a d i a t e d  by an a l t e r n a t i n g  e l e c t r i c  f i e l d .

The m o tio n o f  a f r e e  cha rged  p a r t i c l e  i n  a u n ifo rm  m a g n e tic  

f i e l d  B i s  c o n s t r a i n e d  to  a c i r c u l a r  o r b i t  o f  a n g u la r  f re q u e n c y  

Wg in  a p la n e  normal t o  B, and i s  u n r e s t r i c t e d  p a r a l l e l  to  B,

The c y c l o t r o n  f r e q u e n c y ,  Wg, i s  g iv e n  by

0 )c = —  ( 1 . 3 - 4 )me
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where z i s  th e  c h a rg e  o f  t h e  p a r t i c l e ,  B i s  th e  m a g n e tic  f i e l d  

s t r e n g t h ,  m i s  th e  mass o f  th e  p a r t i c l e ,  and c i s  th e  v e l o c i t y  

o f  l i g h t .  I f  an a l t e r n a t i n g  e l e c t r i c  f i e l d  w i th  f r e q u e n c y  

i s  a p p l i e d  norm al to  th e  m a g n e t ic  f i e l d  and th e  l a t t e r  i s  

scanned an io n  w i l l  ab so rb  e n e rg y  when Wg becomes e q u a l  to  W}.

Thus a sp ec tru m  l i n e a r  i n  mass can  be o b ta in e d  by scan n in g  th e  

m a g n e t ic  f i e l d  w h i le  i r r a d i a t i n g  w i th  an  a l t e r n a t i n g  e l e c t r i c  

f i e l d  o f  c o n s t a n t  f r e q u e n c y .

I f ,  i n  an io n iz e d  g a s ,  a r e a c t i o n  o f  th e  ty p e

+ B ---------> C* + D (1 ,3 - 5 )

o c c u r s ,  th e n  b o th  and A^ can  be d e t e c t e d  by th e  method g iv e n  

above . F u r th e rm o re ,  i f  a second a l t e r n a t i n g  e l e c t r i c  f i e l d  

o f  f re q u e n c y  W2 i s  a p p l i e d  such t h a t  (1)2 i s  th e  c y c l o t r o n

f re q u e n c y  o f  A^, th e n  a s i g n i f i c a n t  change in  th e  a b s o r p t i o n

+  .  +  .o f  en e rg y  by C w i l l  o ccu r  a s  t h e  r e a c t a n t  i o n ,  A , i s

e n e r g i z e d .  T h is  d o u b le - r e so n a n c e  te c h n iq u e  th u s  p ro v id e s  a 

s im p le  means o f  i d e n t i f y i n g  r e a c t a n t  io n s  i n  a r e a c t i o n  m ix tu r e ,  

even in  th e  p re s e n c e  o f  com peting  p r o c e s s e s .

The u n iq u e  f e a t u r e  o f  io n - c y c lo t r o n - r e s o n a n c e  s p e c t ro m e try  

i s  i t s  mode o f  io n  d e t e c t i o n  and m easurem ent.  S in ce  th e  io n s  

a r e  d e t e c t e d  i u  s i t u  i n  th e  r e a c t i o n  c e l l  p rob lem s o f  mass 

d i s c r i m i n a t i o n ,  w hich a r i s e  d u r in g  e x t r a c t i o n  and a n a l y s i s  i n  o th e r  

mass s p e c t r o m e t r i c  m e thods, a r e  e l im i n a t e d .
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F , F lo w in g -a f t e rg lo w  mass s p e c t r o m e t r y ,

F lo w in g -a f t e rg lo w  mass s p e c t ro m e t ry  was d e v is e d  by F e rg u so n  

and h i s  a s s o c i a t e s  i n  1969 f o r  th e  p u rp o se  o f  s tu d y in g  io n -  

m o le c u le  r e a c t i o n s  a t  th e rm a l  e n e r g i e s .  I n  t h i s  te c h n iq u e  

io n s  a r e  fo rm ed , e i t h e r  by p a s s a g e  o f  an  e l e c t r o n  beam, o r  by  an  

e l e c t r i c  d i s c h a r g e ,  th ro u g h  one o f  th e  i n e r t  g a s e s .  These io n s  

th e n  f lo w  down a tu b e  ( th e  * f l i g h t  tu b e * )  th ro u g h  w hich a s t re a m  

o f  th e  gas  i s  p a s s i n g .  The t im e  o f  f l i g h t  o f  th e  io n s  i s  

d e te rm in e d  by th e  r a t e  o f  f lo w  o f  th e  g a s .  Now suppose i t  i s

r e q u i r e d  to  s tu d y  th e  io n -m o le c u le  r e a c t i o n

+ B ---------> p ro d u c ts  ( 1 ,3 - 6 )

i n  w hich A*** i s  an  io n  w hich can  be formed by c h a r g e - t r a n s f e r  

r e a c t i o n s  o f  th e  above i n e r t - g a s  io n s  w i th  a gas  C. Then

m o le c u le s  o f  th e  gas C a r e  i n j e c t e d  i n t o  th e  * f l i g h t - tu b e *  such

t h a t  th e y  undergo  j u s t  t h i s  r e a c t i o n  w i th  th e  i n e r t - g a s  i o n s .

The A^ io n s  so p roduced  a r e  a l low ed  to  come to  th e rm a l  

e q u i l i b r i u m  w ith  th e  main body o f  gas by f lo w in g  a few 

c e n t im e t r e s  dow nstream , a t  which p o i n t  m o le c u le s  o f  th e  gas  B 

a r e  in t r o d u c e d  i n t o  th e  s t re a m  o f  g a s .  R e a c t io n  (1 .3 - 6 )

p ro c e e d s  d u r in g  th e  re m a in in g  tim e  i n  th e  f l i g h t  tu b e  and th e

io n s  a r e  sampled a t  th e  end o f  th e  tu b e  i n t o  a q u ad ru p o le  mass

f i l t e r .  O bv ious ly  i t  i s  a s im p le  p ro c e d u re  to  v a ry  th e

te m p e ra tu r e  o f  th e  sy s tem , and th u s  to  s tu d y  th e  in f l u e n c e  o f  

te m p e ra tu r e  on r e a c t i o n  r a t e .

Not o n ly  i s  th e  te c h n iq u e  p a r t i c u l a r l y  u s e f u l  f o r  th e
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s tu d y  o f  io n -m o le c u le  r e a c t i o n s  a t  th e rm a l  e n e r g i e s ,  b u t  i t  i s  

p o s s i b l e  to  i n t r o d u c e  n e u t r a l  s p e c ie s  such  as  atoms o r  f r e e  

r a d i c a l s  i n t o  th e  f lo w in g  a f t e r g lo w ,  and to  s tu d y  t h e i r  

r e a c t i o n s  w i th  v a r i o u s  io n s  i n  th e  sy s tem . I n d e e d , t h i s  i s  

th e  o n ly  te c h n iq u e  t h a t  h a s  b een  s u c c e s s f u l  i n  s tu d y in g  i o n -  

m o le c u le  r e a c t i o n s  in v o lv in g  u n s t a b l e  n e u t r a l  s p e c i e s .
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1 .4  Reasons f o r  th e  s tu d y  o f  th e  k i n e t i c s  o f  io n -m o le c u le

r e a c t i o n s  in  c h e m i c a l - i o n i z a t i o n  mass s p e c t ro m e t ry .

I t  was shown i n  th e  s e c t i o n  1 .3 .B  t h a t  c h e m i c a l - i o n i z a t i o n  

mass s p e c t ro m e try  i s  n o t  a good method f o r  th e  s tu d y  o f  th e  

k i n e t i c s  o f  io n -m o le c u le  r e a c t i o n s .  R a te  c o n s t a n t s  o b ta in e d  

from th e  method a r e  t im e -a v e ra g e d  r a t e  c o n s t a n t s ,  and th e  

d e t a i l s  o f  th e  a v e ra g in g  p ro c e s s  a r e  i l l - d e f i n e d .  F u r th e rm o re ,  

r e a c t i o n s  o ccu r  th ro u g h o u t  a ra n g e  o f  e n e r g i e s  as a  r e s u l t  o f  

th e  en e rg y  d i s t r i b u t i o n  o f  th e  r e a c t a n t  io n s . .

N e v e r th e le s s  t h e r e  i s  a g row ing , g e n e r a l  need  f o r  q u a n t a t i v e  

d a t a  on th e  p r o c e s s e s  which o ccu r  i n  th e  c h e m i c a l - i o n i z a t i o n  

io n - s o u r c e .  T h is  d a t a  i s  b e s t  o b ta in e d  from  c h e m ic a l -  

i o n i z a t i o n  s t u d i e s  p e r  s e , s in c e  d a t a  o b ta in e d  from a n o th e r ,  

a l b e i t  a " b e t t e r " ,  method i s  l i a b l e  to  be i n a p p l i c a b l e .  (For 

exam ple ,  th e rm a l- e n e rg y  r a t e  c o n s t a n t s  o f  r e a c t i o n s  whose r a t e s  

depend on r e a c t a n t - i o n  en e rg y  c an n o t be a p p l i e d  to  th e  c h e m ic a l -  

i o n i z a t i o n  p ro c e s s  f o r  w hich  r e a c t a n t - i o n  e n e r g i e s  a r e  

c o n s id e r a b ly  l a r g e r  th a n  t h e r m a l . )  I t  sh o u ld  be added , t h e r e f o r e ,  

t h a t  b e ca u se  th e  d a t a  i s  c r i t i c a l l y  dep en d en t upon th e  c o n d i t i o n s  

o f  m easurem ent,  t h e s e  c o n d i t i o n s  must be known a c c u r a t e l y .  The 

im p o r ta n t  p a ra m e te r s  a r e  e l e c t r o n  e n e rg y ,  r e p e l l e r  v o l t a g e  and 

e l e c t r i c  f i e l d  s t r e n g t h ,  r e a g e n t - g a s  p r e s s u r e ,  sample p r e s s u r e ,  and 

io n - s o u r c e - b l o c k  t e m p e r a tu r e .  The a c c e l e r a t i n g  v o l t a g e  may a l s o  

be im p o r ta n t  a s  t h e r e  i s  o f t e n  p e n e t r a t i o n  o f  th e  a c c e l e r a t i n g  

f i e l d  th ro u g h  th e  i o n - e x i t  s l i t  i n t o  th e  i o n - s o u r c e .

A lthough  r a t e  c o n s t a n t s  o b ta in e d  from  c h e m i c a l - i o n i z a t i o n
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mass s p e c t ro m e t ry  may n o t  be  c o r r e c t  i n  an  a b s o lu t e  s e n s e ,  th e y  

a r e  l i k e l y  to  be of more u se  to  p r a c t i t i o n e r s  o f  th e  te c h n iq u e  

th a n  r a t e  c o n s t a n t s  o b ta in e d  from th e  o t h e r  te c h n iq u e s  d e s c r ib e d  

i n  s e c t i o n  1 .3 .

A d i f f i c u l t  p rob lem  a s s o c i a t e d  w i th  th e  s tu d y  o f  th e  k i n e t i c s  

o f  io n -m o le c u le  r e a c t i o n s  i n  c h e m i c a l - i o n i z a t i o n  mass 

s p e c t ro m e t ry  i s  th e  e s t i m a t i o n  o f  mean r e s id e n c e  t im es  o f  i o n s .  

P ro b a b ly  th e  b e s t  s o l u t i o n  o f  t h i s  problem  i s  t h a t  r e c e n t l y  

employed by F i e l d  . In  h i s  work he has  s tu d i e d  c h e m ic a l-  

i o n i z a t i o n  p r o c e s s e s  i n  b o th  a c o n t i n u o u s - e x t r a c t i o n ,  and a 

p u l s e d ,  i o n - s o u r c e .  Such a s tu d y  w i l l  g iv e  in f o r m a t io n  on mean 

r e s id e n c e  t im es  o f  th e  r e a c t a n t  io n s ,  to g e th e r  w i th ,  i n  p r i n c i p l e ,  

com parisons  w i th  o th e r  c h e m i c a l - i o n i z a t i o n  e x p e r im e n ts .  

U n f o r tu n a t e ly ,  i t  was n o t  f e a s i b l e  to  o b t a i n  io n  r e s id e n c e  t im es  

by a p u l s e  te c h n iq u e  i n  th e  p r e s e n t  work, w i th  th e  r e s u l t  t h a t  i t  

was n e c e s s a r y  to  u se  e s t i m a t e s  o b ta in e d  from e i t h e r  th e  f r e e -  

f a l l  fo rm u la  o r  from io n  m o b i l i t i e s .
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CHAPTER 2

EXPERIMENTAL

2 .1  C h em ica ls ,

The r e a g e n t  g a se s  m ethane (M atheson Gas P r o d u c t s ;  99,97%) 

and i s o b u ta n e  (B .O .C ,;  99,5%) were used  w i th o u t  f u r t h e r  p u r i f i c a t i o n .  

The c h e m ic a ls  u sed  in  th e  m a s s - s p e c t r o m e t r i c  s t u d i e s  w ere a l l  l i q u i d s ;  

th e s e  w ere d r i e d  over  m o le c u la r  s i e v e ,  ty p e  4A, p r i o r  t o  u s e .  Those 

h av in g  m a n u fa c tu re r s*  s t a t e d  p u r i t i e s  o f  99% o r  l e s s  w ere d i s t i l l e d  

a t  a tm o s p h e r ic  p r e s s u r e  a f t e r  d r y in g ,

2 .2  The V.G, M icromass 12F mass s p e c t r o m e te r .

The V.G. Micromass 12F mass sp e c tro m e te r^ ®  i s  a 60° , 1 2 ,7  cm

r a d i u s ,  m a g n e t ic  s e c t o r  in s t ru m e n t  i n  w hich  mass a n a l y s i s  i s

a c h ie v e d  by v a r y in g  e i t h e r  t h e  s t r e n g t h  o f  th e  m a g n e tic  f i e l d  (magnet 

sc a n n in g )  o r  th e  a c c e l e r a t i n g  v o l t a g e  (v o l t a g e  s c a n n in g ) .  A l l  

s p e c t r a  r e p o r t e d  in  t h i s  work were p roduced  by sc a n n in g  th e  m a g n e t ic  

f i e l d ,  t h e  a c c e l e r a t i n g  v o l t a g e  b e in g  m a in ta in e d  c o n s t a n t  a t  4000 V,

A sc h e m a tic  d iag ram  o f  th e  io n - s o u r c e  o f  th e  mass s p e c t ro m e te r  

i s  g iv e n  i n  f i g u r e  ( 2 , 1 ) .  The io n - s o u r c e  chamber c o n s i s t s  o f  a 

c a v i t y  (C) m i l l e d  o u t  o f  a s t a i n l e s s - s t e e l  b lo c k  (B ) , An e l e c t r o n -  

beam i s  p roduced  by an e m is s i o n - r e g u la t e d  f i l a m e n t  (F) mounted o u t 

s id e  th e  i o n - s o u r c e  b lo c k .
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J

FIGURE ( 2 - 1 )  . S c h e m a t i c  d i a g r a m  of t h e

i o n - s o u r c e  of t h e  M ic ro m a ss  

12F  s p e c t r o m e t e r  .
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The beam e n t e r s  th e  io n - s o u r c e  th ro u g h  a  c y l i n d r i c a l  a p e r t u r e  (A) 

o f  l e n g t h  2mm and i n t e r n a l  d ia m e te r  0.5mm*. Io n s  formed i n  C 

l e a v e  th e  io n - s o u r c e  th ro u g h  th e  i o n - e x i t  s l i t ,  E . The d r i f t  o f  

p o s i t i v e  io n s  tow ards  th e  e x i t  s l i t  i s  o f t e n  a s s i s t e d  by 

m a in ta in in g  th e  p o t e n t i a l  on th e  r e p e l l e r  p l a t e  (R) p o s i t i v e  w i th  

r e s p e c t  to  th e  e x i t - s l i t  p l a t e , E .  The i o n - e x i t  s l i t ,  w h ich  i s  

c u t  i n  th e  t h i n  s t a i n l e s s  s t e e l  p l a t e  E, has  d im ens ions  o f  0.05mm x 

5.0mm.

Two f u r t h e r  m o d i f i c a t io n s  w ere made to  th e  s ta n d a rd

in s t r u m e n t .  . F i r s t ,  th e  t e m p e ra tu re  o f  th e  i o n - s o u r c e  b lo c k ,  w hich

has  a h e a t e r  embedded i n  i t ,  was m o n i to red  by means o f  a  c h ro m e l-

49alum el th e rm ocoup le  (T) connec ted  to  an  e l e c t r o n i c  the rm om eter  • 

T h is  e n ab led  te m p e ra tu re  measurement to  be a c c u r a t e  to  ± 1°C. 

S eco n d ly ,  th e  e le c t ro n -b e a m  c o l l i m a t i n g  m ag n e ts ,  o r i g i n a l l y  f i t t e d  

to  th e  i o n - s o u r c e ,  were removed s in c e  th e  p r e s e n c e  o f  m a g n e tic  

f i e l d s  i n  th e  io n - s o u r c e  i s  known to  g iv e  r i s e  to  m a ss -  

d i s c r i m i n a t i o n  e f f e c t s  ( see  s e c t i o n  I . I . D . ) .

The e n t i r e  io n - s o u r c e  assem bly  i s  c o n ta in e d  i n  an  e v a c u a te d  

cham ber. The p r e s s u r e  i n  t h i s  chamber was g e n e r a l l y  low er th a n  

5 X 10 ^ t o r r .  R eagen t g a se s  and v a p o r iz e d  sam ples a r e  in t ro d u c e d  

i n t o  th e  io n - s o u r c e  v i a  p o r t s  b o red  th ro u g h  th e  io n - s o u r c e  b lo c k .  

These  p o r t s  a r e  o m i t te d  from  f i g u r e  (2 .1 )  f o r  c l a r i t y .  The 

r e a g e n t - g a s - i n l e t  and s a m p l e - i n l e t  system s a r e  d e s ig n e d  to  form 

g a s - t i g h t  s e a l s  w i th  th e  i o n - s o u r c e  b lo c k .

*
The o r i g i n a l  e l e c t r o n - e n t r a n c e  a p e r t u r e  was k in d l y  m o d if ie d  
f o r  us  by th e  m a n u fa c tu r e r s  to  a l lo w  h ig h e r  io n - s o u r c e  gas  
p r e s s u r e s  to  be d e v e lo p e d .
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The M icromass 12F s p e c t ro m e te r  h a s  t h r e e  s a m p l e - i n l e t  sy s te m s ;  

sam ples may be in t ro d u c e d  i n t o  th e  io n - s o u r c e  from  a g . l . c ,  column, 

by way o f  a j e t  s e p a r a t o r ,  on a d i r e c t - i n s e r t i o n  p ro b e ,  o r  th ro u g h  

a s e p t u m - i n l e t  sy s tem . In  th e  e x p e r im e n ts  r e p o r t e d  i n  t h i s  work 

a l l  sam ples w ere in t ro d u c e d  th ro u g h  th e  s e p tu m - in l e t  sy stem , a 

s c h e m a tic  d ia g ra m  o f  w hich i s  g iv e n  i n  f i g u r e  ( 2 , 2 ) .

A known volume o f  v o l a t i l e  l i q u i d  sam ple i s  i n j e c t e d  i n t o  t h e  

h e a t e d ,  e v ac u a ted  r e s e r v o i r  (R) and i s  v a p o r iz e d .  The v ap o u r  f low s 

th ro u g h  th e  h e a te d  n a r ro w -b o re  d e l i v e r y  tu b e  (T) i n t o  th e  i o n -  

s o u r c e .  The f l o w - r a t e  th ro u g h  th e  d e l i v e r y  tu b e  i s  s u f f i c i e n t l y  

slow t h a t  t h e r e  i s  no m e a su ra b le  change i n  th e  t o t a l - i o n  c u r r e n t  

( s e e  s e c t i o n  1 . 1 . D) and hence in  th e  p r e s s u r e  o f  sample i n  t h e  io n -  

s o u rc e  ( s e e  s e c t i o n  2 . 5 ) ,  d u r in g  a p e r io d  o f  a t  l e a s t  t e n  m in u te s  

a f t e r  i n j e c t i o n  o f  th e  sample i n t o  th e  r e s e r v o i r .

P o s i t i v e  ions  formed i n  th e  io n - s o u r c e  a r e  a c c e l e r a t e d  by a 

p o t e n t i a l  d i f f e r e n c e  o f  4000 V a p p l i e d  betw een p l a t e s  E and D ( see  

f i g u r e  ( 2 . 1 ) ) ,  and th e  r e s u l t i n g  ion-beam  i s  th e n  a n a ly zed  by th e  

m a g n e tic  f i e l d  (see  s e c t i o n  1 . 1 .  A). The fo c u s s e d  ion -beam s, 

s e p a r a t e d  a c c o rd in g  to  th e  d i f f e r i n g  momenta o f  th e  io n s ,  p a s s  

th ro u g h  a c o l l e c t o r  s l i t  and s t r i k e  th e  f i r s t  dynode o f  a  1 7 - s ta g e  

e l e c t r o n - m u l t i p l i e r  tu b e .  Both th e  c o l l e c t o r  and th e  e l e c t r o n -  

m u l t i p l i e r  a r e  known to  in t r o d u c e  m a s s - d i s c r im in a t io n  e f f e c t s  i n t o  

th e  mass sp ec tru m . To m in im ize  th e  f i r s t  o f  t h e s e  e f f e c t s ,  t h e  

c o l l e c t o r  s l i t  was a d j u s t e d  to  i t s  maximum w id th  ( c a . l  mm). The 

lo w e r  i n s t r u m e n ta l  r e s o l u t i o n  o b ta in e d  u s in g  a  w ide c o l l e c t o r  s l i t  

d id  n o t  s e r i o u s l y  a f f e c t  th e  s p e c t r a  below  m/z 25Q a . m . u . , and
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STAINLE.SS STEEL
CAP -I

R E S E R V O IR ION
S O U R C E .

0*1 mm.I.O. 
DEL IV ERY  T U B E

HOKE. B E L L O W S  
E X H A U S T  VAL VE

FIGURE ( 2 - 2 ) .  S c h e m a t i c  d i a g ra m  of s e p t u m - i n l e t  sy s te m

G L A S S  TO T A P
h/îETAL S E A L

TO
3 P R E S S U R E

L S T E E L  T U B E

FIGURE ( 2 - 3 ) .  P r o b e  u s e d  to  c o n n e c t  p re s su re  g a u g e  
to  i o n - s o u r c e .
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fu r th e rm o re  th e  sam ples s t u d i e d  d id  n o t  p roduce  io n s  h av in g  m/z 

g r e a t e r  th a n  t h i s  v a l u e .  By com parison ,  i t  i s  d i f f i c u l t  t o  make 

c o r r e c t i o n s  f o r  m a s s - d i s c r im in a t io n  e f f e c t s  a r i s i n g  from th e  u se  

o f  an  e l e c t r o n - m u l t i p l i e r  as  a d e t e c t o r .  The g a in  o f  m u l t i p l i e r  

tu b e s  i s  known to  depend on n o t  o n ly  th e  mass b u t  a l s o  th e  k i n e t i c  

e n e rg y ,  and th e  e le m e n ta l  c o m p o s i t io n  o f  th e  io n s  s t r i k i n g  t h e i r  

f i r s t  dynode ^ . I n s u f f i c i e n t  d a t a  i s  p r e s e n t l y  a v a i l a b l e  to  

a l lo w  g e n e r a l  c o r r e c t i o n s  f o r  d i s c r i m i n a t i o n  e f f e c t s  to  be  made. 

T h is  p rob lem  i s  d i s c u s s e d  f u r t h e r  in  s e c t i o n  4 . 2 .

The o u tp u t  from  th e  e l e c t r o n  m u l t i p l i e r  was f i r s t  a m p l i f i e d  

th e n  r e c o rd e d  u s in g  an o s c i l l o g r a p h  3005 r e c o r d e r  . I n  t h i s  

in s t ru m e n t  t h r e e  g a lv an o m e te r  m i r r o r s  r e f l e c t  U.V, l i g h t  on to  

p h o t o - s e n s i t i v e  p a p e r .  The t r a c e s  p roduced  co r re sp o n d  to  t h r e e  

a t t e n u a t i o n s ,  xO .O l, x O .l  and x l ,  o f  th e  a m p l i f i e d  i o n - c u r r e n t s . 

For co n v e n ie n c e  th e  g a lv a n o m e te rs  w i l l  be numbered ( 1 ) ,  ( 2 ) ,  and 

( 3 ) ,  c o r r e s p o n d in g  to  a t t e n u a t i o n  f a c t o r s  o f  xO.Ol, x O .l  and x l .O  

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

In  s u c c e e d in g  s e c t i o n s  i t  w i l l  be assumed t h a t  h e i g h t s  o f  

peaks i n  th e  mass s p e c t r a  r e f l e c t  th e  abundances o f  io n s  in  th e  

i o n - s o u r c e .  T h is  i s  an a p p ro x im a t io n  s i n c e ,  a t  b e s t ,  i t  i s  th e  

a r e a s  un d er  th e  peaks t h a t  r e f l e c t  th e  io n -a b u n d a n c e s .  F o r  th e  

mass ran g e  co v ered  (<250 a .m .u . )  th e  v a r i a t i o n  in  w id th  o f  th e  

b a s e s  o f  th e  peaks was so sm a l l  t h a t  th e  e r r o r  in t ro d u c e d  by th e  

above a s su m p tio n  i s  n e g l i g i b l e .  Peak h e i g h t s  were m easured  by 

l a y in g  a t r a n s p a r e n t  r u l e r  o v e r  th e  peaks and r e a d in g  to  th e  

n e a r e s t  0 .5  mm. The maximum r e l a t i v e  e r r o r s  in c u r r e d  i n  t h e
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m easurem ent o f  h e i g h t s  o f  peaks r e c o rd e d  by g a lv an o m e te rs  (1) and

(2) were c a .  1%. A lth o u g h  th e  maximum r e l a t i v e  e r r o r  in c u r r e d

in  th e  m easurem ent o f  th e  h e i g h t  o f  a peak  r e c o rd e d  by g a lv an o m ete r

(3) was a s  h ig h  as  10%, th e  a b s o lu t e  e r r o r  was p ro b a b ly  n o t  g r e a t e r  

th a n  1% s in c e  th e  peaks th e m se lv e s  were s m a l l .

I t  was found t h a t ,  f o r  a g iv e n  a m p l i f i e r  o u tp u t  c u r r e n t ,  th e  

peak h e i g h t s  r e c o rd e d  by th e  t h r e e  g a lv a n o m e te rs  were n o t  e x a c t l y  

i n  th e  e x p ec ted  r a t i o  1 :1 0 :1 0 0 .  A c a l i b r a t i o n  e x p e r im en t  was 

t h e r e f o r e  c a r r i e d  o u t  so t h a t  peak  h e i g h t s  r e c o rd e d  by 

g a lv a n o m e te rs  (1) and (2) cou ld  be  c o r r e c t e d  to  th e  h e i g h t s  t h a t  

would have been  o b ta in e d  had a l l  th e  peaks  been  r e c o rd e d  by 

g a lv an o m e te r  ( 3 ) .  A s i g n a l  c u r r e n t  was fe d  i n t o  th e  r e c o r d e r  and 

th e  d e v i a t i o n s  re c o rd e d  by g a lv a n o m e te rs  (1) and (2) were m easu red .  

T h is  p ro c e s s  was r e p e a te d  w i th  s i g n a l  c u r r e n t s  o f  v a r io u s  

m agn itudes  o ver  th e  w id e s t  p o s s i b l e  r a n g e .  An e x a c t l y  s i m i l a r  

p r o c e s s  was employed to  check  th e  d e v i a t i o n s  r e c o rd e d  by 

g a lv a n o m e te rs  (2) and (3) a g a i n s t  one a n o t h e r .  The d a t a  from 

th e s e  e x p e r im e n ts  w ere u sed  to  o b t a i n  e q u a t io n s  w hich  e n a b le  th e  

peak  h e i g h t s  ( h i ,  h ^  r e c o rd e d  by g a lv a n o m e te rs  (1) and (2) to  be 

c o r r e c t e d  to  th e  v a lu e  (hg) w hich  would have  b e e n  re c o rd e d  by 

g a lv an o m e te r  ( 3 ) :

h3 = 10 X ( (1 .0 7 1  ± 0 .0 1 8 )  h2 - ( 0 .0 4 0  ± 0 .0 0 7 ) )  ( 2 .2 - 1 )

hg = 100 X ( (0 .9 7 1  ± 0 .0 2 5 )  h i  - ( 0 .4 3 8  ± 0 .0 0 8 ) )  ( 2 .2 - 2 )

S p e c t ra  r e p o r t e d  i n  t h i s  w ork w ere  o b ta in e d  by s can n in g  th e

m a g n e t ic  f i e l d  e x p o n e n t i a l l y  from h ig h  to  low f i e l d ,  i e .  such t h a t

m = m^exp ( - t / T )  ( 2 .2 - 3 )
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w here m i s  th e  mass o f  th e  io n s  c o l l e c t e d  a t  t im e  t ,  m i s  t h e
0

mass o f  th e  io n s  c o l l e c t e d  i n i t i a l l y ,  and T i s  th e  t im e  c o n s t a n t  

o f  th e  s can  ( i e .  th e  tim e r e q u i r e d  t o  s c a n  one decade  o f  mass 

u n i t s ) .  D i f f e r e n t i a t i o n  o f  e q u a t io n  ( 2 .2 - 3 )  g iv e s

dm = -  m^exp ( - t / T )  d t / T

T h e re fo re

d t  = Tdm/m ( 2 .2 - 4 )

Thus th e  tim e s p e n t  c o l l e c t i n g  io n s  o f  mass m, d t ,  i s  d ep en d e n t  

upon th e  r e c i p r o c a l  o f  th e  r e s o l u t i o n  (m/dm) o f  t h e  i n s t r u m e n t ,  

and th e  t im e  c o n s t a n t  T. S ince  d t  i s  in d e p e n d e n t  o f  m th e  

h e i g h t s  o f  th e  v a r i o u s  peaks  i n  a g iv e n  sp ec tru m  may be  compared 

w i th  one a n o th e r  p ro v id e d  m a s s - d i s c r im in a t io n  e f f e c t s  a r e  s m a l l .  

S p e c t ra  r e p o r t e d  h e r e i n  w ere re c o rd e d  u s in g  a tim e c o n s t a n t ,  T, 

o f  30 s e c /d e c a d e  s i n c e  th e  slow s c a n - r a t e  r e s u l t s  i n  b e t t e r  

r e p r o d u c i b i l i t y  o f  s p e c t r a .  The o n ly  a p p a re n t  d i s a d v a n ta g e  o f  

t h i s  s low  s c a n n in g  was t h a t  o c c a s i o n a l l y  th e  s e n s i t i v i t y  o f  t h e  

in s t r u m e n t  changed d u r in g  th e  r e c o r d in g  o f  a sp ec tru m , th u s  

d i s t o r t i n g  th e  r a t i o s  o f  p eak  h e i g h t s .  A llow ances  f o r  t h i s  

e f f e c t  w ere made by d u p l i c a t i n g  s p e c t r a  whenever i t  was 

o b se rv ed  t h a t  th e  s e n s i t i v i t y  had changed .
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2 .3  M easurement o f  p r e s s u r e s  o f  g a s e s  i n  th e  
i o n - s o u r c e .

A. The p r e s s u r e  gauge .

Gas p r e s s u r e s  in  th e  io n - s o u r c e  were m easured  by means o f  a 

B o u rdon -tube  gauge (Texas I n s t r u m e n t s ,  model 144)^^  . The 

Bourdon tu b e  c o n s i s t s  o f  a q u a r tz  s p i r a l , s e a l e d  a t  one end ,  and 

c o n ta in e d  in  an  e v a c u a te d  g l a s s  e n v e lo p e .  Gas i s  in t r o d u c e d  

i n t o  th e  s p i r a l  and c au ses  a to rq u e  to  be e x e r t e d  on i t .  The 

m a g n itu d e  o f  th e  t o r q u e ,  w hich i s  p r o p o r t i o n a l  to  th e  p r e s s u r e  

o f  th e  g a s ,  i s  m easured  by means o f  a m i r r o r  a t t a c h e d  to  t h e  

s e a le d  t i p  o f  th e  s p i r a l .  A beam of l i g h t  i s  r e f l e c t e d  from 

th e  m i r r o r  and d e t e c t e d  by a p h o to c e l l  t h a t  i s  a b l e  to  move i n  

an a r c  around  th e  t u b e .  Then, p ro v id in g  th e  tu b e  i s  s u i t a b l y  

c a l i b r a t e d ,  th e  movement o f  th e  m i r r o r  may be d i r e c t l y  r e l a t e d  

to  th e  p r e s s u r e  o f  th e  gas  in  th e  s p i r a l .

B. C a l i b r a t i o n  o f  th e  p r e s s u r e  gauge .

The p r e s s u r e  gauge was c a l i b r a t e d  a g a i n s t  th e  vapour

p r e s s u r e s  o f  camphor and o f  i c e .  The vapour  p r e s s u r e s  o f  t h e s e

52
s u b s ta n c e s  o v e r  a ra n g e  o f  t e m p e ra tu r e s  a r e  known a c c u r a t e l y  .

Camphor was sub lim ed  tw ic e ,  th e n  f r e e d  from  v o l a t i l e  

i m p u r i t i e s  such  a s  a i r  and w a te r  by a s e r i e s  o f  f re e z e -p u m p -  

thaw c y c l e s .  A tu b e  c o n t a in in g  th e  p u re  camphor was a t t a c h e d  to  

a gas l i n e  c o n n e c te d  to  th e  p r e s s u r e  gauge and th e  system  

ev ac u a ted  to  a p r e s s u r e  l e s s  th a n  10  ̂ t o r r  (measured by means o f  

a McLeod G au g e )•
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The tu b e  was immersed i n  w a te r  c o n ta in e d  in  a Dewar v e s s e l .

The t e m p e ra tu r e  o f  t h i s  w a t e r - b a t h  was m easured  by a the rm om eter

t h a t  had been  c a l i b r a t e d  a t  th e  N a t io n a l  P h y s ic a l  L a b o ra to ry .

The the rm om eter  was a c c u r a t e  to  ± 0 .1 °C .  The w a te r - b a t h  was

co o led  by ad d in g  i c e  an d ,  when th e  te m p e ra tu r e  was s t e a d y ,  th e

r e a d in g  on th e  p r e s s u r e  gauge was r e c o r d e d .  T h is  p ro c e s s  was

r e p e a t e d  a t  v a r io u s  te m p e ra tu r e s  i n  th e  ran g e  0 .5  t o  20 .7°C .

Ambient te m p e ra tu r e  was n o t  l e s s  th a n  22°C. The vapour  p r e s s u r e

52o f  camphor was o b ta in e d  from th e  e q u a t io n

l o g i o P  = Q̂ 2^85A ^  g ( 2 . 3 - 1 )

i n  w hich  A i s  th e  m o la r  h e a t  o f  v a p o r i z a t i o n  o f  camphor 

(12800.9  c a l  mole ^ ) ,  B i s  a c o n s ta n t  (8 .7 9 9 0 ) ,  and T i s  th e  

t e m p e ra tu r e  i n  d e g re e s  a b s o l u t e .  The e q u a t io n  g iv e s  th e  v ap o u r  

p r e s s u r e ,  p ,  in  t o r r .  A p l o t  o f  c a l c u l a t e d  v apour  p r e s s u r e s  (p) 

a g a i n s t  r e a d in g s  (G) ta k e n  from th e  p r e s s u r e  gauge was a s t r a i g h t  

l i n e .  L e a s t - s q u a r e s  a n a l y s i s  o f  th e  d a t a  r e s u l t e d  i n  th e  

e q u a t io n

p = (0 .875  ± 0 .0 1 1 )  G + (0 .005  ± 0 .0 0 2 )  ( 2 .3 - 2 )

w hich e n a b le s  th e  gauge r e a d in g s  to  be  c o n v e r te d  t o  p r e s s u r e  ( i n  

t o r r ) .

The v ap o u r  p r e s s u r e  o f  camphor a t  2o°C i s  a p p ro x im a te ly  0 .2  

t o r r ,  and th e  te m p e r a tu r e  o f  th e  s o l i d  camphor may n o t  be  r a i s e d  

above th e  t e m p e r a tu r e  o f  th e  gas  l i n e  (ca .22°C ) as  s u b l im a t io n  

o c c u r s .  Hence th e  gauge was a b l e  to  be  c a l i b r a t e d  o n ly  f o r  

p r e s s u r e s  i n  t h e  ra n g e  0 - 0 .2  t o r r  by r e f e r e n c e  to  th e  v apou r  p r e s s u r e  

o f  cam phor. In  o r d e r  to  ex te n d  th e  c a l i b r a t e d  p r e s s u r e  ra n g e  o f
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t h e  g auge ,  a second c a l i b r a t i o n  was c a r r i e d  o u t .  D i s t i l l e d

d e i o n i s e d  w a te r  was degassed  by a s e r i e s  o f  f reeze -p u m p -th aw

c y c l e s .  A tu b e  c o n ta in in g  th e  w a te r  was a t t a c h e d  to  th e  gas

l i n e  i n  p l a c e  o f  th e  tu b e  c o n t a in in g  cam phor. The tu b e  was

now immersed in  a s l u s h - b a t h  o f  known te m p e ra tu re  (measured by

an  a c c u r a t e  therm om eter)  and th e  system  ev a c u a te d  a s  b e f o r e .

By u s in g  s l u s h - b a t h s  o f  d i f f e r e n t  c o m p o s i t io n s  a s e r i e s  o f

gauge r e a d i n g s  a t  v a r io u s  te m p e ra tu re s  i n  th e  ran g e  -2 8 .8 °C  to

-1 2 .8 °C  w ere  o b t a i n e d .  The vapou r  p r e s s u r e s  o f  i c e  a t  th e

52r e q u i r e d  te m p e ra tu re  were found from t a b l e s  • L e a s t -  

s q u a re s  a n a l y s i s  o f  th e  d a t a  r e s u l t e d  i n  e q u a t io n  ( 2 .3 - 3 ) :

p = (0 .876  ± 0 .0 0 7 )  G + (0 .005  ± 0 .0 0 7 )  ( 2 .3 - 3 )

The p r e s s u r e  ra n g e  c a l i b r a t e d  by r e f e r e n c e  to  th e  v apour  

p r e s s u r e  o f  i c e  was 0 .3  to  1 .5  t o r r .  I t  can  be  seen  t h a t  t h e r e  

i s  good agreem ent be tw een  e q u a t io n s  (2 .3 - 2 )  and ( 2 . 3 - 3 ) .

C. C o n n ec t io n  o f  th e  p r e s s u r e  gauge to  
th e  i o n - s o u r c e .

The p r e s s u r e  gauge was co n n ec ted  to  th e  io n - s o u r c e  by means 

o f  a g l a s s  p ro b e  i n s e r t e d  i n t o  th e  mass s p e c t ro m e te r  th ro u g h  th e  

p o r t  n o rm a l ly  used  f o r  th e  d i r e c t - i n s e r t i o n  p ro b e .  A sc h e m a t ic  

d ia g ra m  o f  t h i s  p robe  i s  g iv e n  i n  f i g u r e  (2 -3 )  . The end o f  t h e

p ro b e  w hich  made c o n t a c t  w i th  t h e  io n - s o u r c e  c o n s i s t e d  o f  a

narrow  m e ta l  tu b e  to  w hich  was b ra z e d  a m e ta l  f e r r u l e .  T h is  

f e r r u l e  e n su re d  t h a t  a  g a s - t i g h t  s e a l  was made be tw een  th e  p ro b e  

and th e  i o n - s o u r c e  b lo c k .  The m e ta l  tu b e  was s u f f i c i e n t l y  lo n g  

t h a t  i t  p e n e t r a t e d  in t o  th e  c a v i t y  C ( s e e  f i g u r e  2 - 1 ) .  S i n c e , a p a r t

*  . ^

See page 35
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from  th e  t i p ,  th e  p ro b e  was o f  a g l a s s  c o n s t r u c t i o n ,  i o n - s o u r ce 

p r e s s u r e s  co u ld  be m easured  w i th  th e  mass s p e c t ro m e te r  i n  

o p e r a t i o n  even though  th e  io n - s o u r c e  i s  th e n  r a i s e d  to  a 

p o t e n t i a l  o f  4000 V.

2 .4  M easurement o f  io n -a b u n d a n c e s : th e  io n -m o le c u le  

r e a c t i o n s  c o n seq u en t  upon th e  e l e c t r o n - i m p a c t  

i o n i z a t i o n  of  p u re  g a s e s .

Io n -m o le c u le  r e a c t i o n s  c o n seq u en t  upon th e  e l e c t r o n - i m p a c t  

i o n i z a t i o n  o f  t h e  p u re  g a se s  m ethane and i s o b u ta n e  were s t u d i e d  

w i th  th e  p r e s s u r e  gauge c o n n ec ted  to  th e  i o n - s o u r c e .  P r i o r  to  

th e  commencement o f  any e x p e r im en t  t h e  septum  i n  th e  sep tum - 

i n l e t  sy s tem  ( f i g u r e  2 -2 )  was r e p la c e d  to  e n s u re  t h a t  a i r  d id  

n o t  l e a k  i n t o  t h e  i o n - s o u r c e ,

A. M ethane .

The s tu d y  o f  th e  k i n e t i c s  o f  th e  r e a c t i o n

+ CHg" (2 .4 - 1 )

was i n i t i a l l y  c a r r i e d  o u t  u s in g  a r e p e l l e r  v o l t a g e  o f  5 .0  V 

( c o r r e s p o n d in g  to  an e l e c t r i c  f i e l d  s t r e n g t h  o f  12 .5  V cm ) , a n d  

w i t h  an io n - s o u r c e  b lo c k  te m p e ra tu re  o f  177 ± 2°C. In  th e  

f i r s t  e x p e r im e n t  th e  e l e c t r o n  ene rgy  was 50 eV, and th e  e m is s io n  

c u r r e n t  was 50 pA. Anomalous r e s u l t s ,  w ere , how ever, o b ta in e d  

from  t h i s  e x p e r im en t  ( s e e  s e c t i o n  3 . 1 ) ,  and a second ex p e r im e n t  

was c a r r i e d  o u t  i n  w hich  th e  e l e c t r o n  en e rg y  was 500 eV, and th e  

e m is s io n  c u r r e n t  was 10 pA. In  t h e s e  e x p e r im en ts  m ethane was 

a l lo w e d  to  flow  i n t o  th e  io n - s o u r c e  a t  a s te a d y  r a t e  and th e  

p r e s s u r e  was m easured  u s in g  th e  B ourdon-tube  p r e s s u r e  gauge.When th e
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p r e s s u r e  had a t t a i n e d  a c o n s t a n t  v a l u e ,  a mass sp ec tru m  was 

r e c o rd e d  as  d e s c r ib e d  i n  s e c t i o n  2 , 2 .  The p r e s s u r e  o f  m ethane 

i n  t h e  io n - s o u r c e  was th e n  changed ,  and a n o th e r  sp ec tru m  r e c o rd e d ,  

I n  t h i s  way s p e c t r a  o f  m ethane w ere  r e c o rd e d  a t  v a r io u s  p r e s s u r e s  

i n  th e  ra n g e  0 - 0 , 3  t o r r .  H e ig h ts  o f  peaks  i n  th e  s p e c t r a  w ere  

m easured  as  d e s c r ib e d  i n  s e c t i o n  2 .2 ,  and c o r r e c t e d  f o r  th e  

d i f f e r e n t  r e s p o n s e s  o f  th e  g a lv a n o m e te rs  by u se  o f  e q u a t io n s  

( 2 .2 - 1 )  and (2 .2 -2 )  . The r e l a t i v e  a b u n d a n c e ,a t  a g iv e n  m ethane 

p r e s s u r e ,  o f  io n s  h av in g  m/z = n was o b ta in e d  by d i v i d i n g  th e  

h e i g h t  o f  t h e  a p p r o p r i a t e  peak  by th e  sum o f  th e  h e i g h t s  o f  a l l  

t h e  peaks  i n  th e  sp ec tru m  r e c o rd e d  a t  th e  g iv e n  p r e s s u r e .

The k i n e t i c s  o f  r e a c t i o n  ( 2 .4 - 1 )  was a l s o  s tu d i e d  u s in g  

r e p e l l e r  v o l t a g e s  o f  1 .0 ,  2 .0 ,  3 .0  and 4 .1  V. In  th e s e  

e x p e r im e n ts  th e  e l e c t r o n  en e rg y  and e m is s io n  c u r r e n t  w ere 50 eV 

and 50 pA r e s p e c t i v e l y ,  and th e  te m p e ra tu re  o f  th e  io n - s o u r c e  

b lo c k  was 177 ± 2°C. The r e s u l t s  o f  th e s e  e x p e r im e n ts  w i l l  be 

d i s c u s s e d  i n  s e c t i o n s  3 .1  and 4 . 1 .  In  s e c t i o n  3 .1  i t  w i l l  be 

s e e n  t h a t  th e  v a r i a t i o n  o f  th e  r e l a t i v e  abundances o f  CH^' and 

CHg w i th  m ethane p r e s s u r e  a l lo w s  th e  d e t e r m in a t io n  o f  th e  

r a t e  c o n s t a n t  o f  r e a c t i o n  ( 2 . 4 - 1 ) .

B. I s o b u ta n e .

E x p er im en ts  to  s tu d y  th e  io n -m o le c u le  r e a c t i o n s  

c o n se q u e n t  upon th e  e l e c t r o n - i m p a c t  i o n i z a t i o n  o f  i s o b u ta n e  

w ere c a r r i e d  o u t  w i th  th e  r e p e l l e r  v o l t a g e  a d j u s t e d  to  2 .0  V, 

c o r r e s p o n d in g  to  an  e l e c t r i c - f i e l d  s t r e n g t h  o f  5 V cm i n  

th e  i o n - s o u r c e .  I n  t h e s e  ex p e r im en ts  th e  e l e c t r o n  en e rg y  was
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50 eV, and th e  e m is s io n  c u r r e n t  was 50 pA, The te m p e ra tu r e  o f  

t h e  i o n - s o u r c e  b lo c k  was 162 ± 2°C. I s o b u ta n e  was a l lo w ed  t o  

f low  i n t o  th e  i o n - s o u r c e  a t  a s te a d y  r a t e  and th e  p r e s s u r e  was 

r e a d  on th e  g auge .  When th e  p r e s s u r e  had a t t a i n e d  a c o n s t a n t  

v a lu e  a mass sp ec tru m  was re c o rd e d  as  d e s c r ib e d  i n  s e c t i o n  2 . 2 .  

The p r e s s u r e  o f  i s o b u ta n e  i n  th e  io n - s o u r c e  was th e n  ch an g ed ,  

and a n o th e r  sp ec tru m  r e c o r d e d .  In  t h i s  way s p e c t r a  o f  i s o b u ta n e  

w ere  r e c o rd e d  a t  v a r i o u s  p r e s s u r e s  i n  th e  ra n g e  0 -  0 .3  t o r r .  

H e ig h ts  o f  peaks  i n  th e  s p e c t r a  w ere m easured  as  d e s c r ib e d  i n  

s e c t i o n  2 , 2 ,  and c o r r e c t e d  f o r  t h e  d i f f e r e n t  r e s p o n s e s  o f  th e  

g a lv a n o m e te rs  by u se  o f  e q u a t io n s  ( 2 .2 - 1 )  and ( 2 . 2 - 2 ) .  The 

r e l a t i v e  abundance , a t  a g iv e n  i s o b u ta n e  p r e s s u r e ,  o f  io n s  

h av in g  m/z = n was o b ta in e d  by d iv i d in g  th e  h e i g h t  o f  th e  

a p p r o p r i a t e  peak  by th e  sum o f  th e  h e i g h t s  o f  a l l  t h e  peaks i n  

th e  sp e c tru m  re c o rd e d  a t  th e  g iv e n  p r e s s u r e .  The r e s u l t s  o f  

th e s e  e x p e r im e n ts  w i l l  be  d i s c u s s e d  i n  s e c t i o n s  3 .2  and 4 . 1 .

2 .5  E s t i m a t io n  o f  p r e s s u r e s  i n  th e  io n - s o u r c e

due to  sam ples in t ro d u c e d  th ro u g h  th e  sep tum -

i n l e t  sy s tem .

A d e s c r i p t i o n  o f  t h e  s e p tu m - in l e t  system  was g iv e n  i n  

s e c t i o n  2 . 2 .  The sample p r e s s u r e  g e n e ra te d  i n  th e  i o n - s o u r c e  

when a  few m i c r o l i t r e s  (<10) o f  sam ple was i n j e c t e d  i n t o  th e  

i n l e t - s y s t e m  r e s e r v o i r  was to o  sm all  to  be m easured  d i r e c t l y  

u s in g  th e  g au g e .  Hence a  method o f  e s t i m a t in g  sam ple p r e s s u r e s  

i n  th e  i o n - s o u r c e  was d e v i s e d .

For many compounds a  sample volume o f  15 -  25 y l  gave a
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s m a l l ,  b u t  m e a s u ra b le ,  p r e s s u r e  in  th e  io n - s o u r c e .  Graph (2 -1 )  

shows t h a t  th e  io n - s o u r c e  p r e s s u r e  g e n e ra te d  by f o u r  r e p r e s e n 

t a t i v e  compounds in c r e a s e d  in  d i r e c t  p r o p o r t i o n  t o  th e  volume o f  

sample i n j e c t e d  i n t o  th e  r e s e r v o i r .  For sample volumes i n  th e  

ra n g e  1 to  12 y l  th e  t o t a l  io n  c u r r e n t  p roduced  by th e  e l e c t r o n -  

im pac t i o n i z a t i o n  o f  a compound was found to  be  d i r e c t l y  

p r o p o r t i o n a l  to  t h e  sample volum e, p ro v id ed  th e  compound d id  n o t  

undergo  r e a c t i o n s  w i th  th e  io n s  p ro d u ced .  Graph (2 -2 )  shows 

th e  v a r i a t i o n  w i th  sam ple volume o f th e  t o t a l  i o n  c u r r e n t  

g e n e r a te d  by th e  e l e c t r o n - i m p a c t  i o n i z a t i o n  o f  m -x y len e ,  d i e t h y l  

e t h e r ,  and 2 , 2 , 4 -  t r i m e t h y l  p e n ta n e .  (These compounds w ere  

ch o sen  f o r  t h e i r  l a c k  o f  r e a c t i v i t y  w i th  th e  io n s  p roduced  from  

th e m .)  The l i n e a r  r e l a t i o n s h i p  betw een t o t a l  io n  c u r r e n t  and 

sample volume s u g g e s t s  t h a t  th e  amount o f  sample i n  th e  i o n -  

s o u rc e  i n c r e a s e s  i n  d i r e c t  p r o p o r t i o n  to  th e  sample vo lum e. I t  

was a l s o  found t h a t  th e  t o t a l  io n  c u r r e n t  d id  n o t  change d u r in g  

a p e r io d  o f  a t  l e a s t  10 m in u te s  a f t e r  i n j e c t i o n ,  s u g g e s t in g  t h a t  

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

lo n g e r  th a n  th e  t im e  r e q u i r e d  to  p roduce  a mass sp ec tru m . I t  can  

be s e e n  t h a t  th e  io n - s o u r c e  p r e s s u r e  p e r  m i c r o l i t r e , and hence  p e r  

m o le , o f  a sample can  be c a l c u l a t e d  from th e  p r e s s u r e  m easured  f o r  

a known sam ple volume i n  th e  ra n g e  15 -  25 y l .  T h is  h a s  b een  

c a r r i e d  o u t  u s in g  18 compounds h av in g  a w ide ra n g e  o f  f u n c t i o n a l  

g ro u p s ,  b o i l i n g  p o i n t s ,  d e n s i t i e s ,  and m o le c u la r  w e ig h t s .  The 

p r e s s u r e  m easurem ents  were a c t u a l l y  ta k e n  w i th  an  a c c u r a t e l y  

known p r e s s u r e  o f  a p p ro x im a te ly  0 .1 5  t o r r  o f  i s o b u ta n e  i n  th e  

i o n - s o u r c e .  T hroughout th e s e  ex p e r im en ts  th e  te m p e ra tu re  o f  th e
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i n l e t - s y s t e m  r e s e r v o i r  and d e l i v e r y  tu b e  were m a in ta in e d  a t  

170 ± 5°C and 130 ± 2°C r e s p e c t i v e l y .  R e s u l t s  a r e  g iv e n  i n  t a b l e

(2 -1 )  from w hich i t  i s  a p p a re n t  t h a t  th e  io n - s o u r c e  p r e s s u r e  p e r

mole g e n e r a te d  by each o f  th e  compounds i s  in d e p en d en t  o f  th e  

ch em ica l  and p h y s i c a l  p r o p e r t i e s  o f  th e  compound, and depends o n ly  

on th e  m ola r  q u a n t i t y  i n j e c t e d  i n t o  th e  r e s e r v o i r .  The mean io n -  

so u rc e  p r e s s u r e  p e r  mole was found to  be 46 .5  ± 1 . 8  t o r r .

For th e  c o n s t r u c t i o n  o f  g rap h  ( 2 - 2 ) ,  th e  sample volume was 

ta k e n  as  th e  volume re a d  d i r e c t l y  from  th e  s y r i n g e .  S in c e ,

how ever, th e  i n l e t - s y s t e m  r e s e r v o i r  i s  p e rm a n e n tly  e v a c u a te d  th e

sample volume a c t u a l l y  in c lu d e s  th e  volume o f  l i q u i d  i n  th e  

s y r in g e  n e e d l e . The r e s u l t s  show t h a t  th e  volume o f  th e  s y r in g e  

n e e d le  i s  0 .9 9  ± 0 .1 2  p i .  In  su b se q u e n t  ex p e r im en ts  th e  volume 

o f  th e  s y r in g e  n e e d le  was ta k e n  as  1 y l .

2 .6  M easurement o f  io n -ab u n d an ces  i n  th e  io n -m o le c u le  

r e a c t i o n s  w hich  g iv e  r i s e  t o  th e  c h e m ic a l-  

i o n i z a t i o n  mass s p e c t r a  o f  o rg a n ic  compounds when 

i s o b u ta n e  i s  th e  r e a g e n t  g a s .

The io n -m o le c u le  r e a c t i o n s  w hich  g iv e  r i s e  to  th e  c h e m ic a l -  

i o n i z a t i o n  mass s p e c t r a  o f  v a r io u s  o rg a n ic  compounds ( s e e  s e c t i o n  

1 . 2. 4) w ere  s tu d i e d  by fo l lo w in g  changes  i n  th e  abundances o f  

r e a c t a n t  io n s  w i th  v a r i a t i o n  i n  e i t h e r  th e  sample p r e s s u r e ,  o r  th e  

p r e s s u r e  o f  w a t e r ,  c a rb o n  t e t r a c h l o r i d e ,  o r  e t h y l  m e thy l k e to n e  

in t r o d u c e d  i n  a d d i t i o n  to  t h e  sam ple , o r ,  i n  one c a s e ,  w i th  

v a r i a t i o n  o f  th e  i s o b u ta n e  p r e s s u r e .  P r i o r  to  th e  commencement
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T able  (2 -1 )

Io n - s o u r c e  p r e s s u r e s  g e n e ra te d  by v a r io u s  compounds.

Compound M o lecu la r
w e ig h t

D e n s i ty  
p ^ ° (g  cm"3)

P r e s s u r e / y l  P re s s u re /m o le  
(lO^x t o r r )  ( t o r r )

Water 18 .02 0 .9 9 8 27 .86± 0 .94 5 0 .3 1 1 .7

M ethanol 32 .04 0 .791 12 .21± 0 .97 4 9 .4 1 3 .9

A c e t o n i t r i l e 41 .05 0 .786 9 .18± 0 .98 4 7 .9 1 5 .1

E th an o l 46 .07 0 .789 8 .4 2 ± 0 .7 1 4 9 .1 1 4 .1

A cetone 58 .08 0 .790 6 .4 5 1 0 .2 8 4 7 .4 1 2 .1

2-P ropy lam ine 59 .11 0 .8 8 9 7 .4 9 1 0 .5 6 4 9 .8 1 3 .7

M ethyl e t h y l  k e to n e 72 .12 0 .805 5 .3 8 1 0 .3 6 4 8 .2 1 3 .2

B u ty ra ld éh y d e 72.12 0 .817 5 .2 4 1 0 .1 5 4 6 .2 1 1 .3

M ethyl a c e t a t e 74 .08 0 .933 5 .6 9 1 0 .1 6 4 5 .1 1 1 .3

D ie th y l  e t h e r 74 .12 0 .7 1 4 5 .2 5 1 0 .4 0 5 4 .5 1 4 .2

E th y l  a c e t a t e 88 .12 0 .9 0 0 4 .5 6 1 0 .2 9 4 4 .6 1 2 .8

Cyclohexanone 98 .15 0 .948 4 .3 1 1 0 .3 5 4 4 .6 1 3 .6

A c e ty la c e to n e 100.13 0 .972* 4 .2 0 1 0 .1 1 4 3 .2 1 1 .1

M ethyl i s o - b u t y l  
k e to n e

100 .16  ■ 0 .7 9 8 3 .1 5 1 0 .1 2 3 9 .5 1 1 .5

m-Xylene 106.17 0 .8 6 4 3 .8 0 1 0 .4 8 4 6 .7 1 5 .9

A cetophenone 120.16 1.028 3 .4 8 1 0 .3 0 4 0 .6 1 3 .5

Benzyl a c e t a t e 150 .18 1 .055 3 .1 6 1 0 .3 6 4 4 .9 1 5 .1

3-B ro m o an iso le 187.04 1.456^ 3 .4 4 1 0 .1 5 4 4 .1 1 1 .9

p25^ p20 Yiot l i s t e d .
4 4

D e n s i ty  o f  A -B rom oaniso le ; d e n s i t y  o f  3 -b ro m o a n iso le  n o t  l i s t e d .
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o f  any e x p e r im e n t ,  t h e  septum  i n  th e  i n l e t  sy stem  (s e e  f i g u r e
I

2 -2 ) )  was r e p l a c e d .  I n  a l l  e x p e r im e n ts  th e  e l e c t r o n  energy

was 50 eV, th e  e m is s io n  c u r r e n t  was 50 yA, and th e  r e p e l l e r

v o l t a g e  was 2 v o l t s ,  c o r re s p o n d in g  to  an e l e c t r i c - f i e l d  s t r e n g t h  
- 1

o f  5 V cm i n  t h e  io n - s o u r c e .  The te m p e ra tu re  o f  t h e  i o n -  

s o u rc e  b lo c k  was m a in ta in e d  c o n s ta n t  th ro u g h o u t  each  e x p e r im e n t .  

S p e c t ra  w ere  r e c o rd e d  by s c an n in g  th e  m a g n e tic  f i e l d  from h ig h  to  

low f i e l d  ( s e e  s e c t i o n  2 . 2 ) .

The h e i g h t s  o f  peaks i n  th e  s p e c t r a  w ere  m easured and 

n o rm a l iz e d  w i th  r e s p e c t  to  t h e  t o t a l  io n  c u r r e n t  as  d e s c r ib e d  i n  

s e c t i o n  2 . 2 .  P l o t s  o f  t h e  n o rm a l iz e d  p eak  h e i g h t s  ( r e l a t i v e  

a b u n d a n c e s ) fo r  each  o f  th e  r e a c t a n t  io n s  a g a i n s t  p r e s s u r e  ( s e e  

s e c t i o n s  3 .3  t o  3 .5 )  w ere  used  to  e s t a b l i s h  th e  k i n e t i c s  and 

mechanism o f  t h e  c o r re s p o n d in g  r e a c t i o n s .

A. V a r i a t i o n  o f  sample p r e s s u r e .

E xperim en ts  in  w hich th e  sample p r e s s u r e  was v a r i e d  w ere 

commenced by i n t r o d u c in g  i s o b u ta n e  i n t o  th e  io n - s o u r c e  a t  a f ix e d  

p r e s s u r e  ( e i t h e r  c a .  0 .1  o r  c a .  0 .2  t o r r ) .  T h is  p r e s s u r e  was 

e s t im a te d  by th e  method g iv e n  i n  s e c t i o n  4 . 1 .  The te m p e ra tu r e s  

o f  th e  i n l e t - s y s t e m  r e s e r v o i r  and d e l i v e r y  tu b e  (se e  f i g u r e  ( 2 . 2 ) )  

were a d j u s t e d  to  170 ± 5°C and 130 ± 2°C r e s p e c t i v e l y .  When th e  

i s o b u ta n e  p r e s s u r e  and th e  te m p e ra tu r e  o f  th e  io n - s o u r c e  b lo c k  

w ere s t e a d y ,  a known volume o f  sample was i n j e c t e d  i n t o  th e  i n l e t -  

system  r e s e r v o i r .  The h e i g h t  o f  a  peak  c o r re s p o n d in g  to  one o f  

th e  io n s  p roduced  from  th e  sample was m o n ito red  c o n t in u o u s ly .

When th e  h e i g h t  o f  t h i s  peak  was c o n s t a n t ,  t h e  sp ec tru m  was
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re c o rd e d  as  d e s c r ib e d  in  s e c t i o j i  2 . 2 .  The sample was pumped o u t  

o f  th e  i n l e t - s y s t e m  r e s e r v o i r ,  and a d i f f e r e n t  volume o f  t h e  sample 

i n j e c t e d .  The above p ro c e s s  was r e p e a te d  w ith  sample volumes up 

to  a maximum volume o f  22 y l .  S ince  th e  maximum volume o f  t h e  

s y r i n g e ,  in c lu d in g  th e  n e e d le ,  was 11  y l ,  sample volumes g r e a t e r  

th a n  11 y l  r e q u i r e d  two i n j e c t i o n s  f o r  t h e i r  i n t r o d u c t i o n .  The 

i s o b u ta n e  p r e s s u r e  was m o n i to red  a t  i n t e r v a l s  th ro u g h o u t  th e  

e x p e r im e n t .  R e s u l t s  o b ta in e d  from t h i s  ty p e  o f  ex p e r im en t  a r e  

d i s c u s s e d  i n  s e c t i o n s  3 .3  and 4 ,2 .

B. V a r i a t i o n  o f  th e  p r e s s u r e  o f  one component 

o f  a sample m ix tu r e .

I t  was o b se rv ed  t h a t  th e  p re s e n c e  o f  im p u r i t i e s  i n  a sam ple 

e x e r t e d  an e f f e c t  on th e  r e l a t i v e  abundances o f  io n s  i n  a s p ec tru m . 

Hence e x p e r im en ts  w ere  c a r r i e d  o u t  i n  w hich th e  i s o b u ta n e  p r e s s u r e  

and th e  sample p r e s s u r e  w ere  m a in ta in e d  c o n s ta n t  w h i le  t h e  p r e s s u r e  

o f  w a te r ,  o r  ca rb o n  t e t r a c h l o r i d e ,  o r  e t h y l  m e thy l k e to n e ,w a s  

v a r i e d .  I n  th e s e  e x p e r im e n ts  i s o b u ta n e  was f i r s t  i n t r o d u c e d  i n t o  

th e  io n - s o u r c e  a t  a f ix e d  p r e s s u r e  ( c a .  0 .1  t o r r ) .  The 

te m p e ra tu r e s  o f  th e  i n l e t - s y s t e m  r e s e r v o i r  and d e l i v e r y  tu b e  w ere 

a d j u s t e d  to  170 ± 5°C and 130 ± 2°C r e s p e c t i v e l y .  When th e  

i s o b u ta n e  p r e s s u r e  and te m p e ra tu re  o f  th e  io n - s o u r c e  b lo c k  w ere 

s t e a d y ,  a known volume o f  sample was i n j e c t e d  i n t o  th e  i n l e t -  

sy stem  r e s e r v o i r .  A known volume o f  one o f  th e  t h r e e  compounds 

m entioned  above was th e n  i n j e c t e d  i n t o  th e  r e s e r v o i r  so t h a t  b o th  

compounds w ere f lo w in g  i n t o  th e  i o n - s o u r c e .  When th e  h e i g h t  o f  

a p eak  c o r re s p o n d in g  to  one o f  th e  io n s  p roduced  from th e  sam ple
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had become c o n s t a n t ,  th e  sp ec tru m  was r e c o rd e d  as  d e s c r ib e d  in  

s e c t i o n  2 . 2 ,  The compounds w ere pumped o u t  o f  th e  r e s e r v o i r .

The sample was a g a in  i n j e c t e d  i n t o  th e  r e s e r v o i r  i n  th e  same 

volume as p r e v i o u s l y ,  and a new volume o f  th e  second compound 

in t r o d u c e d .  The above p ro c e s s  was r e p e a t e d .  Volumes o f  

w a t e r ,  c a rb o n  t e t r a c h l o r i d e ,  and e t h y l  m ethy l k e to n e  w ere th u s  

v a r i e d  w h i le  th e  sam ple volum e, hence th e  p r e s s u r e  o f  sample in  

th e  i o n - s o u r c e ,  was h e ld  c o n s t a n t .

A v a r i a t i o n  o f  th e  above p ro c e d u re  was employed in  an  

a d d i t i o n a l  e x p e r im en t  i n  w hich  th e  p r e s s u r e  o f  a n i s o l e  was h e ld  

c o n s t a n t  w h i le  th e  p r e s s u r e  o f  ca rb o n  t e t r a c h l o r i d e  was v a r i e d  

up to  th e  p r e s s u r e  c o r re s p o n d in g  to  1 y l .  I n  t h i s  

ex p e r im en t  s o l u t i o n s  o f  v a r io u s  c o n c e n t r a t i o n s  o f  c a rb o n  

t e t r a c h l o r i d e  i n  a n i s o l e  were i n j e c t e d  i n t o  t h e  r e s e r v o i r  i n  such  

volumes t h a t  th e  a n i s o l e  p r e s s u r e  was alw ays c o n s t a n t .  R e s u l t s  

o b ta in e d  from th e  ex p e r im e n ts  d e s c r ib e d  above a r e  d i s c u s s e d  i n  

s e c t i o n s  3 .5  and 4 . 2 .

C. V a r i a t i o n  o f  b o th  i s o b u ta n e  and sample p r e s s u r e s .

An ex p e r im en t  i n  w hich th e  i s o b u ta n e  p r e s s u r e  was v a r i e d  was 

commenced by i n t r o d u c in g  i s o b u ta n e  i n t o  th e  io n - s o u r c e  a t  a f i x e d  

p r e s s u r e .  T h is  p r e s s u r e  was e s t im a te d  by th e  method g iv e n  i n  

s e c t i o n  4 . 1 .  The te m p e ra tu re s  o f  th e  i n l e t - s y s t e m  r e s e r v o i r  and 

d e l i v e r y  tu b e  w ere  a d j u s t e d  to  170 ± 5°C and 130 ± 2°C as  b e f o r e .  

When th e  i s o b u ta n e  p r e s s u r e  and th e  te m p e ra tu re  o f  th e  io n - s o u r c e  

b lo c k  w ere s t e a d y ,  a known volume o f  t h e  sample ( a c e to n e )  was
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i n j e c t e d  i n t o  th e  i n l e t - s y s t e m  r e s e r v o i r .  A spec trum  was 

r e c o rd e d  a c c o rd in g  to  th e  method g iv e n  i n  s e c t i o n  2 . 2  a f t e r  

ch ec k in g  t h a t  t h e  h e i g h t  o f  one o f  th e  peaks  i n  th e  sp ec tru m  o f  

a c e to n e  (m/z = 117, see  s e c t i o n  3 . 3 . A) was c o n s t a n t .  The 

a c e to n e  was pumped o u t  o f  t h e  i n l e t - s y s t e m  r e s e r v o i r ,  and a 

d i f f e r e n t  volume o f  a c e to n e  was in t r o d u c e d .  The sp ec tru m  was 

a g a in  r e c o r d e d ,  and th e  p ro c e d u re  was r e p e a te d  u n t i l  s p e c t r a  o f  

a c e to n e  a t  f i v e  d i f f e r e n t  sample p r e s s u r e s ,  and a t  th e  g iv e n  

i s o b u ta n e  p r e s s u r e ,  had b een  r e c o r d e d .  The i s o b u ta n e  p r e s s u r e  

was th e n  changed , and th e  p ro c e d u re  r e p e a te d  u s in g  th e  same 

volum es o f  a c e to n e .  S p e c t ra  c o r re s p o n d in g  t o  th e  f i v e  a c e to n e  

p r e s s u r e s  w ere re c o rd e d  f o r  f o u r  d i f f e r e n t  i s o b u ta n e  p r e s s u r e s  

i n  th e  ran g e  0 .0 5  to  0 .2 1  t o r r .

The h e i g h t s  o f  peaks i n  th e  s p e c t r a  w ere m easured  and 

n o rm a l iz e d  w i th  r e s p e c t  to  th e  t o t a l  io n  c u r r e n t  a s  d e s c r ib e d  i n  

s e c t i o n  2 . 2 .  Comparison o f  s p e c t r a  which w ere r e c o rd e d  a t  

d i f f e r e n t  i s o b u ta n e  p r e s s u r e s  w as, how ever, o n ly  p o s s i b l e  a f t e r  a 

second n o r m a l i z a t io n  p ro c e d u re  was a p p l i e d .  T h is  p ro c e d u re  i s  

d e s c r ib e d  in  s e c t i o n  3 . 4 .  R e s u l t s  o b ta in e d  from t h i s  ex p e r im e n t  

a r e  d i s c u s s e d  in  s e c t i o n  4 . 2 .

53



CHAPTER 3

RESULTS

3.1  D e te rm in a t io n  o f  th e  r a t e  c o n s t a n t  f o r  th e

r e a c t i o n  CH^^ + CHi| > CHg* + CH3 :

i o n  r e s id e n c e  t im e s .

The r e a c t i o n  be tw een  th e  m ethane m olecular i o n - r a d i c a l  and 

m ethane g a s ,

CHi4* + CH14  > CH^ + CH3 ( 2 .4 - 1 )

has  b een  s t u d i e d  e x t e n s i v e l y ,  and v a l u e s  o f  th e  r a t e  c o n s t a n t ,  k ,

o b ta in e d  by v a r io u s  w orkers  u s in g  a  v a r i e t y  o f  t e c h n iq u e s  ( f o r

example p u l s e d - i o n - s o u r c e  mass s p e c t ro m e try  and io n  c y c l o t r o n

38re s o n a n c e  s p e c t ro m e try )  have b een  summarized by Henchman .

From th e  r e s u l t s  i t  may be  deduced t h a t  th e  mean v a lu e  o f  k  i s
- 1 0  3 - 1 - 1

12 X 10 cm m o lecu le  sec  . F u r th e rm o re  th e  r a t e  c o n s t a n t

has been  found to  be i n s e n s i t i v e  to  changes i n  t h e  i o n -

38s o u rc e  f i e l d  s t r e n g t h  .

From r e a c t i o n  ( 2 .4 - 1 )  i t  can be s e e n  t h a t  th e  r a t e  o f  

d i s a p p e a ra n c e  o f  CH i /  i s  g iv e n  by

"  =  kCcH^U [chJ

T h e re fo re

lo g  ([C H i,U ^ /[C H ^ '^ )  = k[CHi^T

w here [CHi,U i s  th e  abundance o f  i o n s , i s  th e

i n i t i a l  abundance o f  CĤ "* io n s  ( i . e . ,  th e  abundance i n  t h e  ab se n c e  

o f  r e a c t i o n  ( 2 . 4 - 1 ) ) ,  [chJ  i s  th e  number d e n s i t y  o f  m ethane
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m o le c u le s  i n  th e  io n - s o u r c e  (v id e  i n f r a ) ,  and t  i s  th e  

r e s id e n c e  tim e o f  th e  CH4* io n * .  I f  th e  h e i g h t s  ( I ^ )  o f  th e  

peaks h av in g  m/z = n i n  th e  re c o rd e d  sp ec tru m  may be assumed to  

r e f l e c t  a c c u r a t e l y  th e  abundances o f  io n s  i n  th e  io n - s o u r c e  

(se e  s e c t i o n s  1 . 1 . D and 2 . 4 . A . ) ,  th e n  

lo g  ( i J e / i i e )  = ^

I f  i t  be  a l s o  assumed t h a t  r e a c t i o n  (2 .4 - 1 )  i s  t h e  o n ly  r e a c t i o n  

undergone  by th e  CHi+  ̂ i o n ,  and t h a t  t h e  p r o d u c t ,  CH5* ,  does n o t  

r e a c t  w i th  m ethane , th e n

+ [CH sU

and th u s

II6 * I16+I17 

w here I 17 i s  th e  abundance o f  th e  CH5* io n .  Hence

lo g  ( ( I i 6 + I l 7 ) / I l 6 )  = k[CH(+]T (3 . 1 - 1 )

The q u a n t i t y  [cHi^] , th e  number d e n s i t y  o f  m ethane m o le c u le s  i n  th e  

i o n - s o u r c e ,  may be e v a lu a te d  from th e  m ethane p r e s s u r e  by u se  o f

th e  e q u a t io n  o f  s t a t e  f o r  an  i d e a l  gas

fC H ,] = = PCH,»’ ( 3 - 1 - 2 )

where k^ i s  B o ltz m a n n 's  c o n s t a n t ,  T i s  th e  a b s o lu t e  te m p e ra tu r e
16  _3

(450 K), and N = 2 .146  x 10 m o lecu le  cm a t  t h i s  t e m p e r a tu r e .  

S u b s t i t u t i o n  o f  e q u a t io n  ( 3 .1 - 2 )  in t o  e q u a t io n  ( 3 .1 - 1 )  g iv e s

lo g  ( ( I i 6+ I l 7 ) / I l 6 ) = WîTpg C3.1-3)

* The f u n c t i o n  ' l o g '  r e f e r s  t o  N a p e r ia n  lo g a r i th m s  th ro u g h o u t  
u n l e s s  o th e rw is e  s t a t e d .
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The e x p e r im e n ta l  p ro c e d u re  used  to  s tu d y  r e a c t i o n  ( 2 .4 - 1 )

was d e s c r ib e d  in  s e c t i o n  2 .4 .  D ata  o b ta in e d  from  an

e x p e r im en t  i n  w hich  th e  e l e c t r o n  energy  and e m is s io n  c u r r e n t

w ere s e t  a t  500 eV and lOyA r e s p e c t i v e l y ,  and th e  r e p e l l e r -
- 1

f i e l d  s t r e n g t h  was 1 2 ,5  V cm , a r e  shown i n  g rap h  ( 3 . 1 ) .  From 

e q u a t io n  ( 3 . 1 - 3 ) ,  i t  can  b e  seen  t h a t  th e  s lo p e  o f  th e  l i n e  i s  

kN r. Hence k can  be  d e te rm in e d  p ro v id e d  th e  io n  r e s id e n c e  

tim e  can  be  e s t i m a t e d .

T here  a r e  two methods f o r  th e  e s t i m a t io n  o f  io n  r e s i d e n c e  

t im e s .  I n  th e  f i r s t  method i t  i s  assumed t h a t  under th e  

c o n d i t i o n s  o f  t h e  ex p e r im e n t  ( p r e s s u r e  < 0 ,3  t o r r ,  e l e c t r i c  

f i e l d  s t r e n g t h  = 1 2 .5  V cm ) ,  each  io n  e x p e r ie n c e s  o n ly  a few 

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

s o u r c e ,  and t h a t  th e s e  c o l l i s i o n s  do n o t  change th e  v e l o c i t y  o f  

th e  io n  s i g n i f i c a n t l y .  I f  th e s e  assu m p tio n s  a r e  v a l i d  th e n  th e  

f r e e - f a l l  fo rm u la  ( e q u a t io n  3 . 1 - 4 ) )  f o r  an io n  d r i f t i n g  i n  an  

e l e c t r i c  f i e l d  can be used  f o r  t h e  e s t i m a t io n  o f  th e  io n  r e s i d e n c e  

t im e .  The f r e e - f a l l  fo rm u la  i s

T = (2dm/zE)^ ( 3 .1 - 4 )

w here d i s  th e  mean d i s t a n c e  t r a v e l l e d  by th e  io n ,  m and z a r e  

r e s p e c t i v e l y  th e  mass and ch a rg e  o f  th e  io n ,  and E i s  t h e  e l e c t r i c  

f i e l d  s t r e n g t h .

In  th e  second method th e  e f f e c t s  o f  c o l l i s i o n s  a r e  t a k e n  i n t o  

a c c o u n t  by in v o k in g  i o n - m o b i l i t y  c o n s i d e r a t i o n s .  The d r i f t  

v e l o c i t y ,  v ,  o f  th e  io n  may be  o b ta in e d  from th e  e q u a t io n

v = KE ( 3 .1 - 5 )

where K i s  th e  i o n - m o b i l i t y  and E i s  as d e f in e d  above .  I f  an
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e x p e r i m e n t a l ly  d e te rm in e d  v a lu e  o f  K i s  n o t  a v a i l a b l e ,  th e n  th e  

red u ced  m o b i l i t y ,  K^, w hich  i s  r e l a t e d  to  K by t h e  e q u a t io n

K = K ^ (7 6 0 /p )(T /2 7 3 )  ( 3 .1 - 6 )

( i n  w hich p i s  th e  p r e s s u r e  i n  t o r r  and T th e  a b s o lu t e  

te m p e ra tu r e )  can  be e s t im a te d  from th e  e q u a t io n  g iv e n  by R idge and 

Beauchamp 53 ,

^  = 1 3 . 8 7 6 / ( a , ) i

O3
w here a i s  th e  a n g le - a v e ra g e d  p o l a r i z a b i l i t y  ( i n  A )*  o f  t h e  

n e u t r a l  s p e c ie s  and p i s  t h e  red u ce d  mass o f  th e  r e a c t a n t s  

( i n  a . m . u . ) .  S ince  t = d /v ,  i t  can  be seen  t h a t  t h e  r e s i d e n c e  

t im e  i s  g iv e n  by
p e t

T = 273(otj) Vii/(10546ET), (3 .1 -8 )

E q u a t io n  (3 .1 -8 ) shows t h a t  when th e  e f f e c t s  o f  c o l l i s i o n s  a r e  

im p o r ta n t  th e  io n  r e s i d e n c e  tim e i s  d i r e c t l y  p r o p o r t i o n a l  to  th e  

p r e s s u r e .  C o n seq u en tly  th e  r e a c t i o n  o r d e r  w i th  r e s p e c t  to  

m ethane w i l l  a p p e a r  g r e a t e r  by one o rd e r  th a n  i t  a c t u a l l y  i s ( v i z . ,  

second o r d e r ) .

The d a t a  p r e s e n te d  in  g raph  (3 -1 )  su g g e s te d  t h a t  t h e
+ rvcT-

r e s id e n c e  t im e  o f  CHi+* w a s ^ e p e n d e n t  on th e  m ethane p r e s s u r e .

Thus i t  was assumed t h a t  T may be e s t im a te d  from e q u a t io n  ( 3 . 1 - 4 ) .  

F u r th e r  j u s t i f i c a t i o n  o f  t h i s  a ssu m p tio n  w i l l  be  g iv e n  be lo w .

The mean d i s t a n c e  (d) t r a v e l l e d  by an  io n  in  th e  i o n - s o u r c e  was 

ta k e n  to  be  h a l f  th e  d i s t a n c e  from th e  r e p e l l e r  p l a t e  to  th e  i o n -

e x i t  s l i t  ( i e .  d = 0 . 2  cm, s e e  f i g u r e  ( 2- 1 )), so t h a t  th e
t  - 7

e s t im a te d  mean r e s id e n c e  tim e  o f  CHi+ was 7 .3  x 10 s e c .

* P o l a r i z a b i l i t i e s  a r e  l i s t e d  i n  append ix  I
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The r a t e  c o n s t a n t  f o r  r e a c t i o n  ( 2 ,4 - 1 )  was th e n  found to  be 11 .6
— 10 3 — 1 —2

X 10 cm m o lecu le  s e c  , i n  e x c e l l e n t  agreem ent w i th  r e s u l t s

o b ta in e d  by o t h e r  w o rk e r s .

I t  was s t a t e d  i n  s e c t i o n  2 .4  t h a t  anomalous r e s u l t s  w ere  

o b ta in e d  i n  th e  s tu d y  o f  th e  k i n e t i c s  o f  r e a c t i o n  ( 2 .4 - 1 )  when 

th e  e l e c t r o n  ene rgy  and e m is s io n  c u r r e n t  were s e t  a t  50 eV and 

50yA r e s p e c t i v e l y .  The d a t a  o b ta in e d  i s  a l s o  shown i n  g rap h  

( 3 - 1 ) .  I t  can  be s e e n  t h a t  th e  v a lu e s  o f  lo g  ( ( I i 6 '^^ i7) I i s )  

w ere low when th e  p r e s s u r e  was g r e a t e r  th a n  c a .0 .1 5  t o r r .  The

e f f e c t  may be  due t o  c o m p a ra t iv e ly  s m a l l  numbers o f  e l e c t r o n s

p e n e t r a t i n g  th e  m ethane a t  h ig h  p r e s s u r e s ,  th e r e b y  c a u s in g  

r e d u c t i o n  o f  th e  p r im a ry  i o n i z a t i o n .  S in c e  i t  was found 

n e c e s s a r y  t o  u se  a sm all  e m is s io n  c u r r e n t ,  i t  may be t h a t  th e  

o b se rv ed  r e l a t i v e  io n -ab u n d a n ces  a r e  p e r tu r b e d  by th e rm a l -  

e l e c t r o n - c a p t u r e  p r o c e s s e s .  The v a lu e  o f  th e  r a t e  c o n s t a n t  

o b ta in e d  from t h i s  e x p e r im en t was th e  same as  t h a t  g iv e n  above 

p ro v id e d  th e  p r e s s u r e  ra n g e  was l i m i t e d  to  0 -0 .1 5  t o r r .

E q u a t io n s  ( 3 .1 - 4 )  and ( 3 .1 - 8 )  can  be  used  to  c a l c u l a t e  th e  

m ethane p r e s s u r e ,  p ^ ,  f o r  w hich th e  r e s id e n c e  tim e  c a l c u l a t e d  

from th e  i o n - m o b i l i t y  i s  e q u a l  to  t h a t  c a l c u l a t e d  from th e  f r e e -  

f a l l  fo rm u la .  V a lues  o f  p^ a r e  g iv e n  f o r  v a r io u s  r e p e l l e r  

f i e l d  s t r e n g t h s  i n  t a b l e  ( 3 - 1 ) .
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T ab le  ( 3 - 1 ) •

R a te  c o n s ta n t s  f o r  th e  r e a c t i o n  CH^* + CĤ . ----- > CH5 +CH3 *

o b ta in e d  by assum ing t h a t  th e  mean d i s t a n c e  t r a v e l l e d  by th e  CH^" 

io n  i s  e i t h e r  0 . 2  o r  0 .4  cm.

F i e l d  s t r e n g t h  (E) 

(V cm ^)
Pc*

( t o r r )

R a te  c o n s ta n t  f o r  r e a c t i o n  ( 2 .4 - 1 )  
10 3 _ i  _ i  

(1 0  X cm m o le c u le  s e c  )

d = 0 , 2  cm. d = 0 .4  cm.

2 .5 0 .0 7 8 1 5 .6  ± 0 .4 11 .1  ± 0 .3

5 .0 0 . 1 1 0 1 4 .2  ± 0 .5 1 0 .0  ± 0 .3

7 .5 0 .135 12 .4  ± 0 .3 8 . 8  ± 0 . 2

1 0 .25 0 .157 1 0 .6  ± 0 .3 7 .5  ± 0 .2

12 .5 0 .1 7 4 1 1 . 6  ± 0 . 2 0 .3  ± 0 .1

* se e  t e x t .
+

The c a l c u l a t i o n  assumes t h a t  th e  m o b i l i t y  o f  th e  CHi+* io n  i s  n o t  

p e r tu r b e d  by th e  p r e s e n c e  o f  sym m etric  c h a r g e - t r a n s f e r  p r o c e s s e s .  

S in ce  th e  v a lu e  o f  x o b ta in e d  from th e  f r e e - f a l l  fo rm u la  i s  an  

e f f e c t i v e  low er l i m i t  to  th e  t r u e  mean r e s id e n c e  t im e ,  low er  

v a lu e s  o f  x o b ta in e d  from e q u a t io n  (3 .1 - 8 )  have no p h y s i c a l  

s i g n i f i c a n c e .

A f u r t h e r  j u s t i f i c a t i o n  f o r  t h e  u s e  o f  e q u a t io n  ( 3 .1 - 4 )

to  o b t a i n  a v a l u e  o f  th e  r a t e  c o n s ta n t  f o r  r e a c t i o n  (2 .4 - 1 )  c a n

now be s e e n ;  below  0 ,1 7 4  t o r r  ( s e e  t a b l e  (3 -1 ) )  t h e  mean
- 7

r e s i d e n c e  t im e  c an n o t be  l e s s  th a n  7 .3  x 10 s e c .  The f a c t  t h a t  

th e  r e s u l t i n g  v a l u e s  o f  lo g  (( I i6 '* ’^l7)/^16^ f o t  p r e s s u r e s
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g r e a t e r  th a n  0 ,174  t o r r  w ere c o n s i s t e n t  w i th  th e  o th e r  d a ta  was

p ro b a b ly  f o r t u i t o u s .

The r a t e  c o n s t a n t  f o r  r e a c t i o n  (2 ,4 - 1 )  was a l s o

d e te rm in e d  u s in g  low er r e p e l l e r  f i e l d  s t r e n g t h s  i n  th e  io n - s o u r c e

(s e e  g rap h  ( 3 - 2 ) ) .  The v a l u e s  so o b ta in e d  when th e  d a t a  was

t r e a t e d  by th e  method d e s c r ib e d  above a r e  g iv e n  i n  t a b l e  (3- 1 ) .

The r a t e  c o n s t a n t s  o b ta in e d  u s in g  r e p e l l e r  f i e l d  s t r e n g t h s  o f  7 .5  
- 1

and 10 .25  V cm w ere i n  good agreem ent w i th  th e  v a lu e s  o b ta in e d  by

o th e r  w o rk e r s .  As th e  f i e l d  s t r e n g t h  i s  d e c re a se d  th e

p r o b a b i l i t y  o f  th e  o c c u r re n c e  o f  c o l l i s i o n s  i n  w hich t h e  i o n  i s

d e f l e c t e d  backw ards (w i th  r e s p e c t  to  th e  e l e c t r i c  f i e l d )  i n c r e a s e s ,

and t h e r e f o r e  th e  e f f e c t i v e  mean d i s t a n c e  (d) t r a v e l l e d  by th e  
+

CHi^* io n  a l s o  i n c r e a s e s .  V a lues  o f  th e  r a t e  c o n s t a n t  o b ta in e d  by

assum ing a mean d i s t a n c e  o f  0 .4  cm ( th e  s e p a r a t i o n  o f  t h e  r e p e l l e r

p l a t e  from th e  i o n - e x i t - s l i t )  i n  th e  c a l c u l a t i o n  o f  t  s u g g e s te d
- 1

t h a t ,  when E = 2 .5  and 5 .0  V cm , t h e  mean d i s t a n c e  t r a v e l l e d  by  
+

t h e  CH%" io n s  was a p p ro x im a te ly  tw ic e  th e  mean d i s t a n c e  t r a v e l l e d
- 1

when E = 1 2 .5  V cm . From th e  v a lu e s  o f  p^ l i s t e d  i n  t a b l e  

(3 -1 )  i t  can  be seen  t h a t  th e  a p p r o p r i a t e  e q u a t io n  f o r  th e  

e v a l u a t i o n  o f  %, a t  a l l  f i e l d  s t r e n g t h s  employed in  th e s e  

e x p e r im e n t s ,  was e q u a t io n  ( 3 .1 - 4 )  p ro v id ed  t h a t  d a t a  was a c q u i r e d  

o n ly  from th e  p r e s s u r e  ra n g e  0  -  c a . 0 . 1  t o r r .

The agreem en t be tw een  th e  r a t e  c o n s t a n t  f o r  r e a c t i o n  

( 2 .4 - 1 )  d e te rm in e d  u s in g  th e  M icromass 12F s p e c t ro m e te r  w i th  

v a lu e s  d e te rm in e d  by o th e r  w o rk e rs  u s in g  a  v a r i e t y  o f  te c h n iq u e s  

s u g g e s te d  t h a t  i t  i s  p o s s i b l e  to  u se  t h i s  co m m erc ia l ly  a v a i l a b l e  

in s t ru m e n t  to  s tu d y  th e  k i n e t i c s  o f  io n -m o le c u le  r e a c t i o n s .
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The l i m i t a t i o n s  o f  th e  method ( d i s c u s s e d  in  s e c t i o n s  1 . 1 . D and 

IrrdrrS) may n o t  however in f l u e n c e  th e  v a lu e  o b ta in e d  f o r  th e  r a t e  

c o n s t a n t  f o r  r e a c t i o n  ( 2 .4 - 1 )  s i g n i f i c a n t l y ,  and i t  sh o u ld  be 

b o rn e  i n  mind t h a t  th e s e  l i m i t a t i o n s  may n e v e r t h e l e s s  i n f l u e n c e  

th e  v a lu e  o f  r a t e  c o n s t a n t s  o b ta in e d  f o r  o th e r  r e a c t i o n s .

3 .2  R e a c t io n s  o f  th e  p r im ary  io n s  from 

i s o b u ta n e  w i th  i s o b u ta n e .

The e x p e r im e n ta l  method employed f o r  th e  s tu d y  o f  th e

r e a c t i o n s  o f  th e  p r im a ry  io n s  from  is o b u ta n e  w i th  i s o b u ta n e  gas

was d e s c r ib e d  i n  s e c t i o n  2 . 4 .  The e l e c t r o n - i m p a c t  i o n i z a t i o n
+

of i s o b u ta n e  r e s u l t s  i n  th e  fo rm a t io n  o f  w hich  f ra g m e n ts

to  g iv e  th e  v a r io u s  p r im a ry  io n s .  A scheme o f  p o s s i b l e

f r a g m e n ta t io n  pathways w hich  p roduce  t h e s e  io n s  i s  g iv e n

o v e r l e a f .  A peak h av in g  m/z =' 1 4 ,5 ,  and c o r re s p o n d in g  t o  th e

e l i m i n a t i o n  o f  an  e t h y l  r a d i c a l  from m e ta s ta b l e  Ci^H^o’ io n s  was

p r e s e n t  i n  th e  s p e c t r a  o f  i s o b u ta n e .  The p re s e n c e  o f  t h i s

peak  s u g g e s t s  t h a t  th e  C2H5 io n (m /z  = 29) i s  formed by th e

d i r e c t  e l i m i n a t i o n  o f  an  e t h y l  r a d i c a l  from  th e  i s o b u ta n e

m o le c u la r  i o n - r a d i c a l  ( s e e  s e c t i o n  1 . 1 . A .)

Graph (3 -3 )  shows th e  v a r i a t i o n  w i th  i s o b u ta n e  p r e s s u r e

o f  th e  r e l a t i v e  abundances ( I ^ / J l )  o f  a l l  th e  io n s  g e n e ra te d

from  i s o b u t a n e .  The r e l a t i v e  abundances o f  th e  p r im a ry  io n s

d e c re a se d  a s  th e  i s o b u ta n e  p r e s s u r e  was i n c r e a s e d ,  w hereas  t h a t  
+

o f  th e  Ci^Hg io n  in c r e a s e d  s t e a d i l y  i n  th e  p r e s s u r e  ra n g e  

0  -  0 .1 6  t o r r ,  and t h e r e a f t e r  rem ained  e s s e n t i a l l y  c o n s t a n t .
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Scheme (3 -1 )

P o s s i b l e  f r a g m e n ta t io n  pathw ays f o r  th e  fo rm a t io n  o f  th e  p r im a ry  

io n s  o f  i s o b u ta n e .

ÇH3

+ I
CH3 T C— H

I
CH3 

m/z = 58 

H CHo
I

CH3 ; C - H

CH3 

m/z = 58

H2C— H 

CH q— C • H
I

GH3 

m/z = 58

-CHS .

-CH,

-H

-CH3CH2

ÇH3

+ CH2 

m/z » 29

CH]
I

+ C— H
I
CH3

m/z = 43 

*CH2
I  - C H 3-

+ Cfi  >
I

CH3

m/z = 42 

’ cH2
I -CHg

CH3— C+ ---------->

CH3 

m/z = 56

-H"

+ CH 

m/z = 27

C +
I
CH3

m/z = 41

-H 2

*r
CHf-C

1
CH3

H

H H

- H 2

CH3—

m/z = 53
m/z = 39
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These observations are comparable with those of Field^^ , and

suggest that the primary ions react w ith isobutane to form the 
+

Cî Hg ion . For example

C3 H7  + C^Hio htl_>  C3 H8  + C4 H9 * (3 .2 -1 )

Provided the ion residence times can be estim ated, the rates of

reactions of th is  type may be obtained by observing the decreases

of r e la t iv e  abundances of each of the primary ions as the

isobutane pressure is  increased.

Equations (3 .1 -4 ) and (3 .1 -6 ) can be used to determine the

isobutane pressure, p^, for which values of the mean residence

time of a given primary ion , ca lcu lated  by the two methods

discussed in  sectio n  3 .1 , are equal.
+

When m/z = 43 (C3H7  ion) is  used in  th is  ca lcu la tio n  i t  is

found that the residence times are equal at 0.044 torr for the
- 1f ie ld  strength (E = 5 .0  V cm ) employed in  th is  experiment. 

Pressures (p^) in  the range 0.035 -  0.050 torr are obtained when 

the other primary ions are considered. Thus the residence times 

of the primary ions are appropriately obtained here using 

equation (3 .1 -8 ) , and are expected therefore to be d ir e c t ly  

proportional to  the isobutane pressure (see sec tio n  3 .1 ) .

From equation (3 .2 -1 )  

dtCsH?*]

dt

so that the integrated rate  equation for the reaction  o f the 

C3 H7  i s

-  log  ([C3H7  ] / f C 3 H7 ‘'j  ) = H 3 [CuHio]t (3 .2 -2 )
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w here  o] i s  th e  number d e n s i t y  o f  i s o b u ta n e  m o le c u le s  i n

th e  io n  s o u r c e .  I f  th e  i s o b u ta n e  p r e s s u r e  be deno ted  by  p ,  th e n  

( c f . e q u a t io n  ( 3 .1 - 2 ) )

= pN ( 3 .2 - 3 )

S in ce  th e  r e s i d e n c e  t im es  o f  th e  p r im ary  io n s  a r e  d i r e c t l y  

p r o p o r t i o n a l  to  th e  i s o b u ta n e  p r e s s u r e ,  and p ro v id e d  th e  h e i g h t s  

( I ^ )  o f  th e  peaks  h av in g  m/z = n i n  th e  r e c o rd e d  sp ec tru m

a c c u r a t e l y  r e f l e c t  th e  abundances o f  io n s  i n  th e  i o n - s o u r c e ,  th e n

e q u a t io n  ( 3 .2 - 2 )  may be  w r i t t e n

lo g  ( I 4 3 / I 4 3 ) = - k 4 3 $43Np^ ( 3 .2 - 4 )

w here 1^3 i s  t h e  abundance o f  th e  C3H7* io n  i n  th e  ab se n c e  o f  

r e a c t i o n  ( 3 .2 - 1 )  and 3i+3 may be  c a l c u l a t e d  from  e q u a t io n  ( 3 . 1 - 8 ) .  

Hence a p l o t  o f  lo g  (Ii+3/ 11+3) a g a i n s t  th e  s q u a re  o f  th e  i s o b u ta n e  

p r e s s u r e  w i l l  be  a s t r a i g h t  l i n e  w i th  s lo p e  "*kt^3Bi+3N, p ro v id e d  

th e  r e a c t i o n  i s  b im o le c u l a r .  As a v a lu e  o f  1 1̂ 3 was i n a c c e s s i b l e ,  

i t  was n e c e s s a r y  t o  p l o t  th e  lo g a r i th m  o f  th e  r e l a t i v e  io n  

abundance ( lo g  (It+3/ J l ) ,  w here  J l  i s  th e  t o t a l  io n  c u r r e n t )  a g a i n s t  

th e  s q u a re  o f  th e  p r e s s u r e .  S in ce  e q u a t io n  (3 .2 - 4 )  can  b e  

w r i t t e n  i n  th e  form
2

l o g  ( I 1+3 / I 1 ) -  lo g  (Ii+3/ J l ° )  = -  ki^30 t+3Np ( 3 .2 - 5 )

w here 1 4 3 /%!° i s  th e  r e l a t i v e  abundance o f  C3H7* i n  th e  ab se n c e  o f  

r e a c t i o n  ( 3 .2 - 1 )  ( i e .  th e  r e l a t i v e  abundance in  th e  e l e c t r o n -  

im pact mass sp ec tru m  o f  i s o b u t a n e ) ,  i t  can  be seen  t h a t  t h e  p l o t  

o f  lo g  ( 1 4 3 / ^ 1 ) a g a i n s t  th e  s q u a re  o f  t h e  p r e s s u r e  w i l l  a l s o  b e  a 

s t r a i g h t  l i n e  w i th  s lo p e  - k 4 33 t+3N,

^  ' h ( p i I
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E q u a t io n s  s i m i l a r  to  ( 3 ,2 - 5 )  can  be dev e lo p ed  f o r  th e  

r e a c t i o n s  o f  a l l  th e  p r im a ry  io n s  w i th  i s o b u ta n e .  The g e n e r a l  

e q u a t io n  i s

lo g  ( W l D  -  lo g  (X ° /Ix ° )  = -  ( 3 .2 - 6 )

K in e t i c  p l o t s  f o r  th e  d is a p p e a ra n c e  o f  th e  p r im a ry  io n s  a r e  g iv e n

i n  g rap h  (3 -4 )  from w hich  i t  i s  a p p a re n t  t h a t  m ost o f  th e

p r im ary  io n s  undergo  s im p le  b im o le c u la r  r e a c t i o n s  w i th  i s o b u ta n e .

The m ost n o t a b l e  e x c e p t io n  i s  th e  io n  f o r  w hich th e  p l o t  i s

l i n e a r  o n ly  i n  th e  p r e s s u r e  ra n g e  0 .1 5  -  0 .3 0  t o r r .  F o r

in c r e a s e s  i n  p r e s s u r e  i n  th e  ra n g e  0  -  0 .1 5  t o r r  more Ci+Hg  ̂ io n s
*

w ere p roduced  th a n  w ere consumed by r e a c t i o n  w i th  i s o b u ta n e  .

T h is  b e h a v io u r  can n o t  as  y e t  be  e x p la in e d .  Graph (3 -4 )  a l s o  

shows t h a t  n e i t h e r  th e  C4H7* i o n s ,  n o r  th e  CgHg* io n s ,  obeyed 

th e  s im p le  b im o le c u la r  r a t e  law a t  low p r e s s u r e .

R a te  c o n s t a n t s  o f  th e  r e a c t i o n s  o f  th e  p r im ary  io n s  w i th  

i s o b u ta n e  a r e  l i s t e d  in  t a b l e  ( 3 - 2 ) .  T h is  t a b l e  a l s o  c o n t a in s  

th e  p r e s s u r e  r a n g e s  o v e r  w hich  th e  s im p le  b im o le c u la r  r a t e  law  

i s  v a l i d ,  and th e  i n t e r c e p t s  a t  ze ro  p r e s s u r e  o b ta in e d  from  th e  

k i n e t i c  p l o t s .  Both s e t s  o f  f i g u r e s  a r e  r e q u i r e d  f o r  th e  

method o f  e s t i m a t i n g  i s o b u ta n e  p r e s s u r e  g iv e n  i n  s e c t i o n  4 . 1 .

*
See e q u a t io n  (1 .1 -1 6 )
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p(C4Hig) (torr)
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GRAPH ( 3 - 4 } . Kinetic plots for react ions of th e  isobutane

primary ions w i th  isobutane
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T ab le  ( 3 - 2 ) .

R a te  c o n s ta n t s  o f  t h e  r e a c t i o n s  o f  th e  p r im ary  io n s  from 

i s o b u ta n e  w i th  i s o b u ta n e .

Io n  m/z R a te  c o n s ta n t  I n t e r c e p t  a t  P r e s s u r e  ran g e
 ̂  ̂ 3 - - “ 1 - Iv  z e ro  p r e s s u r e *  o v e r  w hich th e1 CAT 1 ^

b im o le c u l a r  r a t e  
law  i s  v a l i d ,  

( t o r r )

0 i ••X
( 1 0  X cm m o lecu le  s e c  )

C2H3+ 27 15 .4 ± 1 . 1 - 3 .2 2 ± 0 . 1 2 0 .0 4 -  0 . 1 0

C2H5 29 14 .0 ± 1 . 0 - 3 .9 2 ± 0 .0 9 0 .0 4 -  0 . 1 2

C3H3* 39 0 .7 3 ± 0 .0 6 - 3 .4 2 ± 0 .0 3 0 .0 8 -  0 .3 0

C3H5* 41 8 .05 ± 0 .3 0 . - 1 .9 4 ± 0 .0 8 0 .0 4 -  0 . 2 0

C3H6* 42 9 .28 + 0 .4 2 - 2 . 2 1 + 0 .0 9 0 .0 4 -  0 .17

C3H7* 43 6 . 2 2 ± 0 .1 6 - 0 .4 9 ± 0 .0 8 0 .0 8 -  0 .3 0

C4H5* 53 1 .77 + 0 .2 6 - 5 .7 4 + 0 ,0 5 0 .0 7 -  0 .1 6

C4H7* 55 3 .9 4 + 0 .3 9 - 4 .2 0 + 0 .1 4 0 . 1 0 -  0 .1 8

C^Hg' 56 2 .37 + 0 .1 8 -2 .4 1 ± 0 .13 0 .1 6 -  0 .3 0

* se e  e q u a t io n  ( 3 .2 - 6 )
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3 .3  The c h e m i c a l - i o n i z a t i o n  mass s p e c t r a  o f  s e l e c t e d

compounds: changes o f  r e l a t i v e  io n -sb u n d a n c e s  w i th  

v a r i a t i o n  o f  sample p r e s s u r e .

The c h e m i c a l - i o n i z a t i o n  mass s p e c t r a  o f  v a r i o u s  compounds 

w i th  i s o b u ta n e  as  th e  r e a g e n t  gas a r e  d e s c r ib e d  i n  t h i s  s e c t i o n .

The compounds were s e l e c t e d  from th e  f o l lo w in g  c l a s s e s  o f  

compound: k e t o n e s ,  n i t r i l e s ,  a n i s o l e s ,  and a l c o h o l s .  The s p e c t r a  

o f  ca rb o n  t e t r a c h l o r i d e  and o f  w a te r  a r e  a l s o  d e s c r ib e d .  I t  

w i l l  be shown t h a t  th e  r e l a t i v e  abundances o f  io n s  i n  i s o b u ta n e  

c h e m i c a l - i o n i z a t i o n  mass s p e c t r a  a r e  d ependen t upon th e  amount o f  

sample p r e s e n t  i n  t h e  io n - s o u r c e .

A. K etones

C h e m ic a l - io n iz a t io n  mass s p e c t r a  o f  two k e t o n e s ,  a c e to n e  

and e t h y l  m e thy l k e to n e ,  w ere r e c o rd e d  as d e s c r ib e d  i n  s e c t i o n  2 . 2 . 

The p r e s s u r e  o f  th e  r e a g e n t  g a s ,  i s o b u ta n e ,  was m a in ta in e d  c o n s t a n t

a t  c a . 0 . 1  t o r r .  The te m p e ra tu re  o f  th e  io n - s o u r c e  b lo c k  was

o . .176 ±2 C. Sample p r e s s u r e s  were v a r i e d  by v a ry in g  volume o f

sample i n j e c t e d  i n t o  th e  i n l e t - s y s t e m  r e s e r v o i r  ( s e e  s e c t i o n  2 . 6 . A) 

so t h a t  s p e c t r a  w ere  o b ta in e d  f o r  p r e s s u r e s  c o r re s p o n d in g  to  sample 

volum es up t o  22y l .

The p r i n c i p a l  io n s  p roduced  from th e s e  k e to n e s  a r e  l i s t e d

i n  t a b l e  ( 3 - 3 ) ,  R e l a t i v e  abundances o f  th e  io n s  a r e  g iv e n  f o r
- 3  - 2

two s e l e c t e d  sample p r e s s u r e s ,  c a . 2  x  10  t o r r  and c a . l  x 10

t o r r .  These p r e s s u r e s  r e p r e s e n t  th e  low and h ig h  r e g io n s  o f  th e
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p r e s s u r e  r a n g e .  I t  can  be  s e e n  from t a b l e  (3 -3 )  t h a t  th e  m a jo r  

p eak s  i n  th e  s p e c t r a  o f  th e s e  compounds (M) co r re sp o n d ed  to  th e  

p r o to n a t e d  sam ple m o le c u le  (MH^) and th e  p ro to n -b o u n d  d im er io n  

(M2H ) .  The o v e r a l l  r e a c t i o n s  w hich p ro d u ce  th e s e  io n s  may be  

w r i t t e n  as  -

RH'*' + M  > R + ( 3 .3 - 1 )

MH"*" + M  > M2H'  ̂ ( 3 .3 - 2 )

i n  w h ich  RH r e p r e s e n t s  an  io n  d e r iv e d  from is o b u ta n e  ( s e e  

s e c t i o n  3 .2 )  , The mechanism of th e  p r o t o n a t i o n  r e a c t i o n  i s ,  

how ever, more c o m p lic a te d  th a n  i s  s u g g e s te d  by r e a c t i o n  ( 3 . 3- 1 ) 

and w i l l  be  d i s c u s s e d  a t  l e n g th  i n  c h a p t e r  4 .

Mass s p e c t r a l  peaks c o r re s p o n d in g  to  t h e  d e c o m p o s i t io n  o f  

m e ta s t a b l e  io n s  ( h e r e i n a f t e r  r e f e r r e d  to  as ^ m e ta s ta b le  peaks* )  

w ere  found i n  th e  s p e c t r a  o f  b o th  k e to n e s  ( s e e  t a b l e ( 3 - l l )  a t  

th e  end o f  s e c t i o n  3 . 3 ) .  I t  was found t h a t  t h e s e  peaks 

c o r re s p o n d e d  to  th e  e l i m i n a t i o n  o f  a sample m o lecu le  (M) from  

th e  p ro to n -b o u n d  d im er io n s  (M2H ^ ) . T h is  s u g g e s t s  t h a t  th e  

l i f e t i m e  o f  th e  M2H s p e c ie s  was o f  th e  o r d e r  o f  th e  r e s id e n c e  

t im e s  o f  t h e s e  io n s  i n  th e  io n - s o u r c e  ( c a .  10 y s e c ) . I t  i s  

i n t e r e s t i n g  to  n o te  t h a t  t h e  c o l l i s i o n - i n d u c e d  d e c o m p o s i t io n  o f  

p ro to n -b o u n d  dim er io n s  i s  a l s o  a slow p ro c e s s  .

P eaks c o r re s p o n d in g  to  th e  m o le c u la r  i o n - r a d i c a l  M^, w ere 

found i n  th e  s p e c t r a  o f  e t h y l  m ethy l k e to n e ,  a l th o u g h  t h e i r  

r e l a t i v e  abundance rem ained  sm all  o v e r  th e  e n t i r e  ra n g e  o f  

sam ple p r e s s u r e s  ( s e e  t a b l e  ( 3 - 3 ) ) .  I t  was n o t  p o s s i b l e  to  

a s c e r t a i n  w h e th e r  a  s i m i l a r  io n  was formed from a c e to n e  a s  th e  

peak  would be o b s c u re d  by th e  peak  c o r re s p o n d in g  to  th e
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13 12 + +
C C3H9 i o n ,  The M* io n s  co u ld  r e s u l t  from e i t h e r  e l e c t r o n -

im pact i o n i z a t i o n  o f  sample m o le c u le s ,  o r  be p roduced  by 

c h a r g e - t r a n s f e r  r e a c t i o n s ,  v i z . ,

rh"̂  + M ------- > RH* + (3 .3 - 3 )

S ince  th e  s p e c t r a  o f  a ro m a t ic  compounds, e g .  t h e  a n i s o l e s  (v id e  

i n f r a ) , c o n ta in e d  m o le c u la r  io n s  i n  r e l a t i v e  abundances w hich  

w ere much l a r g e r  th a n  would be ex p ec ted  from  th e  d i r e c t  e l e c t r o n -  

im pact i o n i z a t i o n  o f  th e  sample m o le c u le s ,  i t  seems f a i r l y  

l i k e l y  t h a t  th e  m o le c u la r  io n s  i n  th e  s p e c t r a  o f  th e  k e to n e s  w ere 

p roduced  by  c h a r g e - t r a n s f e r  r e a c t i o n s .  I t  i s  n o t  p o s s i b l e  to  

deduce from th e  e x p e r im e n ta l  d a t a  w hich  o f  t h e  r e a c t a n t  i o n s ,

RH^, undergo  r e a c t i o n  ( 3 . 3 - 3 ) .

The s p e c t r a  o f  b o th  a c e to n e  and e t h y l  m e thy l k e to n e  

c o n ta in e d  peaks  c o r re s p o n d in g  to  io n s  h av in g  m/z = m+41 and 

m/z = m+43, where m i s  th e  m o le c u la r  w e ig h t  o f  th e  k e to n e .  These 

io n s  may be  formed by th e  a s s o c i a t i o n  r e a c t i o n s

M + C3H5* ------- > MC3H5'  ̂ ( 3 .3 - 4 )

M + C3H7* ------- > MC3H7'  ̂ ( 3 .3 - 5 )

o r ,  i n  th e  c a s e  o f  MC3H5* ,  by th e  r e a c t i o n

M + C^Hg* ------- > jMCi+Hg"*]  > MC3H5‘̂  + CHi  ̂ ( 3 .3 - 6 )

I t  i s  i n t e r e s t i n g  t o  n o te  t h a t  th e  MC^Hg* io n  d id  n o t  o c c u r  to  

any s i g n i f i c a n t  e x t e n t  in  th e  s p e c t r a  o f  e i t h e r  o f  t h e  k e t o n e s .

Io n s  h av in g  m/z = 99 (m+41) and m/z = 101 (m+43) c o u ld ,  

i n  p r i n c i p l e ,  be  p roduced  i n  th e  sp ec tru m  o f  a c e to n e  by 

d e c o m p o s i t io n  o f  t h e  (CH3 .C0 .CH3 ) 2H* i o n .  Thus,
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H3 C CH3
\+ t

C “*0- -C — GH -
/ 1

H3 C CH2

-H?0 .

H3 C ÇH3

C— 0  — 

H3 Ĉ
-C-OH

CH3

yC—0 —C ( 3 .3 - 7 )

H3C CH3

m/z -  99

-CH4 /
 > C—0— ( 3. 3- 8)

H3C CH3

m/z = 1 0 1

It  can be seen from tab le (3-3) that the (CH3 .CH2 .CO.CH3 )^H  ̂ ion  

did not undergo reactions sim ilar to (3 .3 -7) and (3 .3 -8 ) sin ce  

ions having m/z = 127 and m/z = 129 were not present in  the 

spectrum.
13

Since the natural abundance of the C isotope in carbon is  

1 . 1 %, and sin ce the natural abundances of isotopes of hydrogen and 

oxygen are very sm all, the number of carbon atoms present in  an ion  

containing only carbon, hydrogen, and oxygen atoms may be 

ascertained from the ra tio  

I .
  = O.Ollx (3 .3 -9 )

where I^ is  the abundance o f the ion having m/z = i ,  and x i s  the 

number of carbon atoms present. Use o f equation (3 .3 -9 ) showed 

that the ion having m/z = 1 0 1  formed from acetone contained s ix  

carbon atoms, suggesting that reaction  (3 .3 -8 ) did not occur.

This approach could not be applied to the ion having m/z = 99 

since the products of both reactions (3 .3 -4 ) and (3 .3 -7 ) each

75



c o n t a i n  s i x  c a rb o n  a tom s. R e a c t io n  ( 3 .3 -7 )  d o e s ,  how ever, seem 

u n l i k e l y  a s  w a te r  was n o t  e l im in a te d  from th e  io n  form ed

from  e t h y l  m etly l k e to n e .

The r e l a t i v e  abundances o f  a l l  t h e  io n s  g e n e ra te d  from

is o b u ta n e  d e c re a s e d  as th e  sample p r e s s u r e  was i n c r e a s e d .  I t

w i l l  be shown i n  s e c t i o n  4 .2  t h a t  in f o r m a t io n  on th e  k i n e t i c s

and mechanism of r e a c t i o n  ( 3 .3 - 1 )  i s  o b ta in e d  i f  th e  f u n c t i o n

lo g  ( I  / I  ° )  (where I  i s  th e  r e l a t i v e  abundance o f  th e  r e a c t a n t  n  n  n  --------------

io n ,  RH , h a v in g  m/z = n and I^ °  i s  t h e  r e l a t i v e  abundance o f  

t h i s  io n  in  th e  a b sen ce  o f  sam ple) i s  p l o t t e d  a g a i n s t  sam ple 

p r e s s u r e .  A c c o rd in g ly ,  g rap h  (3 -5 )  shows exam ples o f  th e  

ways i n  w hich  lo g  ( I ^ / I ^ ° )  ( f o r  n  = 57 and n  = 39,
4- +

c o r re s p o n d in g  to  th e  Ci+Hg and C3H3 io n s  r e s p e c t i v e l y )  v a r i e d

w i th  p r e s s u r e  o f  e t h y l  m e thy l k e to n e .  I t  i s  a p p a re n t  t h a t  th e  

v a r i a t i o n  o f  lo g  ( I ^ / I ^ ° )  w i th  sample p r e s s u r e  was e i t h e r  l i n e a r  

o r  somewhat re sem b led  a p a r a b o l a .  The c o n t in u o u s  l i n e s  i n  

g rap h  (3 -5 )  w ere  c a l c u l a t e d  from th e  m a th e m a t ic a l  e x p r e s s io n s  

which r e s u l t e d  from k i n e t i c  a n a l y s i s  o f  th e  r e a c t i o n  mechanisms 

p ro p o sed  i n  s e c t i o n  4 .2  . I t  w i l l  be  seen  from th e  r e s u l t s  

d e s c r ib e d  below t h a t  th e  v a r i a t i o n  w i th  sample p r e s s u r e  o f  

lo g  ( I ^ / l ^ ° ) ,  f o r  a l l  r e a c t a n t  io n s  and a l l  compounds s t u d i e d ,  

assumed one o f  th e  two forms i l l u s t r a t e d  i n  g rap h  ( 3 - 5 ) .  T ab le  

(3 -4 )  l i s t s  th e  r e a c t a n t  io n s  (RH^) f o r  w hich r e a c t i o n  w i th  t h e  

k e to n e s  r e s u l t e d  i n  a l i n e a r  d e c re a s e  o f  lo g  ( I ^ / l ^ ° )  w i t h  

sample p r e s s u r e .  The s i g n i f i c a n c e  o f  t h e s e  r e s u l t s  w i l l  be  

d i s c u s s e d  i n  s e c t i o n  4 . 2 .
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GRAPH  ̂3  “ 5 j  , Kinetic plots for the  reactions of ethyl methyl

k e to n e  (M) with  2 reac tan t  ions, RH^.
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T ab le  ( 3 - 4 ) .

R e a c ta n t  io n s  f o r  w hich r e a c t i o n  w i th  th e  k e to n e s  r e s u l t e d  

in  a l i n e a r  d e c r e a s e  o f  lo g  w i th  sample p r e s s u r e .

Compound R e a c ta n t 10ns (RH )

A cetone C3B3* C4B5

E th y l  m e thy l k e to n e C3H3* C4H5*

B. N i t r i l e s .

C h e m ic a l - io n i z a t io n  mass s p e c t r a  o f  th e  f i v e  a l i p h a t i c  

n i t r i l e s  l i s t e d  i n  t a b l e  (3 -5 )  w ere  re c o rd e d  a s  d e s c r ib e d  i n  

s e c t i o n  2 . 2 , sam ple p r e s s u r e s  b e in g  v a r i e d  a c c o rd in g  to  th e  

method g iv e n  i n  s e c t i o n  2 .6 .A . The i s o b u ta n e  p r e s s u r e  was 

m a in ta in e d  c o n s t a n t  a t  c a .  0 ,1  t o r r .  The te m p e ra tu r e  o f  th e  

i o n - s o u r c e  b lo c k  was 174 ± 2°C.

The p r i n c i p a l  io n s  p roduced  from th e s e  n i t r i l e s  a r e  

l i s t e d  i n  t a b l e  ( 3- 5 ) ,  w hich  shows th e  r e l a t i v e  i o n -  

abundances a t  s e l e c t e d  low and h ig h  sample p r e s s u r e s .  Once 

a g a in  i t  was found t h a t  t h e  m a jo r  peaks  i n  th e  s p e c t r a  

c o r re sp o n d e d  to  th e  p r o to n a t e d  sample m o le c u le  (MH ) and th e  

p ro to n -b o u n d  dim er io n  (M2H^) w hich w ere p resum ab ly  p roduced  

by r e a c t i o n s  (3 .3-% ) and ( 3 .3 - 2 )  r e s p e c t i v e l y .
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M etastable peaks corresponding to the decomposition of 

M2 H"*’ ions occurred in  the spectra of a l l  the n i t r i l e s  (see  

tab le  (3-11) at the end of sectio n  3 .3 ) ,  suggesting that the 

proton-bound dimer ions formed from the n i t r i le s  have l i f e 

times that are o f the order of the ion-residence times 

( c f .  k eton es). The spectra o f 2 -ch lo r o p ro p io n itr ile  and 

2  -brom opropionitrile a lso  contained peaks which resu lted  from 

the decomposition of m etastable MC3 H5 '*' ions

MC3H5 + -----> + C3 H4  (3 .3 -10)

where the neutral product is  assumed to be e ith er  a llen e  or 

cyclopropane. The absence of m etastable peaks corresponding 

to reaction  (3 .3 -10) from the spectra of a c e to n itr ile ,  

p ro p io n itr ile , and b u ty ro n itr ile  suggested that the MC3 Hĝ  ions 

formed from these compounds were more sta b le  than those formed 

from the 2 -h a lo p r o p io n itr ile s .

In addition to MC3H5 * ion s, the spectra o f a c e to n itr i le ,  

p r o p io n itr ile , and b u ty ro n itr ile  a lso  contained ions having 

m/z = m+39, m+43, and m+57, where m is  the molecular weight of 

the sample m olecule. These ions are assumed to be MC3 H3* , 

MC3 H7  , and resp ectiv e ly . The MC3 H3* and MC3H7  ions

were not detected in  the spectra of the 2  -h a lo p r o p io n itr ile s ,  

and the r e la t iv e  abundances of MCt̂ Hĝ  ions formed from these  

compounds were much lower than the r e la t iv e  abundances formed 

from a c e to n itr i le , p ro p io n itr ile , and b u ty r o n itr ile .

The r e la t iv e  abundances of a l l  the ions generated from 

isobutane decreased as the sample pressure was increased.

80



VO
I

c n

■s

L I X L I n 3O 09 O  09
d  *H d  *H

' 3 T )
T )  3 n j  3
1-4 u 1-4 LI
3  CO 3  CO
O O
O  09 O 09

rO r û
+ • + •VD CO

• I d I d
CO Jt

CJ CJ
M4 X
O (LI «+4 09

o O 94
<U 09
CO 94 94 L I
ctJ 3 3 LI
(U o O cO
M • i4 • H O • 3 X
O > > CO 3 3(U CO cO cO 94 94

'O LI X X t n 3 3
d 09 09 L I LI

y 09 PQ PQ ' 3 LI LI
3 3

<U 1 1 , 3 U 3
C o CO m• H CJ 1-4 m +r-4 < r m CM X >>X t4
q) II II j - X X

( J 3 3
d u LI d l X• H X X

t o t o + + +'T3 • H •r4 i n c n tMQ) 09 09 X X XL> > > j - CM c n
1-4 CJ CJ Ü
3 94 94
CO CO CO 94 94 94
0) 1-4 t-4 O O O
94 3 3 0 4 0 4 0 4

U O
CO 0) 09 « 3 3
<U 1-4 f-4 L I LI LI

1-4 o o 3 3 3
• H % O A A
■U + -9 -  ■• i4 i n 00
d X I d

c n j -
09 CJ CJX +
L i XX + + + +
i d i n i n c nu I d X X•  H CO j - J - c n J -
> d CJ C J C J CJ

o
d • H
o + + + + +• H D i n c n c n i n i n
L> d X X I d X I d
O 09 CO j - c n c n CM J -
CO 94 L I CJ C J CJ C J CJ
0) 3 o
94 CO CO

CO 09 + + -1- + + + •X 0 ) X m c n i n i n i n VO
O 94 X X X I d I d I d

• H ( L c n c n CM CM CM c n
. d C J C J CJ CJ O CJ

09
1-4

94 s * 3
O B 1-4 3

M4 CO "i4 1-4
CO 94 • H

CO L l 94
d r d • H L I
o L I d • H

• i4 • H o d
) •r4 o

L I X 3 3 X • H
d x - \ d 09 t-4 1-4 o X
cO O  ^ 3 1—4 • H • H 94 o
4J d O • i4 94 94 X 94
u M B* 94 L I L I o X
cO B L I • H • H U o
09 d o • i4 d d O BX H o d o o 1-4 o

O • H 94 X 94
L I X CJ A

t o 01 O L I 1 1
O Ü 94 3

1-4 < 1 p 4 PQ CM CM

81



I l l u s t r a t i v e  p l o t s  o f  lo g  ( I ^ / l ° )  ( s e e  s e c t i o n  3 . 3 ,A ) a g a in s t  

p r e s s u r e  o f  a c e t r o n i t r i l e  a r e  g iv e n  i n  g rap h  ( 3 - 6 ) ,  The 

c o n t in u o u s  l i n e s  i n  g rap h  (3 -6 )  were c a l c u l a t e d  from th e  

m a th e m a t ic a l  e x p r e s s io n s  w hich r e s u l t e d  from  k i n e t i c  a n a l y s i s  

o f  t h e  r e a c t i o n  mechanisms p roposed  i n  s e c t i o n  4 .2  T ab le  

(3 -6 )  l i s t s  th e  r e a c t a n t  io n s  f o r  w hich r e a c t i o n  w ith  each  o f  

t h e  n i t r i l e s  r e s u l t e d  in  a l i n e a r  d e c r e a s e .o f  lo g  ( I ^ / I ^ ° )  w i th  

sam ple p r e s s u r e .  F o r  th e  o th e r  r e a c t a n t  io n s  th e  d e c re a s e  o f  

lo g  ( I ^ / I ^ ° )  was o f  th e  curved  form i l l u s t r a t e d  by th e  

v a r i a t i o n  o f  lo g  ( I 50 / I 5 5 ) w i th  p r e s s u r e  o f  a c e t o n i t r i l e  

(g ra p h  3 - 6 ) ) ,  The s i g n i f i c a n c e  o f  t h e s e  r e s u l t s  w i l l  be  

d i s c u s s e d  i n  s e c t i o n  4 . 2 .

C. A lc o h o ls .

C h e m ic a l - io n iz a t io n  mass s p e c t r a  o f  th e  a l c o h o l s  l i s t e d  i n  

t a b l e s  (3 -7 )  and (3 -8 )  were r e c o rd e d  as d e s c r ib e d  in  s e c t i o n  2 .2 .  

The i s o b u ta n e  p r e s s u r e  was m a in ta in e d  c o n s t a n t  a t  c a .  0 .1  t o r r  

th ro u g h o u t  each  e x p e r im e n t .  The te m p e ra tu re  o f  th e  io n - s o u r c e  

b lo c k  was 175 ± 2°C in  a l l  ex p e r im en ts  e x c e p t  th o s e  c a r r i e d  o u t  

w i th  m ethano l ,1 - p r o p a n o l ,  and 2- p r o p a n o l ,  i n  which th e  te m p e ra tu re  

was 167 ± 2°C. Sample p r e s s u r e s  were v a r i e d  a s  d e s c r ib e d  i n  

s e c t i o n  2 . 6 . A. F o r  co nven ience  in  th e  fo l lo w in g  d i s c u s s i o n  th e  

a l c o h o l s  a r e  d iv id e d  in t o  two g ro u p s :  a l k y l  a l c o h o l s ,  and ha logen- 

c o n t a in in g  a l c o h o l s .

The p r i n c i p a l  io n s  p roduced  from  th e  a l k y l  a l c o h o l s  a r e  

l i s t e d  in  t a b l e  ( 3- 7 ) which shows th e  r e l a t i v e  io n -ab u n d a n ces  a t
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s e l e c t e d  low and h ig h  sample p r e s s u r e s .  In  th e  s p e c t r a  o f  

m e th a n o l ,  1 - p r o p a n o l ,  and 2 - p r o p a n o l ,  th e  m a jo r  peaks 

c o r re sp o n d e d  to  th e  R1OH2* and io n s  ( i e .  and

M2H io n s  r e s p e c t i v e l y ) , Minor peaks  co rre sp o n d e d  to  io n s  

formed by e l i m i n a t i o n  o f  w a te r  from th e  s p e c i e s ,  and

io n s  p roduced  by h y d r i d e - t r a n s f e r  r e a c t i o n s :

RH'*’ + RiOH---------> RIÎ2 + RiO* (3 .3 -1 1 )

The (RiOH)2H s p e c ie s  formed from 2 -  p ro p a n o l  gave r i s e  t o  an  

io n  o f  low r e l a t i v e  abundance by e l i m i n a t i o n  o f  e t h a n o l .  T h is  

r a t h e r  s u r p r i s i n g  r e a c t i o n  o c c u r re d  w i th  o n ly  one o th e r  a l c o h o l :

3 - p e n t a n o l .

The s p e c t r a  o f  t h e  p e n ta n o ls  and h e x a n o ls  w ere dom inated  by  

peaks  c o r re s p o n d in g  to  th e  a l k y l  io n s  (R j*) formed i n  th e  r e a c t i o n s

RH"̂  + RiO H---------> R + R1OH2* • (3 .3 -1 2 )

RjOH ---------> Ri"*" + H2O ( 3 .3 -1 3 )

The l a r g e s t  o f  t h e  m inor peaks i n  th e  s p e c t r a  o f  1 - p e n ta n o l  and 

1 -  h ex an o l  co rre sp o n d e d  to  io n s  p roduced  by th e  e l i m i n a t i o n  o f  

w a te r  from  th e  i o n i c  p ro d u c t  (R^O ) o f  r e a c t i o n  ( 3 .3 - 1 1 ) ,  F o r  

exam ple,

C5H11O+---------> + H2O ( 3 .3 -1 4 )

Of t h e  m inor peaks  i n  th e  s p e c t r a  o f  2 -  and 3 " p e n t a n o l  and 2-  

and 3 - h e x a n o l ,  how ever, th o s e  hav in g  somewhat l a r g e r  abundances 

c o r re s p o n d e d  to  th e  R1OH2 and (R  ̂0H)2 H io n s .  N e v e r th e le s s  th e  

s p e c t r a  o f  th e  p e n t a n o ls  and th e  h ex an o ls  d i f f e r e d  i n  s e v e r a l  

w ays. Whereas th e  (R̂  0H)2 ions  formed from th e  p e n ta n o ls  

underw en t e l i m i n a t i o n  o f  w a te r  to  a sm a l l  e x t e n t ,  a  s i m i l a r
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r e a c t i o n  was n o t  o b se rv ed  w i th  th e  h e x a n o l s .  On th e  o th e r  hand , 

c e r t a i n  io n  ty p e s  w ere  formed from th e  h e x a n o ls  w hich  w ere  n o t  

found i n  t h e  s p e c t r a  o f  any o f  th e  o th e r  a l c o h o l s  s t u d i e d .  Both 

th e  R2OH2 and th e  R^O io n s  formed from  th e  h e x a n o ls  underw ent 

e l i m i n a t i o n  o f  m e thano l ( s e e  t a b l e  ( 3 - 7 ) ) .  F u r th e rm o re  th e  

s p e c t r a  o f  th e  h e x a n o ls  c o n ta in e d  io n s  p resum ab ly  p roduced  by 

c h a rg e  t r a n s f e r  r e a c t i o n s ,

RH*  ̂ +  C gH iaO H  ------------> C gH isO E '^  +  RH" ( 3 .3 -1 5 )

and th e  p ro d u c ts  o f  t h e s e  r e a c t i o n s  underw ent e l i m i n a t i o n  o f  

w a te r

CgHigOH'^ ---------> C6H i2t  + H2O (3 .3 -1 6 )

The sp e c tru m  o f  3 - h e x a n o l  c o n ta in e d  t h r e e  io n s  (m/z = 113 ,115  

and 1 2 0 ) to  which c o m p o s i t io n s  cou ld  n o t  be a s s ig n e d .

M e ta s ta b le  peaks c o r re s p o n d in g  to  th e  e l i m i n a t i o n  o f  a  

sam ple m o lecu le  from  th e  M2H  ̂ io n s  w ere found i n  t h e  s p e c t r a  o f  

m e th a n o l ,  1 -  p ro p a n o l ,  and 2 -  p ro p a n o l  ( s e e  t a b l e ( 3 - 1 2 )  a t  th e  

end o f  s e c t i o n  3 . 3 ) .

The s p e c t r a  o f  th e  p e n ta n o l s  c o n ta in e d  m e ta s t a b l e  peaks  

w hich  c o r re sp o n d e d  to  th e  e l i m i n a t i o n  o f  e th y le n e  from  th e  a l k y l  

io n  (Ri* in  r e a c t i o n  ( 3 .3 - 1 3 ) )  su b se q u e n t  to  th e  l o s s  o f  w a te r  

from th e  p r o to n a t e d  a l c o h o l :

C5H1 /  -------- > C3H7* + C2H4 ( 3 .3 -1 7 )

S i m i l a r l y ,  th e  s p e c t r a  o f  th e  h ex a n o ls  c o n ta in e d  m e ta s t a b l e  peaks  

c o r r e s p o n d in g  to  th e  e l i m i n a t i o n  o f  p ro p y le n e  from  th e  CgHig ion :

CgBis* --------> C3H7*  + CgHg (3.3-18)

I t  w i l l  be n o t i c e d  t h a t  th e  io n i c  p ro d u c ts  o f  r e a c t i o n s
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(3 .3 -1 7 )  and (3 .3 -1 8 )  have th e  same m a s s - to - c h a r g e  r a t i o  

m/z = 43) a s  one o f  th e  r e a c t a n t  io n s  formed from i s o b u ta n e .  

T h e re fo re  th e  o c c u r r e n c e  o f  t h e s e  r e a c t i o n s  was i n f e r r e d  o n ly  

from  th e  m e ta s ta b l e  p e a k s ,  s in c e  th e  ’d augh te r*  io n s  co u ld  n o t  b e  

o b se rv ed  d i r e c t l y .

The p r i n c i p a l  io n s  p roduced  from  th e  h a lo h y d r in s  

(X,CH2 .CH2 .OH) and from  2 , 2 , 2- t r i f l u o r o t h a n o l  a r e  l i s t e d  i n  t a b l e  

( 3 - 8 ) ;  t h i s  shows th e  r e l a t i v e  io n -ab u n d a n ces  a t  s e l e c t e d  low and 

h ig h  sam ple p r e s s u r e s .  I t  can  be s e e n  t h a t  th e  s p e c t r a  o f  th e  

h a lo h y d r in s  changed i n  a  f a i r l y  s y s t e m a t ic  way a s  th e  a to m ic  

number o f  t h e  h a lo g e n -a to m  s u b s t i t u e n t  i n c r e a s e d .  The m a jo r  

peaks  i n  th e  sp ec tru m  o f  each  o f  2- f l u o r o ,  2- c h l o r o ,  and 2-  

b rom oe thano l c o r re sp o n d ed  to  th e  and M2H**̂ i o n s ,  a l th o u g h  

t h e i r  r e l a t i v e  abundances ten d ed  to  d e c r e a s e  i n  th e  o r d e r  

X = F>Cl>Br, becoming m inor peaks  i n  th e  sp ec tru m  o f  2 -  

io d o e th a n o l .  C o n c o m ita n t ly ,  t h e  r e l a t i v e  abundance o f  th e  

X.CH2 .CH2* io n ,  p roduced  from  th e  r e a c t i o n

X.CH2 .CH2 .OH2* -------- > X.CH2 .CH2* + H2O (3 .3 -1 9 )

in c r e a s e d  i n  th e  o r d e r  X = F<Cl<Br<I, w h i le  t h e  r e l a t i v e  

abundance o f  th e  HO.CH2 . CH2* io n ,  p roduced  from th e  r e a c t i o n

X.CH2 .CH2 .OH2* -------- > HO.CH2 .CH2'*’ + HX (3 .3 -2 0 )

d e c re a s e d  i n  th e  o r d e r  X = F>Cl>Br>I,

C om posit ions  c o u ld  n o t  be  a s s ig n e d  to  th e  io n s  h av in g  m/z -  

328 and m/z = 200 o b se rv ed  i n  th e  spec trum  o f  2 - io d o e t h a n o l ,  

a l th o u g h  th e  l a t t e r  may be  formed from  th e  fo rm er by e l i m i n a t i o n  

o f  a  m o lecu le  o f  HI. Ions  hav in g  m/z = 170 and m/z = 184
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(form ed from t h i s  compound) may co r re sp o n d  to  C3H7 I*  and 

Ci+Hgl*. These io n s  co u ld  be formed e i t h e r  by d i r e c t  

a s s o c i a t i o n  o f  th e  r e a c t a n t  io n s  (RH^) w i th  f r e e  io d in e  atoms 

formed by th e  th e rm a l  d eco m p o s i t io n  o f  2- i o d o e t h a n o l ,  o r  may 

have been  produced  by th e  r e a c t i o n s

RH'*’ + I.CH2 .CH2 .O H  > RHl'̂  + 'CH2 .CH2 .OH (3 .3 -2 1 )

w here RH^ i s  e i t h e r  C3H7* o r  Cj+Hg^.

One o f  t h e  l a r g e r  m inor peaks i n  th e  spec trum  o f  2 - io d o e th a n o l  

has  m/z = 300 (se e  t a b l e  ( 3 . 8 ) ) ,  This  m a s s - to - c h a rg e  r a t i o  

s u g g e s te d  t h a t  th e  io n  was th e  p ro d u c t  o f  a s s o c i a t i o n  o f  

ICH2CH2OH2 and f r e e  io d in e  a tom s. F u r th e rm o re ,  s u b s t i t u t i o n  o f  

v a lu e s  o f  I 300 I 301 i n t o  e q u a t io n  (3 .3 - 9 )  confirm ed  t h a t  t h e

io n  c o n t a in s  two ca rbon  a tom s.  I t  seem s, th e n ,  t h a t  t h e  io n  

p o s s e s s e d  th e  s t r u c t u r e

ICH2CH2 0H ' ' " H * ' ' ' I  

and was p ro b a b ly  formed by a r e a c t i o n  ana logous  to  one o f  th o s e  

p roposed  above f o r  th e  fo rm a t io n  o f  th e  RHI* s p e c i e s .

I t  can  be s e e n  from t a b l e  (3 -8 )  t h a t  th e  r e l a t i v e  abundances 

of  io n s  p roduced  from 2 , 2 , 2- t r i f l u o r o e t h a n o l  w ere  v e ry  low, a s  

m igh t be  e x p ec ted  from a m o lecu le  c o n ta in in g  t h r e e  s t r o n g l y  

e l e c t r o n - w i th d ra w in g  s u b s t i t u e n t s  ( c f .  CCI4 , b e lo w ) .  The MH 

and M2H^ io n s  w ere r e s p o n s i b l e  f o r  th e  m a jo r  peaks  i n  t h e  sp e c tru m .

M e ta s t a b le  peaks  c o r re sp o n d in g  to  th e  e l i m i n a t i o n  o f  a sample 

m o le c u le  from th e  M2H^ io n s  w ere found i n  th e  s p e c t r a  o f  2-  

f l u o r o e t h a n o l  and 2 - c h lo r o e th a n o l  ( s e e  t a b l e ( 3 . 1 2 )  a t  th e  end o f  

s e c t i o n  3 . 3 ) .  A d d i t i o n a l l y ,  th e  sp ec tru m  o f  2 - f l u o r o e t h a n o l
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c o n ta in e d  a m e ta s ta b l e  peak  w hich  co rre sp o n d e d  to  th e  

e l i m i n a t i o n  o f  a m o lecu le  o f  a c e ty l e n e  from th e  io n  formed a f t e r  

th e  e l i m i n a t i o n  o f  b o th  HF and H2O from th e  M2H^ io n ,  th e  i o n i c  

p ro d u c t  b e in g  th e  MH io n .  M e ta s ta b le  peaks w ere n o t  d e t e c t e d  

i n  th e  s p e c t r a  o f  2-b ro m o e th a n o l ,  2- i o d o e t h a n o l ,  o r  

2 , 2 , 2- t r i f l u o r o e t h a n o l •

S p e c t r a  o f  a l l  th e  a l c o h o l s  show t h a t  th e  r e l a t i v e  

abundances  o f  a l l  th e  io n s  g e n e ra te d  from  i s o b u ta n e  d e c r e a s e d  a s  

th e  sample p r e s s u r e  was in c r e a s e d .  I l l u s t r a t i v e  p l o t s  o f  

lo g  ( I g / l ° )  ( s e e  s e c t i o n  3 . 3 . A) a g a i n s t  p r e s s u r e  o f  two o f  t h e  

a l c o h o l s  a r e  g iv e n  i n  g rap h s  (3 -7 )  and ( 3 - 8 ) ,  The c o n t in u o u s  

l i n e s  i n  g rap h s  (3 -7 )  and (3 -8 )  w ere c a l c u l a t e d  from th e  

m a th e m a t ic a l  e x p r e s s io n s  w hich r e s u l t e d  from k i n e t i c  a n a l y s i s  o f  

th e  r e a c t i o n  mechanisms p roposed  i n  s e c t i o n  4 . 2 .  T ab le  (3 -9 )  

l i s t s  th e  r e a c t a n t  io n s  f o r  w hich  r e a c t i o n  w i th  th e  n i t r i l e s  r e s u l t e d  

i n  a l i n e a r  d e c r e a s e  o f  lo g  ( I ^ / l ^ ° )  w i th  sample p r e s s u r e .  F o r th e  

o t h e r  r e a c t a n t  i o n s  th e  d e c re a s e  o f  l o g ( I ^ / l ^ )  was o f  th e  cu rv ed  form 

i l l u s t r a t e d ,  f o r  exam ple , by th e  v a r i a t i o n  o f  log  ( I i+s / I j+s ) w i th  

p r e s s u r e  o f  3 -p e n ta n o l  (g raph  ( 3 - 7 ) ) .  The s i g n i f i c a n c e  o f  th e  

above r e s u l t s  w i l l  be d i s c u s s e d  i n  s e c t i o n  4 . 2 .

D. A n i s o le s .

C h e m ic a l - io n iz a t io n  mass s p e c t r a  o f  a n i s o l e ,  t h e  3 -  and 

4 - m e t h y l - a n i s o l e s ,  and th e  3 -  and 4 - f l u o r o - a n i s o l e s  w ere  r e c o rd e d  

as  d e s c r ib e d  in  s e c t i o n  2 .2 .  Sample p r e s s u r e s  w ere  v a r i e d  

a c c o rd in g  to  th e  method g iv e n  i n  s e c t i o n  2 . 6 . A. The te m p e ra tu r e  

o f  th e  io n - s o u r c e  b lo c k  was 175 ± 2°C.
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In  th e s e  ex p e r im e n ts  th e  i s o b u ta n e  p r e s s u r e  was c a .0 ,2 4  t o r r .

At t h i s  p r e s s u r e  th e  r e l a t i v e  abundance o f  C^Eg* io n  i n  th e  

i s o b u ta n e  sp ec tru m  i s  c a . 0 , 9 0 .  Thus r e a c t i o n s  o f  io n s  o t h e r  

th a n  w i th  th e  a n i s o l e s  do n o t  make a  s i g n i f i c a n t

c o n t r i b u t i o n  to  th e  p ro d u c t io n  o f  th e  s p e c t r a ,  and w i l l  be 

o m i t te d  from th e  fo l lo w in g  d i s c u s s i o n .

The p r i n c i p a l  io n s  p roduced  from th e  f i v e  a n i s o l e s  a r e  l i s t e d  

i n  t a b l e  ( 3 -1 0 ) ,  which shows th e  r e l a t i v e  ion-abundances  a t  s e l e c t e d  

low and h ig h  sample p r e s s u r e s .  I t  can  be seen  from  th e  t a b l e  t h a t  

th e  m a jo r  peak s  i n  th e  s p e c t r a  co rre sp o n d ed  to  t h e  and Mh'*' i o n s .  

The M* io n s  were p ro b a b ly  p roduced  by c h a r g e - t r a n s f e r  r e a c t i o n s  

( c f , r e a c t i o n  ( 3 .3 - 3 ) )  s in c e  th e  fo rm a t io n  o f  th e s e  io n s  by  d i r e c t  

e l e c t r o n - i m p a c t  i o n i z a t i o n  o f  sample m o lecu le  i s  u n l i k e l y  when 

i s o b u ta n e  i s  p r e s e n t  a t  a p r e s s u r e  o f  c a . 0 . 2  t o r r .  As th e  

io n  was e s s e n t i a l l y  th e  o n ly  r e a c t a n t  io n  p r e s e n t ,  t h e  c h a r g e -  

t r a n s f e r  r e a c t i o n s  may be w r i t t e n  as

M + + Cj+Î%* (3 .3 -2 2 )

a l th o u g h  th e  n e u t r a l  p ro d u c t  may s u b s e q u e n t ly  decompose, f o r  

example by l o s s  o f  a hydrogen  atom o r  a m ethyl r a d i c a l .  T h is  

r e a c t i o n  was i n  c o m p e t i t io n  w i th  th e  p r o t o n - t r a n s f e r  r e a c t i o n  

( r e a c t i o n  3 .3 -2 3 )  which p roduced  th e  o th e r  m ajor peak  i n  th e  s p e c t r a  

o f  each  o f  th e  a n i s o l e s .

M + + Ci^Hs ( 3 . 3- 23)

Graph (3 -9 )  shows th e  v a r i a t i o n  o f  th e  r a t i o  1%%+)

w i th  sam ple p r e s s u r e .  F or a n i s o l e  and th e  two f l u o r o -  

s u b s t i t u t e d  a n i s o l e s ,  th e  r a t i o  in c re a s e d  w i th  i n c r e a s in g  sample
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p r e s s u r e ,  w h e re a s ,  f o r  th e  two m e t h y l - s u b s t i t u t e d  a n i s o l e s ,  i t  

rem ained  c o n s t a n t .  These r e s u l t s  w i l l  be d i s c u s s e d  i n  s e c t i o n

4 . 3 . A.

Io n s  h av in g  m/z = m+15, m+41, m+43, and m+57 w ere  a l s o  

p r e s e n t  i n  th e  s p e c t r a ,  a l th o u g h  t h e i r  r e l a t i v e  abundances w ere  

g e n e r a l l y  s m a l l .  Ions  h a v in g  m/z = m+57 w ere  p resum ably  formed 

by th e  a s s o c i a t i o n  r e a c t i o n s

M + C^Hg* ---------> ( 3 .3 -2 4 )

E l i m i n a t i o n  o f  p ro p en e  and m ethane from  t h i s  io n  would th e n  g iv e  

t h e  s p e c ie s  h av in g  m/z = m+15 and m/z = m + 4 1 > re sp e c t iv e ly .

MC^Hg* --------- > NCHg* + CgHg ( 3 .3 -2 5 )

NC^Hg* --------- > MC3H5* + CHî

The io n  h av in g  m/z = m+43 cou ld  n o t  be formed by a r e a c t i o n  o f  th e

ty p e  ( 3 .3 - 4 )  s in c e  th e  i n c r e a s e  o f  th e  r e l a t i v e  abundance o f

MC3H7 w i th  sample p r e s s u r e  was c o n s id e r a b ly  g r e a t e r  th a n  th e
+

d e c r e a s e  o f  th e  r e l a t i v e  abundance of th e  C3H7 i o n .  F u r t h e r -  

m ore^ the  e l i m i n a t i o n  o f  a n e u t r a l  CH2 s p e c ie s  from th e  *

io n

MC^Hg* --------- > MC3H7‘̂  + CH2 ( 3 .3 -2 7 )

seems i n h e r e n t l y  u n l i k e l y ,  so t h a t  th e  o r i g i n  o f  t h i s  io n  rem a ins  

o b s c u r e .

I t  can  be s een  from t a b l e  (3 -1 0 ) t h a t  M2H io n s  w ere formed 

o n ly  from th e  two p a r a - s u b s t i t u t e d  a n i s o l e s .  F u r th e rm o re  th e  

r e l a t i v e  abundance o f  t h e s e  io n s  rem ained  sm a l l  even a t  th e  

h i g h e s t  sample p r e s s u r e .  No m e ta s t a b l e  peaks  w ere o b se rv e d  i n  

th e  s p e c t r a  o f  any o f  th e  a n i s o l e s .
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The spectra of the a n iso les  showed that the r e la t iv e  

abundance of the Ĉ Hg ion decreased as the sample pressure was 

increased. Graph (3-10) shows the way in which log ( I 5 7 / I 5 7 ) 

varied with pressure of 4-m ethylanisole. Similar curves were 

obtained for the varia tion  of log ( I 5 7 / I 5 5 )w ith pressure of the 

other a n iso le s . The continuous lin e  in  graph (3-10) was 

calcu lated  from the mathematical expression which resu lted  from 

the k in e tic  analysis of one of the reaction  mechanisms proposed 

in sectio n  4 .2 .

E. M iscellaneous compounds.

( i )  Carbon Tetrachloride.

C hem ical-ionization mass spectra of carbon tetrach lorid e
- 3

were recorded for sample pressures in  the range 0  -  4 x 1 0  to rr . 

The isobutane pressure was maintained constant at 0.10 torr , and

the temperature of the ion-source block was 174 ± 2°C.

The CCI3  ̂ ion was the only ion produced from carbon

tetrach lorid e by reaction  with the isobutane reactant io n s . This 

ion was presumably the product of ch lorid e-ab straction  reaction s:

RH"̂ + CCI4  -------- > RHCl + CCI3 * (3 .3 -28)

The r e la t iv e  abundances of a l l  the reactant ions except 

C3 R6 * and C^Hg* were found to decrease lin e a r ly  as the sample 

pressure was increased. Graph (3-11) shows that v a r ia tio n  of  

log ( l 5 7 /%5 7 )with pressure of carbon te tra ch lo r id e . The 

s ig n ifica n ce  of these resu lts  is  d iscussed in  section  4 .2 .

( i i )  Water.

C hem ical-ionization mass spectra o f water were recorded
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f o r  sample p r e s s u re s  i n  th e  ra n g e  0 -  2 .1  x  10 ^ t o r r .  The 

i s o b u ta n e  p r e s s u r e  was m a in ta in e d  c o n s t a n t  a t  0 .0 9  t o r r ,  and th e  

te m p e ra tu r e  o f  th e  io n - s o u r c e  b lo c k  was 175 ± 2°C.

Io n s  hav in g  m/z = 19 (HgO^) and m/z = 3 7 ((H2 0 ) 2H^) 

w ere th e  o n ly  p ro d u c t  io n s  d e t e c t e d  i n  th e  s p e c t r a .  These  io n s  

w ere  p resum ably  p roduced  by th e  r e a c t i o n s :

RH'̂  + H2O ---------> R + H3O* (3 .3 - 2 9 )

HgO* + H2O  > (H20>2H'  ̂ C3.3-30)

The r e l a t i v e  abundances o f  a l l  th e  r e a c t a n t  io n s  e x c e p t  

C^Hg* w ere  found to  d e c r e a s e  l i n e a r l y  as th e  sam ple p r e s s u r e  was 

i n c r e a s e d .  Graph (3 -12) shows th e  v a r i a t i o n  o f  lo g  (I t+ a /lg ^ )  

w i th  p r e s s u r e  o f  w a te r .  The s i g n i f i c a n c e  o f  th e s e  r e s u l t s  i s  

d i s c u s s e d  in  s e c t i o n  4 . 2 .

1 0 1
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3 ,4  The e f f e c t s  o f  v a r i a t i o n  o f  th e  p r e s s u r e s  o f  

i s o b u ta n e  and a c e to n e  on th e  c h e m ic a l -  

i o n i z a t i o n  mass sp ec tru m  of a c e to n e .

The e f f e c t s  o f  v a r i a t i o n  o f  b o th  th e  is o b u ta n e  p r e s s u r e  

and th e  a c e to n e  p r e s s u r e  on th e  c h e m i c a l - i o n i z a t i o n  mass sp e c tru m  

o f  a c e to n e  w ere  i n v e s t i g a t e d  by th e  method d e s c r ib e d  i n  s e c t i o n  

2 .6 .C .  The te m p e ra tu r e  o f  th e  io n - s o u rc e  b lo c k  was 175 ± 2°C.

The f i v e  a c e to n e  p r e s s u r e s  and f o u r  i s o b u ta n e  p r e s s u r e s  employed 

i n  t h i s  ex p e r im e n t  a r e  l i s t e d  i n  t a b l e  ( 3 -1 3 ) .  S p e c t r a  r e c o rd e d  a t  

d i f f e r e n t  i s o b u ta n e  p r e s s u r e s ,  b u t  w i th  a f ix e d  a c e to n e  p r e s s u r e ,  

may be compared o n ly  a f t e r  th e  r e a c t i o n s  o f  th e  p r im a ry  io n s  from  

i s o b u ta n e  w i th  i s o b u ta n e  i t s e l f  have been  t a k e n  i n t o  a c c o u n t .  I f  

t h e  r e l a t i v e  abundance o f ,  f o r  exam ple, th e  io n  a t  a g iv e n

i s o b u ta n e  p r e s s u r e ,  p , be deno ted  by l 5 7 (p)when t h e r e  i s  no a c e to n e  

p r e s e n t ,  and by l 5? (p )  when a c e to n e  i s  p r e s e n t ,  t h e n  th e  e f f e c t  o f  

v a r i a t i o n  o f  i s o b u ta n e  p r e s s u r e  upon th e  r e a c t i o n

CH3 .CO.CH3 + C4H3 * ------> (CH3 .C0 .CH3)H* + C^Hg (3 .4 - 1 )

may be d e te rm in e d  by e v a l u a t i n g  th e  f u n c t i o n  lo g  ( I s 7 ( p ) / l 5 7 (p ) )  

f o r  th e  v a r i o u s  p r e s s u r e s  o f  a c e to n e  and o f  i s o b u ta n e  used  i n  th e  

e x p e r im e n t .  T h is  n o r m a l iz a t io n  p ro c e d u re  w i l l  be  r a t i o n a l i z e d  

i n  s e c t i o n  4 .2 .B .  R e s u l t s  a r e  p r e s e n te d  i n  t a b l e  (3 -13 )  from  

w hich  i t  c an  be s e e n  t h a t  th e  v a lu e  o f  th e  f u n c t i o n  d e c r e a s e d  as  

b o th  t h e  i s o b u ta n e  p r e s s u r e ,  and th e  a c e to n e  p r e s s u r e ,  i n c r e a s e d .

The c a l c u l a t e d  v a lu e s  o f  lo g  ( I 5 7 ( p ) / l s 7 (p ))  g iv e n  i n  t h e  t a b l e  

w ere o b ta in e d  from  a c u r v e - f i t t i n g  p ro c e d u re  w hich  i s  a l s o  

d i s c u s s e d  i n  s e c t i o n  4 .2 .B .
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The n o r m a l i z a t io n  p ro c e d u re  may n o t  he a p p l i e d  to  r e a c t a n t  

io n s  o t h e r  th a n  s in c e  th e  r e l a t i v e  abundances  o f  th e s e  io n s

a r e  v e ry  sm a l l  a t  h ig h  i s o b u ta n e  p r e s s u r e s  w i th  th e  consequence  

t h a t  t h e  d e t e r m in a t io n  o f  th e  v a l u e  o f  lo g  ( I ^ ( p ) / I j ^ ( p ) ) i s  th e n  

s u b j e c t  to  l a r g e  e r r o r s .

I t  i s  a p p a r e n t  from t a b l e  (3 -14) t h a t ,  f o r  a g iv e n  a c e to n e  

p r e s s u r e ,  t h e  sum of th e  r e l a t i v e  abundances o f  t h e  io n s  d e r iv e d  

from r e a c t i o n s  w i th  a c e to n e  in c re a s e d  as  th e  i s o b u ta n e  p r e s s u r e  

was i n c r e a s e d .  F u r th e rm o re  th e  r e l a t i v e  abundance o f  th e  

(CH3,C0 .CH3 ) 2H^ io n  in c r e a s e d  a s  b o th  th e  i s o b u ta n e  p r e s s u r e  and 

th e  a c e to n e  p r e s s u r e  w ere  i n c r e a s e d .  The changes i n  t h e  r e l a t i v e  

abundance o f  th e  (CH3 .C0 .CH3)H^ io n  a r e  more c o m p lic a te d  owing to  

th e  r e a c t i o n  o f  t h i s  io n  w i th  a c e to n e  m o le c u le s  ( r e a c t i o n  3 . 3 - 2 ) ,  

The r e s u l t s  p r e s e n te d  i n  t a b l e  (3 -13 )  w i l l  be  d i s c u s s e d  f u r t h e r  i n  

s e c t i o n  4 .2 .B .

3 .5  The c h e m i c a l - i o n i z a t i o n  mass s p e c t r a  o f  m i x tu r e s .

The e x p e r im e n ta l  p ro c e d u re  used  to  d e te rm in e  th e  e f f e c t s  

o f  v a r i a t i o n  o f  p r e s s u r e  o f  one component o f  a two-component 

sample m ix tu re  upon th e  c h e m i c a l - i o n i z a t i o n  mass sp ec tru m  was 

d e s c r ib e d  i n  s e c t i o n  2 .6 .B .  M ix tu re s  i n v e s t i g a t e d  by t h i s  method 

a r e  l i s t e d  i n  t a b l e  (3 -1 5 )  t o g e th e r  w i th  th e  i s o b u ta n e  p r e s s u r e s  

and io n - s o u r c e  b lo c k  te m p e ra tu r e s  employed i n  each  e x p e r im e n t .
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Table (3-15).

Compounds used  in  th e  s t u d i e s  o f  th e  c h e m i c a l - i o n i z a t i o n  

mass s p e c t r a  o f  m i x tu r e s .

F i r s t
Component

Second
Component

I s o b u ta n e  
p r e s s u r e  ( t o r r )

Temp.
(°C)

A n is o le Water 0 .113 175 ± 2

A ce tone Water 0 .1 0 5 174 ± 2

A n is o le Carbon t e t r a c h l o r i d e 0 .0 8 9 174 ± 2

4 - F lu o r o a n i s o l e Carbon t e t r a c h l o r i d e 0 .1 1 2 174 ± 2

A cetone Carbon t e t r a c h l o r i d e 0 .1 0 2 163 ± 3

A cetone E th y l  m e thy l k e to n e 0 .1 3 5 178 ± 3

I t  was s t a t e d  in  s e c t i o n  3 .3 ,E  t h a t  b o th  w a te r  and c a rb o n  

t e t r a c h l o r i d e  e f f e c t  o n ly  v e ry  sm all  changes  i n  th e  sp ec tru m  o f  

i s o b u t a n e .  Thus i t  m igh t be ex p ec ted  t h a t  th e  c h e m ic a l -  

i o n i z a t i o n  mass spec trum  o f  a m ix tu re  o f ,  f o r  exam ple, a c e to n e  and 

ca rb o n  t e t r a c h l o r i d e  would be n o t  v e ry  d i f f e r e n t  from  th e  spec trum  

o f  p u re  a c e to n e .  T h i s ,  how ever, was n o t  th e  c a s e :  th e  p r e s e n c e  

o f  ca rb o n  t e t r a c h l o r i d e  caused  marked changes i n  th e  sp ec tru m  o f  

a c e to n e .  F i r s t l y ,  th e  r e l a t i v e  abundances o f  io n s  p roduced  from 

a c e to n e  i n c r e a s e d .  S econd ly , th e  spec trum  o f  th e  m ix tu r e  

c o n ta in e d  io n s  w hich  w ere n o t  p r e s e n t  i n  th e  spec trum  o f  e i t h e r  

a c e to n e  o r  ca rb o n  t e t r a c h l o r i d e  a lo n e .

I n c r e a s e s  o f  th e  r e l a t i v e  abundances o f  p ro d u c t  io n s  

o c c u r r e d  w i th  a l l  th e  m ix tu re s  s t u d i e d .  F u r th e rm o re ,  s p e c t r a
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o f  m ix tu r e s  o f  a n i s o l e  w i th  ca rb o n  t e t r a c h l o r i d e  and o f  

4 - f l u o r o a n i s o l e  w i th  ca rb o n  t e t r a c h l o r i d e  c o n ta in e d  io n s  w hich  

w ere n o t  p r e s e n t  i n  th e  s p e c t r a  o f  th e s e  p u re  compounds (v id e  

i n f r a ) .

T a b le s  (3 -16 )  and (3-17) show t h a t  r e l a t i v e  abundances  o f  

p ro d u c t  io n s  i n  th e  s p e c t r a  o f  a c e to n e ,  a n i s o l e ,  and 4 - f l u o r o a n i s o l e  

b o th  a lo n e  and i n  th e  p re s e n c e  o f  e i t h e r  w a te r  o r  ca rb o n  

t e t r a c h l o r i d e .  The e f f e c t s  o f  th e  p r e s e n c e  o f  w a te r  and ca rb o n  

t e t r a c h l o r i d e  on th e  spec trum  o f  a c e to n e  w ere s tu d ie d  a t  s e v e r a l  

a c e to n e  p r e s s u r e s .

As th e  r e l a t i v e  abundances  o f  p ro d u c t  io n s  i n c r e a s e d ,  so th e  

r e l a t i v e  abundances o f  io n s  g e n e ra te d  from i s o b u ta n e  d e c r e a s e d .  

Examples o f  th e  changes o f  r e l a t i v e  abundances o f  r e a c t a n t  io n s  

o b se rv ed  when th e  p r e s s u r e  o f  one component o f  th e  m ix tu re  was 

v a r i e d  w h i le  th e  p r e s s u r e  o f  th e  o th e r  was h e ld  c o n s t a n t  a r e  g iv e n  

in  g ra p h s  (3 -1 3 )  and ( 3 - 1 4 ) .  These g raphs  c o n s i s t  o f  p l o t s  o f  

th e  f u n c t i o n  log  * where 1 ^  i s  th e  abundance o f  io n s

h av in g  m/z = n i n  th e  absence  o f  any sam ple , a g a i n s t  p r e s s u r e  o f  

e i t h e r  w a te r  o r  ca rb o n  t e t r a c h l o r i d e .  I t  i s  a p p a re n t  t h a t  

lo g  ( I ^ / I ^  d e c r e a s e d  l i n e a r l y  as  th e  p r e s s u r e  o f  t h e  second 

component o f  th e  m ix tu r e  was i n c r e a s e d ,  a l th o u g h  i n  some c a s e s  

t h e r e  was a c o m p a ra t iv e ly  l a r g e ,  n o n - l i n e a r  d e c r e a s e  o f  th e  

f u n c t i o n  i n  th e  lo w -p re s s u re  r e g i o n .  T ab le  (3 -18 )  shows th e  

c a s e s  i n  w hich t h i s  l a t t e r  b e h a v io u r  was o b s e rv e d .  For c e r t a i n  

io n s  th e  f u n c t i o n  lo g  ( I ^ / l ^ w a s  found to  ap p ro ach  a l i m i t i n g  

v a lu e  as  th e  p r e s s u r e  o f  w a te r  was in c r e a s e d  ( s e e  g rap h  ( 3 - 1 4 ) ) .
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The s p e c t r a  o f  th e  m ix tu re  o f  a n i s o l e  w i th  ca rb o n  

t e t r a c h l o r i d e  c o n ta in e d  two g roups  o f  peaks  w hich w ere n o t  

p r e s e n t  i n  th e  s p e c t r a  o f  e i t h e r  p u re  a n i s o l e  o r  p u re  ca rb o n  

t e t r a c h l o r i d e .  One group  c o n s i s t e d  o f  io n s  w i th  m/z = 225, 

2 2 7 ,2 2 9 ,  and 231. The h e i g h t s  o f  th e  peaks  r e l a t i v e  to  one 

a n o th e r  su g g e s te d  t h a t  th e  c o r re s p o n d in g  io n s  c o n ta in e d  t h r e e  

c h l o r i n e  a tom s. These io n s  w ere a c c o r d in g ly  i d e n t i f i e d  a s  

a d d u c ts  o f  a n i s o l e  w i th  CCI3* i o n s .  The o t h e r  group o f  p eak s  

c o n s i s t e d  o f  io n s  w i th  m/z = 189 ,191 ,  and 193. The h e i g h t s  

o f  th e  peaks r e l a t i v e  to  one a n o th e r  s i m i l a r l y  su g g e s te d  t h a t  

th e  c o r re s p o n d in g  io n s  c o n ta in e d  two c h l o r i n e  a tom s. The io n s  

w ere i d e n t i f i e d  a s  th e  p r o d u c ts  o b ta in e d  when a m o lecu le  o f  

hydrogen  c h l o r i d e  i s  e l im in a te d  from th e  a n i s o le -C C l^  a d d u c t .

I f  t h e  CCI3* io n  added to  th e  o r t h o - p o s i t i o n  o f  a n i s o l e ,  th e n  th e  

e l i m i n a t i o n  r e a c t i o n  may p ro ceed  w i th  r i n g - c l o s u r e ;

" O
-HCI

->

(3 .5 - 1 )

R e a c t io n  (3 .5 - 1 )  i s  an a lo g o u s  to  th e  r e a c t i o n  p ro p o sed  by F i e l d  

f o r  th e  e l i m i n a t i o n  o f  a c e t i c  a c id  from th e  a d d u c t  formed from  

b e n z y l  a c e t a t e  and th e  i o n .  Peaks c o r re s p o n d in g  to  t h e

a d d u c t  formed from  4 - f l u o r o a n i s o l e  and th e  CCI3 i o n ,  and to  

th e  p ro d u c t  o b ta in e d  by e l i m i n a t i o n  o f  HCI from t h i s  s p e c i e s ,  

w ere found i n  th e  sp ec tru m  o f  m ix tu re  o f  4 - f l u o r o a n i s o l e  w i th  

ca rb o n  t e t r a c h l o r i d e .
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S p e c t ra  o f  th e  m ix tu re  o f  a c e to n e  w i th  c a rb o n  

t e t r a c h l o r i d e  a l s o  c o n ta in e d  io n s  w hich  w ere  n o t  p r e s e n t  i n  th e  

sp ec tru m  o f e i t h e r  pu re  a c e to n e  o r  p u re  c a rb o n  t e t r a c h l o r i d e  

(v id e  s u p r a ) .  These io n s  had m/z = 175 and m/z = 157. They 

w ere  i d e n t i f i e d  a s  (CH3 .CO.CH3) and (CH^ .CO.CH^)203115^ ,  and 

w ere p resum ab ly  formed by th e  r e a c t i o n s :

(CH3.C0.CH3)2Ü* + CH3.C0.CB3 > (CH3 .CO.CH3) 3H‘̂  ( 3 .5 - 2 )

(CH3 .C0 .CH3)C 3Hs* + CH3 .CO.CH3 -------> (CH3 .C0 .CH3) 2C3Hs*
( 3 .5 - 3 )

U n l ik e  th e  o b s e r v a t io n s  w i th  th e  a n i s o l e s ,  no peaks c o r re s p o n d in g  

to  an ad d u c t  be tw een  a c e to n e  and th e  CCI3 io n s  w ere found i n  th e  

s p e c t r a .

Changes o f  th e  r e l a t i v e  abundances o f  io n s  p roduced  from 

a c e to n e  when e t h y l  m ethyl k e to n e  was added w ere d i f f i c u l t  to
4.

e v a l u a t e  s in c e  th e  (CH3 .CO.CH3)H io n  r e a c t s  w i th  e t h y l  m e th y l 

k e to n e :

(CH3 .CO.CH3 ) h \  CH3 .CH2 .CO.CH3 ------ > (CH3 .C0 .CH3 )(CH3 .CH2 .C0 .CH3 )H^
( 3 .5 - 4 )

I t  was p o s s i b l e ,  how ever, u s in g  th e  fo l lo w in g  m ethod, to

e v a l u a t e  changes  o f  th e  r e l a t i v e  abundances o f  th e  i s o b u ta n e

r e a c t a n t  io n s  w hich  w ere e f f e c t e d  by a m ix tu re  o f  th e  two k e to n e s ,

b u t  n o t  by e i t h e r  a c e to n e  o r  e t h y l  m e thy l k e to n e  s e p a r a t e l y .

F i r s t l y ,  from an ex p er im en t i n  w hich th e  o n ly  sam ple was e t h y l

m e thy l k e to n e ,  th e  v a r i a t i o n  o f ,  f o r  exam ple, lo g  ( I 57 / I 5 7 )*

w i th  sample p r e s s u r e  was o b ta in e d  ( s e e  s e c t i o n  3 . 3 . A . ) .

S econd ly ,  from  th e  experim en t i n  w hich th e  p r e s s u r e  o f  a c e to n e  
— 3

(3 .1 6  X 10  t o r r )  was h e ld  c o n s ta n t  w h i le  th e  p r e s s u r e  o f  e t h y l

+ .
* I 59 i s  th e  r e l a t i v e  abundance o f  Ci^Ĥ  i n  th e  ab sen ce  o f  sam ple
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methyl ketone was varied, the variation  of log with

pressure of ethyl methyl ketone was obtained, data-was

normalized with respect to the r e la t iv e  abundance of C^Hg^Cls?) 

when acetone was present at the above pressure, but in the 

absence of ethyl methyl ketone. Values of the function L5 7 , 

where

L5 7  = log ( I 5 7 / I 5 7 ) -  log ( 1 5 7 / 1 5 7 ) (3 . 5 - 5 )

were used to ascertain  the change of the r e la t iv e  abundance of  

Ci+% ion effected  by the mixed sample over above the 

changes brought about by the two ketones separately. The

method is  not restr ic ted  to the Ci+Hĝ  reactant ion. Values

of L^, where n i s  the mass-to-charge ratio  of the ion, were 

obtained for a l l  the isobutane reactant ions.

Examples of the variation  of with pressure of ethyl

methyl ketone are given in graph (3-15). For pressures of
-3

ethyl methyl ketone in the range 0  -  ca. 1 . 6 x 1 0  torr , and for  

various values of n, the function decreased l in ea r ly  with  

increasing pressure, but above 1 . 6 x 1 0  ^torr usually  

approached a lim iting  value. The behaviour of the 1̂  ion  

was exceptional: L5 3  decreased lin ear ly  over the en tire  pressure 

range.

F in a lly ,  as was mentioned above, with some of the mixtures 

there was a comparatively large, non-linear decrease of  

log (1 ^ / 1 °) when low pressures of e ither water or carbon 

tetrach loride were present (see graphs (3-13) and (3 -1 4 )) .

In the case of the anisole/CCl% mixture an experiment was carried  

out in which the pressure of carbon tetrachloride was varied
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- 4
be tw een  0 .0  and 4 .8  x 10 t o r r  ( s e e  s e c t i o n  2 . 6 ) .  T h is  was 

done i n  an  a t te m p t  to  o b t a i n  more in fo rm a t io n  on th e  i n i t i a l  (non

l i n e a r )  d e c r e a s e  o f  lo g  ( I ^ / l ^ ° ) .  Graph (3 -16 )  shows th e  

v a r i a t i o n  o f  lo g  ( I 57 / I 57 ) w i th  t h e  sq u a re  r o o t  o f  p r e s s u r e  o f  

ca rb o n  t e t r a c h l o r i d e .  I t  i s  a p p a re n t  from  th e  g rap h  t h a t

lo g  (I57 / I 5 7 ) v a r i e d  l i n e a r l y  w i th  t h i s  f u n c t i o n  o f  p r e s s u r e  up
-4

to  a p r e s s u r e  o f  c a . l  x 10 t o r r .  S im i la r  b e h a v io u r  was 

o b se rv ed  w i th  t h e  C3H7* and io n s ,  b u t  s c a t t e r  o f  t h e  d a t a

p re c lu d e d  any d e f i n i t e  c o n c lu s io n s  b e in g  drawn from th e  p l o t s  

f o r  th e  o t h e r  i o n s .

The s i g n i f i c a n c e  o f  a l l  th e  above r e s u l t s  w i l l  be  d i s c u s s e d  

i n  s e c t i o n  4 .2 .C .
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CHAPTER 4

DISCUSSION

4 .1  A n o v e l  method o f  e s t i m a t io n  of io n - s o u r c e  

p r e s s u r e s  o f  th e  r e a g e n t  g a se s  m ethane and 

i s o b u ta n e .

I t  was shown i n  s e c t i o n  3 .4  t h a t  i n  th e  sp ec tru m  o f  a c e to n e  

o b ta in e d  u s in g  i s o b u ta n e  as r e a g e n t  gas  th e  r e l a t i v e  abundances  

o f  io n s  p roduced  from th e  a c e to n e  a r e  a f f e c t e d  by th e  i s o b u ta n e  

p r e s s u r e .  I t  w i l l  become a p p a re n t  from th e  d i s c u s s i o n  g iv e n  in  

s e c t i o n  4 .2  t h a t  i t  i s  l i k e l y  t h a t  th e  r e l a t i v e  abundances o f  io n s  

p roduced  from  any compound w i l l  be  a f f e c t e d  by t h e  i s o b u ta n e  

p r e s s u r e  t o  a g r e a t e r  o r  l e s s e r  e x t e n t .  Comparison o f  i s o b u ta n e  

c h e m i c a l - i o n i z a t i o n  mass s p e c t r a  i s  t h e r e f o r e  o n ly  m e a n in g fu l  i f  

th e  i s o b u ta n e  p r e s s u r e  i s  known, and i t  i s  u n f o r tu n a t e  t h a t  most 

com m ercial c h e m i c a l - i o n i z a t i o n  mass s p e c t ro m e te r s  a r e  n o t  f i t t e d  

w i th  gauges t h a t  m easure th e  p r e s s u r e  o f  th e  r e a g e n t  gas i n  th e  

i o n - s o u r c e .  S im ple ,  r o u t i n e  methods o f  e s t i m a t i o n  o f  r e a g e n t -  

gas p r e s s u r e ,  t h a t  do n o t  r e q u i r e  a p r e s s u r e  gauge to  be  f i t t e d  

to  th e  io n - s o u r c e ,  w i l l  t h e r e f o r e  be  o f  g e n e r a l  u s e .  One such 

m ethod, w hich i s  b ased  upon a knowledge o f  th e  r a t e  c o n s t a n t s  o f  

th e  r e a c t i o n s  o f  th e  p r im ary  io n s  w i th  r e a g e n t  g a s ,  i s  now d e s c r ib e d  

w i th  r e f e r e n c e  to  th e  two most commonly u sed  r e a g e n t  g a s e s ,  methane 

and i s o b u ta n e .
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A, M ethane.

The r a t e  c o n s ta n t  f o r  r e a c t i o n  (2 .4 - 1 )

+ CH4 > CH5* + CH3 * ( 2 .4 -1 )

has been  found to  be k = 1 1 ,6  x 10  ^^ cm m o lecu le  se c  ^

( s e e  s e c t i o n  3 , 1 ) .  A knowledge o f  t h i s  r a t e  c o n s ta n t  g iv e s  

a c c e s s  to  a v e ry  s im p le  method o f  e s t i m a t in g  th e  p r e s s u r e  o f  methane 

i n  th e  io n - s o u r c e  o f  a mass s p e c t r o m e te r ,  p ro v id e d  th e  r e s id e n c e  

t im e ,  T, o f  th e  CH4 '  io n  can  be e s t im a te d ,  and p ro v id e d  th e  

a s su m p tio n s  made i n  th e  d e r i v a t i o n  o f  e q u a t io n  (3 . 1- 3 ) a r e  v a l i d .

E q u a t io n  (3 .1 - 3 )  may be w r i t t e n  i n  th e  form

~ ( l / k N x ) l o g ( ( I i g + I i 7 ) / l i 6 ) ( 4 .1 -1 )

w here p^^^ i s  m easured i n  t o r r .  From t h i s  e q u a t io n  i t  i s  a p p a re n t  

t h a t ,  i f  T can  be e s t i m a t e d ,  i t  i s  n e c e s s a r y  o n ly  to  o b t a i n  v a lu e s  

o f  I I  g and I I  7 i n  o r d e r  to  d e te rm in e  th e  p r e s s u r e  o f  m ethane i n  th e  

i o n - s o u r c e .

I t  has  been d em o n s tra ted  t h a t ,  p ro v id e d  a r e p e l l e r - f i e l d
—1

s t r e n g t h  g r e a t e r  th a n  10 V cm i s  employed, e q u a t io n  ( 3 .1 - 4 )  may 

be  used  f o r  th e  e s t i m a t i o n  o f  t .  In  t h i s  e q u a t io n ,  i n  w hich  t  i s  

r e l a t e d  to  th e  m a s s - to - c h a rg e  r a t i o  o f  th e  io n ,  th e  e l e c t r i c  f i e l d  

s t r e n g t h  (E ) ,  and th e  mean d i s t a n c e  (d) t r a v e l l e d  by th e  io n ,  th e  

l a t t e r  i s  t a k e n  as  h a l f  th e  d i s t a n c e  betw een th e  r e p e l l e r  p l a t e  and 

th e  i o n - e x i t  s l i t .

In  v iew  o f  th e  anomalous r e s u l t s  o b ta in e d  i n  th e  s tu d y  o f  th e  

k i n e t i c s  o f  r e a c t i o n  (2 .4 - 1 )  when th e  e l e c t r o n  en e rg y  was 50 eV 

( s e e  s e c t i o n  3 . 1 ) ,  i t  i s  recommended t h a t  a s u i t a b l y  l a r g e  v a lu e  

o f  e l e c t r o n  en e rg y  (^600 eV) be e s t a b l i s h e d  d u r in g  a l l  p r e s s u r e  

d e t e r m i n a t i o n s .  In  c o n t r a s t ,  i t  i s  im p o r ta n t  t h a t  t h e  number
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d e n s i t y  o f  e l e c t r o n s  i n  th e  io n - s o u r c e  be  k e p t  sm a l l  as  i t  seems 

t h a t  e l e c t r o n - c a p t u r e  p r o c e s s e s  p e r t u r b  th e  o b se rv ed  r e l a t i v e  

ab u n d an c es .  Hence i t  i s  recommended t h a t  th e  e m is s io n  c u r r e n t  

sho u ld  be m a in ta in e d  a t  t h e  lo w es t  p o s s i b l e  v a lu e  d u r in g  th e  

e s t i m a t i o n  o f  methane p r e s s u r e s .  Adherence to  th e  above 

c o n d i t i o n s  makes th e  e s t i m a t io n  o f  methane p r e s s u r e s  a v e ry  s im p le  

p ro c e d u re ;  th e  peak  h e i g h t s ,  I j g  and I^ y ,  c o r re s p o n d in g  to  th e  

io n s  CH4 " and CH|( a r e  m easured from th e  m ethane sp ec tru m  and 

s u b s t i t u t e d  i n  e q u a t io n  (4 .1 - 1 )  to g e th e r  w i th  t h e  a p p r o p r i a t e  

v a lu e s  o f  k  and t .

B. I s o b u ta n e .

The r a t e  c o n s t a n t s  o f  th e  r e a c t i o n s  o f  th e  p r im a ry  io n s  

from i s o b u ta n e  w i th  i s o b u ta n e  were g iv e n  i n  t a b l e  (3 -2 )

( s e c t i o n  3 . 2 ) .  These r a t e  c o n s ta n t s  may be used  i n  a manner 

s i m i l a r  t o  t h a t  d e s c r ib e d  f o r  m ethane to  g iv e  an  e s t i m a t i o n  of 

th e  p r e s s u r e  o f  i s o b u ta n e  i n  th e  io n - s o u r c e  o f  a  mass 

s p e c t r o m e te r .

E q u a t io n  ( 3 .2 - 5 )  can  be w r i t t e n  i n  th e  form

p2 = ( l /k ^ 8 ^ N ) [ lo g ( I ^ ° /I l° ) - lo g ( I ^ / j ; i ) ]  tK -./'k .)

w here p i s  th e  i s o b u ta n e  p r e s s u r e  i n  t o r r ,  andÇ^ may be 

c a l c u l a t e d  from e q u a t io n  ( 3 . 1 - 8 ) ,  V alues  o f  th e  i n t e r c e p t s  

a t  z e ro  p r e s s u r e , l o g  ( I ^ ° / ^ I ° ) ,  w ere o b ta in e d  from  th e  

k i n e t i c  p l o t s  g iv e n  in  g rap h  (3 -4 )  ( s e c t i o n  3 . 2 ) ,  and a r e  l i s t e d  

i n  t a b l e  ( 3 - 2 ) .  I t  i s  a p p a re n t  from e q u a t io n  ( 4 .1 - 2 )  t h a t  

th e  i s o b u ta n e  p r e s s u r e  can  be de te rm in ed  f a i r l y  s im p ly  by 

e v a l u a t i n g  I ^ / ^ I  ( f o r  a g iv e n  io n )  from th e  i s o b u ta n e  sp ec tru m .

1 2 2



and s u b s t i t u t i n g  th e  v a lu e  i n t o  th e  e q u a t io n  t o g e t h e r  w i th  th e

v a lu e s  o f  th e  a p p r o p r i a t e  r a t e  c o n s t a n t  and i n t e r c e p t  a t  z e ro

p r e s s u r e .  F u r th e rm o re  th e  p r e s s u r e  e s t im a te d  u s in g  a g iv e n  io n

can  be checked by com paring th e  e s t i m a t e  w i th  t h a t  d e te rm in e d  by

r e f e r e n c e  to  a d i f f e r e n t  io n .

Now, h av in g  o b ta in e d  a v a lu e  o f  th e  r a t e  c o n s t a n t  f o r  t h e

r e a c t i o n  o f  CgHy* w ith  i s o b u ta n e ,  th e  e x p e r im e n ta l  v a lu e s  o f

lo g  ( 1 4 3 / ^ 1 ) ,  can  be s u b s t i t u t e d  i n  e q u a t io n  ( 4 ,1 - 2 )  to  g iv e

e s t i m a t e s  o f  1 4 3 ° / ^ ! °  a p p r o p r i a t e  to  each  i s o b u ta n e  p r e s s u r e

employed in  th e  e x p e r im e n t .  I f  th e s e  e s t i m a t e s  be  d iv id e d  by

v a lu e s  o f  th e  f u n c t i o n  ( 143+1 5 7 ) 75 1̂ , a l s o  e v a lu a te d  a t  t h e

a p p r o p r i a t e  i s o b u ta n e  p r e s s u r e ,  th e n  th e  f ig u r e s  o b ta in e d

r e p r e s e n t  th e  e x t e n t  to  w hich th e  0 4 ^ 3* io n  i s  formed from  th e

C3H7* io n .  These r e s u l t s  a r e  g iv e n  i n  t a b l e  (4 -1 )  and show

t h a t ,  on a v e ra g e ,  80% o f  th e  r e l a t i v e  abundance o f  i s

formed from  th e  C3H7* i o n .  Hence th e  i n i t i a l  abundance o f

C3H7* io n  i s  g iv e n  a p p ro x im a te ly  by

= 0 .80 (l4 3 + T 5 7 )/% I ( 4 .1 - 3 )

E q u a t io n  ( 3 .2 - 4 )  may now be  w r i t t e n  i n  th e  form
2

lo g  (0 .8 )  + l o g ( ( l 43+ l 57 ) / l 4 3 ) = k 4 g8 43NP (4 .1 - 4 )

w hich shows t h a t  t h e r e  sh o u ld  be a l i n e a r  c o r r e l a t i o n  o f

lo g  ( ( 1 4 3 +1 5 7 ) 7 1 4 3 ) w i th  th e  s q u a re  o f  th e  i s o b u ta n e  p r e s s u r e .

The a p p r o p r i a t e  p l o t  i s  g iv e n  in  g rap h  (4 -1 )  from  w hich i t  i s

a p p a re n t  t h a t  e q u a t io n  ( 4 .1 - 4 )  i s  obeyed . The v a l u e  o f  k 4 g

o b ta in e d  by  t h i s  method was (6 .4 2  ± 0 .1 3 )  x  10 cm m o le c u le  

-1  .sec  , i n  e x c e l l e n t  agreem ent w i th  th e  v a lu e  o b ta in e d  i n
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Table (4-1)
+ .F r a c t i o n  o f  abundance o f  th e  io n  formed from

th e  C3H7 io n .

I s o b u ta n e  p r e s s u r e  

( t o r r )
— I k i l L — _
d i f 3 + l 5 7 ) i l "

0 .0 4 4 0 .7 6

0 .0 6 0 0 .7 7

0 .0 7 2 0 .8 3

0 .085 0 .8 5

0 .090 0 .8 2

0 .103 0 .8 6

0 .1 0 7 0 .8 6

0 .117 0 .8 6

0 .137 0 .8 0

0 .154 0 .6 7

0 .177 0 .6 8

0 .206 0 .5 5

0 .2 3 2 0 .8 0

0 .2 3 4 0 .8 2

0 .2 5 2 1.07 Mean v a lu e  = 0 .8 0 ±  0 .1 1

124



log
6

5

4

3

2

O

GRAPH ( 4 - 1 )  . Kinetic  plot for t h e  r e a c t io n

of C3H /  w i t h  i s o b u t a n e  .
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section 3,2 (see table 3-2)),

E s t im a t io n  o f  th e  io n - s o u r c e  p r e s s u r e  o f  i s o b u ta n e  i s  

th u s  s t r a i g h t f o r w a r d  s in c e  i t  i s  n e c e s s a r y  to  m easure  o n ly  two 

peak h e i g h t s  ( I 1+3 and I 5 7 ) i n  th e  i s o b u ta n e  spec trum  and 

s u b s t i t u t e  th e s e  m easured v a lu e s  i n  e q u a t io n  ( 4 .1 - 4 )  t o g e t h e r  

w i th  th e  v a lu e s  o f  ki+g and $ 4 3 ,

I n  summary, th e  m ethods o f  e s t im a t io n ,  o f  e i t h e r  m ethane o r  

i s o b u ta n e  p r e s s u r e s  i n  th e  io n - s o u r c e  d i s c u s s e d  above a r e  s im p le ,  

r a p i d ,  and can be  perfo rm ed  w i th o u t  m o d i f i c a t i o n  o f  th e  mass 

s p e c t r o m e te r .  I t  i s  t h e r e f o r e  to  be  hoped t h a t  t h e s e  m ethods w i l l  

p ro v e  to  be o f  v a lu e  to  th o s e  a n a l y s t s  r e g u l a r l y  engaged in  

c h e m i c a l - i o n i z a t i o n  mass s p e c t ro m e try .
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4 ,2  Mechanisms of  th e  io n —m o lecu le  r e a c t i o n s  which g iv e  

r i s e  to  c h e m i c a l - i o n i z a t i o n  mass s p e c t r a  when 

i s o b u ta n e  i s  th e  r e a g e n t  g a s .

In  th e  ex p er im en ts  d e s c r ib e d  i n  s e c t i o n  3 .3  i t  was found

t h a t  th e  r e l a t i v e  abundances o f  th e  i s o b u ta n e  r e a c t a n t  io n s

d e c re a s e d  a s  th e  sample p r e s s u r e  was in c r e a s e d .  The f u n c t i o n

log ( I  / l  ° )  (where I  i s  th e  r e l a t i v e  abundance o f  th e  r e a c t a n t  n n n

io n s ,  RH , h av in g  m/z = n ,  and I ^ °  i s  th e  r e l a t i v e  abundance o f

t h i s  io n  i n  th e  absence  o f  sample) was found to  d e c r e a s e  i n  one

o f  two w ays: e i t h e r  l i n e a r l y  w i th  sample p r e s s u r e ,  a s ,  f o r

exam ple , in  th e  c a se  o f  C4H5* when a c e t o n i t r i l e  i s  th e  sam p le ,  o r

in  th e  cu rved  form e x e m p l i f ie d  by th e  c a se  o f  a g a in  w i th

a c e t o n i t r i l e  as th e  sample (se e  g raph  3 - 6 ) ) .  I f  t h e  r e a c t a n t

io n ,  RH , g e n e ra te d  from i s o b u ta n e  undergoes  a s im p le  b im o le c u la r

r e a c t i o n  w i th  a sample 
+ h

RH + M ---------> p ro d u c ts  ( 4 .2 - 1 )

th e n  i t  would be  ex p ec ted  t h a t  lo g  ( I ^ / l ^ ° )  would d e c r e a s e  

l i n e a r l y  a s  th e  sample p r e s s u r e  i n c r e a s e d ,  as can  be s e e n  from  

th e  fo l lo w in g  k i n e t i c  a n a l y s i s .  The r a t e  e q u a t io n  f o r  r e a c t i o n  

( 4 .2 - 1 )  i s

d[RH'*]

d t

Hence

lo g  C[RH'3 /[RH'3 g) = k„[M]x 

w here  [RH^l i s  th e  i n i t i a l  c o n c e n t r a t i o n  o f  th e  RH"*" io n ,  and t  

i s  th e  r e s i d e n c e  tim e o f  t h i s  io n .  I f  th e  h e i g h t s  (1^) o f  t h e
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p eaks  i n  th e  r e c o rd e d  s p e c t r a  a c c u r a t e l y  r e f l e c t  th e  abundances o f  

io n s  h a v in g  m/z = n ,  th e n

lo g  = -k^[M ]x (4 . 2- 2 )

By u s in g  an  e q u a t io n  ana logous  to  e q u a t io n  ( 3 . 1 - 2 ) ,  e q u a t io n  

( 4 .2 - 2 )  may be w r i t t e n  i n  th e  form

lo g  ( 1^ / 1^°)  = -k^Nxp^ ( 4 . 2- 3 )

from  w hich i t  i s  a p p a re n t  t h a t  lo g  ( I ^ / l ^ ° ) ,  v a r i e s  l i n e a r l y  

w i th  sam ple p r e s s u r e ,  p ^ ,  and t h a t  th e  s lo p e  o f  th e  l i n e  i s  

p r o p o r t i o n a l  to  th e  r a t e  c o n s ta n t  o f  r e a c t i o n  ( 4 , 2- 1 ) ,

Thus i t  i s  p o s s i b l e  t h a t  th e  r e a c t i o n s  f o r  w hich

lo g  ( I ^ / l ^ ° )  d e c re a se d  l i n e a r l y  w i th  sample p r e s s u r e  a r e  s im p le

b im o le c u la r  r e a c t i o n s .  However, i t  w i l l  be shown below  t h a t

an a l t e r n a t i v e  mechanism i s  a l s o  p o s s i b l e  f o r  th e s e  r e a c t i o n s  

w hich  n e v e r t h e l e s s  r e s u l t s  i n  a l i n e a r  v a r i a t i o n  o f  lo g  ( I ^ / I ^ ° )  

w i th  sample p r e s s u r e .

I t  has been  assumed t h a t  th e  d e c r e a s e  o f  t h e  r e l a t i v e

abundance o f  th e  r e a c t a n t  io n  was due s o l e l y  t o  r e a c t i o n  o f  th e

io n  w i th  th e  sam ple . T h is  assu m p tio n  i s  n o t  v a l i d  i f  t h e  sample 

i s  a b l e  to  c a t a l y s e  th e  r e a c t i o n  be tw een  th e  r e a c t a n t  io n  and 

i s o b u ta n e  (hence  d e c re a s e  f u r t h e r  th e  r e l a t i v e  abundance o f  

RH^), o r  a l t e r n a t i v e l y ,  i f  th e  r e a c t a n t - i o n  r e s id e n c e  t im e  i s  

s i g n i f i c a n t l y  a l t e r e d  by th e  p re s e n c e  o f  sample m o le c u le s .

S in ce  th e  p r im a ry  io n s  from is o b u ta n e  ap p ea r  to  undergo  s im p le  

b im o le c u la r  r e a c t i o n s  w i th  i s o b u ta n e  gas (see  s e c t i o n  3 . 2 ) ,  

c a t a l y s i s  o f  th e s e  r e a c t i o n s  by a n o th e r  compound i s  u n l i k e l y .  

Changes o f  th e  r e a c t a n t - i o n  r e s id e n c e  tim e  may o c c u r ,  how ever.
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as  th e  maximum sample p r e s s u r e s  employed i n  th e  ex p e r im e n ts  

were g e n e r a l l y  c a . 0 .0 1  t o r r ,  c o r re s p o n d in g  to  1 0 % o f  th e  

i s o b u ta n e  p r e s s u r e * .  I t  w i l l  be  assumed t h a t  i f  t h e r e  a r e  

changes i n  th e  r e s id e n c e  t im e s ,  th e s e  a r e  r e f l e c t e d  i n  changes  

i n  th e  r a t e  c o n s t a n t s  t h a t  a r e  w i t h i n  th e  e r r o r  l i m i t s  o f  th e  

l a t t e r  (v id e  i n f r a ) .

I t  w i l l  b e  shown below t h a t  th e  mechanism o f  r e a c t i o n s  f o r  

which th e  p l o t s  o f  th e  d e c re a s e  o f  lo g  ( I ^ / l ^ ^ )  a r e  cu rv ed  

in v o lv e  s e v e r a l  e le m e n ta ry  r e a c t i o n s .  Fo r exam ple, 

c o n s i d e r a t i o n  o f  th e  d a t a  f o r  th e  v a r i a t i o n  o f  lo g  ( I 57 / I 5 7 ) 

w i th  th e  p r e s s u r e  o f  e t h y l  m ethy l k e to n e  (se e  g ra p h  3 -5 )  shows

t h a t  t h i s  v a r i a t i o n  i s  a p p ro x im a te ly  l i n e a r  f o r  sample p r e s s u r e s
- 3  - 3

i n  th e  ran g e  7 .5  x 10 to  1 1 .5  x 10 t o r r .  T h is  s u g g e s t s  t h a t

th e  o v e r a l l  k i n e t i c s  o f  th e  r e a c t i o n  app rox im ate  to  second o r d e r

when th e  sample p r e s s u r e  i s  c o m p a ra t iv e ly  h ig h .  On th e  o th e r

- 3hand , below c a .3  x 10 t o r r  th e  f u n c t i o n  re se m b le s  a  p a r a b o l a ,

s u g g e s t in g  t h a t  a p lo t o f  lo g  ( I 5 7 / I 57**) a g a i n s t  th e  s q u a re  o f  th e

sample p r e s s u r e  sh o u ld  be a s t r a i g h t  l i n e .  Graph (4 -2 )  shows

t h a t  t h i s  b e h a v io u r  i s  a l s o  o b s e rv e d .  Hence th e  o v e r a l l  k i n e t i c s

o f  th e  r e a c t i o n  ap p ro x im ate  to  t h i r d  o r d e r  when th e  sample

p r e s s u r e  i s  low, and th e  c u rv e s  shown i n  th e  g rap h s  i n  s e c t i o n
a

3 .3  c o r re s p o n d  to  t r a n s i t i o n s  from t h i r d -  to  s e c o n d -o rd e r  

k i n e t i c s  o f  r e a c t i o n .  T h is  b e h a v io u r  w i l l  be  r a t i o n a l i z e d

* I n  th e  ■ f l o w in g - a f t e r g lo w  te c h n iq u e  ( s e e  s e c t i o n  1 .3 )  t h e  
p r e s s u r e  o f  so u rc e  gas  i s  g e n e r a l l y  <0 . 2% o f  t h a t  o f  th e  b u f f e r
g a s .
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GRAPH (4 - 2 ) .  Plot  of lo g  ) a g a i n s t  s q u a r e

of t h e  p r e s s u r e  of e t h y l  m e th y l  

k e t o n e .
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i n  th e  su c c e e d in g  s e c t i o n s .

A. S ig n i f i c a n c e  o f  changes i n  th e  o v e r a l l  k i n e t i c  

o r d e r  o f  th e  r e a c t i o n s  w i th  v a r i a t i o n  o f  

sample p r e s s u r e .

The change from o v e r a l l  t h i r d - o r d e r  to  o v e r a l l  seco n d -  

o r d e r  k i n e t i c s  o f  th e  r e a c t i o n s  (v id e  su p ra )  can  be e x p la in e d  

by p o s t u l a t i n g  t h a t  th e s e  r e a c t i o n s  p ro ceed  v i a  a c o m p a ra t iv e ly  

l o n g - l i v e d  complex w hich may undergo  e i t h e r  u n im o le c u la r  

d eco m p o s i t io n  t o  r e a c t a n t s ,  o r  e l s e  c o l l i s i o n - i n d u c e d  

d e c o m p o s i t io n  to  p r o d u c t s .  S ince  th e  o n ly  m o le c u le s  a v a i l a b l e  

to  ta k e  p a r t  i n  th e  c o l l i s i o n - i n d u c e d  d e c o m p o s i t io n  a r e  th o s e  o f

i s o b u ta n e  and th e  sam ple, th e  r e a c t i o n  scheme may be w r i t t e n  a s
+ k% +*

RH + M t  MRH (4 ,2 - 4 )

^ -1

MRH + M — Pr oduc t s  ( 4 ,2 - 5 )

MRH"̂ * + C4H10 P ro d u c ts  ( 4 ,2 - 6 )

I t  i s  a p p a re n t  from th e  t a b l e s  g iv e n  in  s e c t i o n  3 ,3  t h a t ,  

f o r  many compounds, th e  p r i n c i p a l  io n i c  p ro d u c t  o f  r e a c t i o n s  

( 4 ,2 - 5 )  and ( 4 ,2 - 6 )  i s  th e  MH"*̂ io n .  F o r th e  r e a c t i o n  be tw een  

th e  CgHy* io n  and a c e to n e ,  f o r  exam ple, ( 4 ,2 - 5 )  may be  w r i t t e n

as

(CH3.C0.CH3)C3H7** + CH3,C0.CH3

-> (CH3 .C0 .CH3 )H* + C3H6 + CH3 .CO.CH3*. ( 4 ,2 - 7 )

i n  w hich  i t  i s  assumed t h a t  th e  c o l l i s i o n  ene rgy  i s  e n t i r e l y  

removed by  th e  th i r d - b o d y  m o lecu le  (h e re  a c e to n e )  ,

t T h is  i s  p u r e ly  f o r  conven ience  i n  w r i t i n g  th e  e q u a t io n :  r e c e n t  
work h a s  shown t h a t  excess  en e rg y  i s  u s u a l l y  removed from  an  
io n  by a s te p w is e  p r o c e s s .
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An a l t e r n a t i v e  p ro d u c t  o f  r e a c t i o n s  ( 4 .2 - 5 )  a n d ( 4 .2 - 6 )  i s  an  

a s s o c i a t i o n  io n .  For example

(CH3 .C0 .CH3 )C 3H7** + CH3 .CO.CH3

 >(CH3 .C0 .CH3)C3H7* + CH3 .CO.CH3* ( 4 .2 - 8 )

O ther  p ro d u c ts  a r e  p o s s i b l e  when th e  sample i s  an  a l c o h o l  o r  an  

a n i s o l e .  In  th e  c a s e  o f  a l c o h o l s ,  p r o d u c ts  a p p a r e n t l y  formed by 

th e  l o s s  o f  w a te r  o r  a hydrogen  h a l i d e  ( s e e  t a b l e s ( 3 - 7 )  and (3 -8 ) )  

from th e  MH s p e c ie s  may, i n  f a c t ,  be formed in  r e a c t i o n s  ( 4 .2 -5 )  

and ( 4 . 2 - 6 ) :

(RlOhOC^H)** + R iO H  > Ri"^ + C^HgOH + RiOH* ( 4 .2 -9 )

(T h is  r e a c t i o n  i s  somewhat s i m i l a r  to  th e  r e a c t i o n  p roposed  by 

F i e l d  f o r  th e  p r o d u c t io n  o f  th e  b e n z y l  io n  i n  th e  c h e m ic a l -  

i o n i z a t i o n  mass spec trum  o f  b e n z y l  a c e t a t e ) . F i n a l l y ,  t h e  

f o r m a t io n  o f  M* io n s  from , f o r  exam ple, t h e  a n i s o l e s ,  may a l s o  

o c c u r  v i a  r e a c t i o n s  (4 .2 - 4 )  to  ( 4 . 2 - 6 ) .  F or example

C5H5 .O.CH3 + C4 % *  ---------> (CeH5 . 0 .CH3 )Ci^%‘̂ * (4 .2 -1 0 )

(C6H5 . 0 .CH3 )C4H)** + C6H5 .O.CH3

 > C6H5.0.CH3'^ + Ci^% + C6H5 .O.CH3 ( 4 .2 -1 1 )

t o g e t h e r  w i th  a s i m i l a r  r e a c t i o n  i n  w hich i s o b u ta n e  a c t s  as  th e  

t h i r d - b o d y .  However, may a l s o  be p roduced  by a r e a c t i o n  t h a t  

does  n o t  in v o lv e  th e  fo rm a t io n  o f  a c o l l i s i o n  com plex. Indeed  i t  

i s  p o s s i b l e  t h a t  i s  formed by b o th  r o u t e s .  T h is  added 

c o m p l ic a t io n  i s  d i s c u s s e d  f u r t h e r  in  s e c t i o n  4 . 3 . A, b u t  h e r e  i t  

w i l l  be  assumed t h a t  i s  formed o n ly  v i a  t h e  c o l l i s i o n  com plex. •
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From e q u a t io n s  (4 .2 - 4 )  to  ( 4 .2 - 6 )  i t  can  be  seen  t h a t

= k l  [m] [RH"^ -  (k _ j+ k 2 [m] +k 3 [C^Hi „] ) [KRH**] 

so t h a t  a p p l i c a t i o n  o f  th e  B o d e n s te in  s t e a d y - / a t e  h y p o th e s i s  t o  

th e  c o l l i s i o n  complex g iv e s

[»>■•*] - W  [Ci+Hi oJ

now s in c e  th e  r a t e  o f  r e a c t i o n  o f  RH^ i s  g iv e n  by

= k i  [m] [ r a ' ^ - k . i  [mRH'"*]

i t  f o l lo w s  t h a t

d t

I n t e g r a t i o n  o f  t h i s  e q u a t io n  th e n  g iv e s

Ci^Hiioi ;
+^3 Ci^HioX

( 4 .2 -1 2 )

i n  w hich  t i s  th e  io n  r e s id e n c e  t im e ,  and [R H ^^ i s  th e  

c o n c e n t r a t i o n  o f  RH^ i n  th e  absence  o f  sam ple . P ro v id e d  th e  

h e i g h t s  ( I ^ )  o f  peaks  i n  th e  s p e c t r a  a c c u r a t e l y  r e f l e c t  th e  r e l a t i v e  

abundance o f  r e a c t a n t  io n s  w i th  m/z = n ,  th e n  e q u a t io n  (4 .2 -1 2 )  

may be w r i t t e n

/ k z M + k , Ci^H]
,k _ i+ k 2 LM, +k3 Ci+Hi ojj ( 4 .2 -1 3 )

I t  w i l l  be shown i n  s e c t i o n  4 .2 .B  t h a t  k£[mJ>>k3 when 

a c e to n e  i s  th e  sam ple .
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I f  t h i s  c o n d i t io n  i s  v a l i d  f o r  any sam ple , th e n

-  lo g
V V /'

2 t (4.2-14)

By u s in g  an e q u a t io n  ana logous  to  ( 3 .1 -2 )  e q u a t io n  ( 4 .2 -1 4 )  may 

be w r i t t e n  in  th e  form

(4 .2 -1 5 )

w here p^ i s  th e  sample p r e s s u r e .  The o b se rv ed  b e h a v io u r  o f  th e  

f u n c t i o n  lo g  ( I ^ / l ^ ° )  can  now be r a t i o n a l i z e d .  A cco rd ing  t o  

e q u a t io n  (4 .2 -1 5 )  lo g  ( I ^ / l ^ ° )  v a r i e s  l i n e a r l y  w i th  p ^ w h e n  th e  

sam ple p r e s s u r e  i s  low, w hereas  f o r  h ig h  sample p r e s s u r e s  th e  

f u n c t i o n  v a r i e s  l i n e a r l y  w i th  p^^.

R earrangem ent o f  e q u a t io n  (4 ,2 -1 5 )  g iv e s

-  lo g  (k ik o /k  (4 .2 -1 6 )

i n  w hich  th e  r a t e  c o n s ta n t  f o r  th e  fo rm a t io n  o f  th e  c o l l i s i o n  

com plex, k j , and th e  r a t i o  o f  r a t e  c o n s t a n t s  k 2 /k_^  can  be s e e n  to  

be a c c e s s i b l e  from th e  c o e f f i c i e n t s  o f  p5 and p.,. These 

c o e f f i c i e n t s  were d e te rm in e d  by f i t t i n g  a  cu rv e  o f  th e  a p p r o p r i a t e  

f u n c t i o n a l  form to  th e  e x p e r im e n ta l  d a t a  f o r  each  compound.

D e t a i l s  o f  th e  c o m p u ta t io n a l  method f o r  th e  c u rv e  f i t t i n g  a r e  

g iv e n  i n  append ix  I I .  The g rap h s  i n  s e c t i o n  3 .3  show th e  d a t a  

o b ta in e d  f o r  th e  r e a c t i o n s  o f  v a r io u s  compounds w i th  v a r i o u s  io n s ,  

t o g e t h e r  w i th  t h e i r  f i t t e d  c u r v e s .  I t  i s  a p p a re n t  from  t h e s e  

g ra p h s  t h a t ,  i n  g e n e r a l ,  c u rv es  o f  th e  f u n c t i o n a l  form  o f  e q u a t io n  

(4 .2 -1 6 )  g iv e  e x c e l l e n t  f i t s  to  th e  d a t a .  T h is  s u c c e s s
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s u b s t a n t i a t e s  t h e  mechanism s e t  o u t  i n  r e a c t i o n s  (4 . 2- 4 ) to  

( 4 . 2 - 6 ) .

From e q u a t io n  (4 .2 -1 6 )  i t  can  be  seen  t h a t  i f  ( k z /k  ^)Np^>>l 

th e n  lo g  ( I ^ / I ^ ° )  w i l l  v a ry  l i n e a r l y  w i th  sample p r e s s u r e .

T h is  c o n d i t i o n  i s  v a l i d  e i t h e r  f o r  h ig h  sample p r e s s u r e s  (v id e  

s u p r a ) ,  o r  f o r  low sample p r e s s u r e s  p ro v id e d  k 2 >>k_^, b u t  in  

b o th  t h e s e  c a s e s  e q u a t io n  ( 4 .2 -1 6 )  becomes i n d i s t i n g u i s h a b l e  

from  e q u a t io n  ( 4 . 2 - 3 ) .  Thus i n  th e  i n s t a n c e s  f o r  w hich  i t  was 

o b se rv ed  t h a t  lo g  ( I ^ / l ^ ° )  v a r i e d  l i n e a r l y  w i th  sample p r e s s u r e ,  

i t  was n o t  p o s s i b l e ,  from t h i s  e v id e n c e  a lo n e ,  t o  deduce w hether  

th e  r e a c t i o n  p ro ceed s  v i a  a complex o r  n o t .

V alues  o f  th e  r a t e  c o n s t a n t s ,  k%, f o r  th e  fo rm a t io n  o f  th e  

c o l l i s i o n  complex betw een th e  compounds d i s c u s s e d  i n  s e c t i o n  3 .3  

and th e  i s o b u ta n e  r e a c t a n t  i o n s ,  a s  deduced from  th e  c u rv e -  

f i t t i n g  p ro c e d u re  o u t l i n e d  above, a r e  l i s t e d  i n  t a b l e s  (4 -2 )  to  

( 4 - 5 ) .  A lso  in c lu d e d  t h e r e  a r e  th e  r a t e  c o n s t a n t s  o b ta in e d  from 

s im p le  p l o t s  in  which lo g  ( I ^ / l ^ ° ) v a r i e d  l i n e a r l y  w i th  sample 

p r e s s u r e ,  a l th o u g h  th e  r a t e  c o n s t a n t s  may c o r re sp o n d  to  r e a c t i o n s  

o th e r  th a n  th e  fo rm a t io n  o f  a c o l l i s i o n  com plex*. V a lues  o f  th e

r a t i o  k 2 /k _ i g iv e n  in  t a b l e  (4 -6 )  and ( 4 - 7 ) .  A l l  th e s e

r a t e  c o n s t a n t s  a r e  d i s c u s s e d  in  s e c t i o n  4 .2 .D  and 4 .2 .E .

The mechanism p roposed  in  e q u a t io n s  (4 .2 - 4 )  to  ( 4 .2 - 6 )  

s u g g e s t  t h a t  th e  f r e e - e n e r g y  changes t h a t  o ccu r  d u r in g  th e  

r e a c t i o n s  ta k e  a form s i m i l a r  to  t h a t  shown i n  f i g u r e  (4 -1 )

* The v a lu e s  o f  th e s e  r a t e  c o n s t a n t s  a r e  u n d e r l i n e d  i n  th e  t a b l e s
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A lthough  th e  c o l l i s i o n  complex i s  formed w i th  e x c e ss  en e rg y ,  t h i s  

i s  i n s u f f i c i e n t  to  cau se  th e  system  to  t r a v e r s e  t h e  b a r r i e r  B,

The p ro d u c ts  a r e  fo rm ed, th e n ,  o n ly  a f t e r  th e  c o l l i s i o n  complex 

h as  a c q u i r e d  t h i s  e n e rg y  from a second c o l l i s i o n .  I f  a second 

c o l l i s i o n  does n o t  o ccu r  w i th i n  a c e r t a i n  t im e  ( c a . l - l O  y s e c ,  s ee  

s e c t i o n  4 .2 .E )  a f t e r  th e  fo rm a t io n  o f  MRh" ,̂ th e n  th e  e x c e ss  

en e rg y  a c q u i r e d  from th e  f i r s t  c o l l i s i o n  c a u se s  th e  r e a c t a n t s  to  

be re fo rm e d .
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B, R a t i o n a l i z a t i o n  o f  th e  e f f e c t s  o f  v a r i a t i o n  o f  

i s o b u ta n e  and a c e to n e  p r e s s u r e s  on th e  c h e m ic a l-  

i o n i z a t i o n  mass spec trum  o f  a c e to n e .

The v a r i a t i o n  o f  th e  r e l a t i v e  abundance o f  th e  C^Hg* io n  

w i th  v a r i a t i o n  o f  th e  p r e s s u r e s  o f  i s o b u ta n e  and a c e to n e  ( s e e  

s e c t i o n  3 .4 )  may be e x p la in e d  by r e f e r e n c e  to  e q u a t io n  (4 .2 - 4 )  

to  ( 4 . 2 - 6 ) .  In  th e  p a r t i c u l a r  c a se  o f  th e  r e a c t i o n  be tw een  th e  

io n  w ith  a c e to n e ,  th e s e  e q u a t io n s  become

+ ^1 + *
C4B9 + CH3.CO.CH3 (CH3.C0.CH3)Ci^% ( 4 . 2- 17)

+*
(CH3 .CO.CH3)CttI% + CH3 .CO.CH3 ---------> P ro d u c ts  ( 4 .2 -1 8 )

(CH3 .C0 .CH3)C%H3 ** + C^Hig — > P ro d u c ts  ( 4 .2 -1 9 )

By u s in g  an e q u a t io n  ana logous  to  ( 3 . 1 - 2 ) ,  e q u a t io n  (4 .2 -1 3 )  may, 

a f t e r  r e a r r a n g e m e n t ,  be w r i t t e n  i n  th e  form

where M now r e p r e s e n t s  a c e to n e ,  p^  i s  th e  a c e to n e  p r e s s u r e ,  p i s  

th e  i s o b u ta n e  p r e s s u r e ,  and N was d e f in e d  i n  e q u a t io n  ( 3 . 1 - 2 ) .  I t  

was shown i n  s e c t i o n  3 .2  t h a t  r e s id e n c e  t im es  o f  io n s  i n  

i s o b u ta n e  f o r  th e  c o n d i t i o n s  employed i n  t h i s  ex p e r im en t  a r e  

d i r e c t l y  p r o p o r t i o n a l  to  th e  i s o b u ta n e  p r e s s u r e  when th e  l a t t e r  

i s  g r e a t e r  th a n  c a .0 .0 5  t o r r .  I f  i t  i s  assumed t h a t  th e  d r i f t  

v e l o c i t i e s  o f  th e  r e a c t a n t  io n s  a r e  n o t  p e r tu r b e d  by th e  p r e s e n c e  

o f  sample m o le c u le s ,  th e n  th e  r e s id e n c e  t im es  a r e  g iv e n  by

T = 3p  ( 4 .2 -2 1 )

where 3 may be  c a l c u l a t e d  from e q u a t io n  ( 3 . 1 - 8 ) .  S u b s t i t u t i o n  o f
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equation (4,2-21) into (4.2-20) then gives

l o g  ( 4 . 2 - 2 2 )

where y  -  kiSN^, 0 = k.2 N/k_^, and <}) = kgN/K^^. The value of

I 5 7 , the ' in i t ia l*  r e la t iv e  abundance of the Ĉ Hg* ion, 

changes with changes of the isobutane pressure as a r e su lt  of 

reactions of the isobutane primary ions with isobutane. The 

e f fe c t s  of these changes may be removed from the left-hand side  

of equation (4.2-22) by evaluating I 5 7  at each isobutane pressure 

employed in the experiment (see section  3 . 4 ) .

The constants y ,0 ,  and (}> of equation (4.2-22) were 

determined by f i t t in g  a three-dimensional surface of the 

appropriate functional form ( v iz . ,  (4 .2-22))  to the experimental 

data. D eta ils  of the computational method are given in appendix 

I I .  Graph (4-3) shows the experimental data together with 

cross-sect ion s  of the f i t t e d  surface taken at the isobutane 

pressures used in  the experiment ( c f . table (3 -1 3 )) .  I t  can be 

seen that a surface of the functional form of equation (4.2-22)  

gives a good f i t  to the experimental data, thus providing further 

evidence for the mechanism proposed in  equations (4 .2-4) to 

(4 .2 -6 ) .

A contour map of the surface i s  given in  graph (4 -4 ) .

Each of the l in e s  in  the map represents a constant value of  

log ( I 5 7 / I 5 7 ) ,  the left-hand side of the equation (4 .2 -2 2 ).

I t  i s  apparent from the map that changes in  the value of 

log ( I 5 7 / I 5 7 ) ,  are very much greater when the acetone pressure 

i s  varied w hilst the isobutane pressure i s  held constant, 

than are those when the isobutane pressure i s  varied w h ilst
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2 p C4H10 = 0 * 0 9 8  t o r r

3 p C4 H10 = 0 - 1 6 4  t o r r

4 p C4H10 = 0 * 2 0 6  torr

GRAPH ( 4 - 3 ) .  Kinetic plots for reaction of  

C4 Hg* with a cetone  at 

various isobutane p r e s s u r e s .
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th e  a c e to n e  p r e s s u r e  i s  h e ld  c o n s t a n t .  The i m p l i c a t i o n  o f  t h i s  

r e s u l t  i s  t h a t  r e a c t i o n  (4 .2 -1 8 )  i s  v e ry  much f a s t e r  th a n  r e a c t i o n  

( 4 .2 -1 9 )  ( s e e  t a b l e  ( 4 - 8 ) ) ,  i . e .  t h a t  k^^lO ^kg, and t h a t ,  f o r  th e  

ra n g e s  o f  p and p ^ ,  k 2 ICH3 .CO.CH3 ]>> k ^ jc^ H ig ]  (s e e  e q u a t io n  

( 4 . 2 - 1 3 ) ) .  The r e s u l t s  o f  th e  e x p e r im en t s u g g e s t ,  t h e r e f o r e ,  

t h a t  a c e to n e  i s  much more e f f i c i e n t  as  a t h i r d - b o d y  th a n  i s  

i s o b u ta n e .

The v a lu e s  o f  k i , k 2 / k _ j ,  and k 3 /k_^ (see  e q u a t io n  ( 4 .2 - 2 2 ) )  

o b ta in e d  from  t h i s  ex p e r im en t a r e  g iv e n  i n  t a b l e  (4 - 8 ) ,  w hich a l s o  

shows t h a t  th e  v a lu e s  o f  k i  and k o /k  f o r  th e  r e a c t i o n  be tw eeni. ^ -1

C^% and a c e to n e  o b ta in e d  by th e  method g iv e n  i n  s e c t i o n  4 . 2 . A. 

E r r o r  a n a l y s i s  was n o t  c a r r i e d  o u t  by th e  com puter program  w hich  

computed th e  s u r f a c e  shown in  g raph  ( 4 - 4 ) .

T ab le  ( 4 - 8 ) .

R a te  c o n s t a n t s  o f  r e a c t i o n s  ( 4 .2 - 1 7 ) - ( 4 . 2 - 1 9 )

D e s ig n a t io n  R ate  C o n s ta n t  Comment

k l
“ 10 Q ""1 "  1

21.44x10 cm^ m o lecu le  sec E q u a t io n (4 .2 -2 2 )

k l
-1 0  .  -1  

(2 3 .0 8 ± 0 .8 2 )x l0  cm^ m o lecu le ^1 •sec  E q u a t io n (4 .2 -1 6 )

k 2 / k _ i 7 .03x10 ^^cm^ m o lecu le E q u a t io n (4 .2 -2 2 )

k z / k _ i (5 .8 8 ± 0 .9 5 )x l0  m o lecu le E q u a t io n (4 .2 -1 6 )

k 3 /k _ i
-18  3 -1

9.09x10 cm^ m o lecu le
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c. R a t i o n a l i z a t i o n  o f  th e  e f f e c t s  caused  by v a ry in g  

th e  p r e s s u r e  o f  one component o f  a two-component 

m ix tu re  upon th e  c h e m i c a l - i o n i z a t i o n  mass sp ec tru m .

I t  was shown i n  s e c t i o n  3 .5  t h a t  v a r i a t i o n  o f  th e  p r e s s u r e  

o f  e i t h e r  w a te r  o r  c a rb o n  t e t r a c h l o r i d e  e f f e c t e d  s i g n i f i c a n t  

changes i n  th e  s p e c t r a  o f  a c e to n e ,  a n i s o l e ,  and 4 - f l u o r o a n i s o l e .

I t  was found t h a t ,  i n  g e n e r a l ,  th e  r e l a t i v e  abundances o f  

r e a c t a n t  io n s  d e c re a se d  a s  th e  p r e s s u r e  o f  w a te r  o r  ca rb o n  

t e t r a c h l o r i d e  was in c r e a s e d  w h i l s t  th e  p r e s s u r e  o f  th e  main 

component was k e p t  c o n s t a n t .  F u r th e rm o re ,  t h i s  d e c r e a s e  o c c u r re d  

such  t h a t  th e  f u n c t i o n  lo g  ( I ^ / l ^ ^ )  v a r i e d  l i n e a r l y  w i th  th e  

p r e s s u r e  o f  w a te r  o r  c a rb o n  t e t r a c h l o r i d e ,  a l th o u g h ,  i n  some c a s e s ,  

t h e r e  was a c o m p a ra t iv e ly  l a r g e ,  n o n - l i n e a r  d e c r e a s e  o f  

lo g  ( I ^ / l ^ ° )  f o r  th e  lo w e s t  p r e s s u r e s  used  ( s e e  s e c t i o n  3 . 5 ) .

I n  s e c t i o n  4 . 2 . A i t  was p o s t u l a t e d  t h a t  th e  r e a c t i o n s  w hich 

g iv e  r i s e  to  c h e m i c a l - i o n i z a t i o n  mass s p e c t r a  p ro ceed  v i a  a 

c o l l i s i o n  complex which may undergo e i t h e r  u n im o le c u la r  

d e c o m p o s i t io n  to  r e a c t a n t s ,  o r  c o l l i s i o n - i n d u c e d  d e c o m p o s i t io n  to  

p r o d u c t s .  N orm ally  th e  o n ly  m o le c u le s  a v a i l a b l e  to  ta k e  p a r t  i n  

th e  c o l l i s i o n - i n d u c e d  d e co m p o s i t io n  a r e  th o s e  o f  i s o b u ta n e  and th e  

sample (se e  e q u a t io n s  (4 .2 - 4 )  to  ( 4 . 2 - 6 ) ) .  T'Then a two-component 

m ix tu re  i s  p r e s e n t  i n  th e  io n - s o u r c e  ( i n  a d d i t i o n ,  o f  c o u r s e ,  to  

t h e  i s o b u t a n e ) ,  b o th  components may ta k e  p a r t  i n  th e  c o l l i s i o n -  

induced  d e c o m p o s i t io n  o f  th e  com plex. Thus a  f o u r t h  e q u a t io n  

( e q u a t io n  ( 4 .2 - 2 3 ) )  may be added to  e q u a t io n s  (4 .2 - 4 )  to  ( 4 , 2 - 6 ) ,  

to  t a k e  a c c o u n t  o f  th e  e f f e c t s  o f ,  f o r  exam ple, w a te r  o r  c a rb o n
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t e t r a c h l o r i d e ,  i e . ,

mrh'*’* + T — > P ro d u c ts  (4 .2 -2 3 )

i n  w hich T (H2O o r  CCI4 ) r e p r e s e n t s  a t h i r d - b o d y  m o le c u le .

With t h i s  r e a c t i o n  in c o rp o r a te d  in t o  th e  scheme, th e  k i n e t i c  

a n a l y s i s  r e s u l t s  i n  th e  e q u a t io n

-  1 «C [ I n  \  -  1,^ [h] t  h  M  + ''3  TChHi ol + k ,  [ t]  \  ( 4 .2 -2 4 )
' ' V /  Vk_j+k2rM]+k3[c^Hio]+H[l]j

where i s  th e  r e l a t i v e  abundance o f  io n s  h av in g  m/z = n i n  th e  

a b se n c e  o f  any sam ple .  This  e q u a t io n  i s  s im p ly  a m o d i f i c a t i o n  o f  

( 4 .2 - 1 3 ) .  I f  th e  e f f i c i e n c y  o f  i s o b u ta n e  as  a t h i r d - b o d y  i s  v e ry  

much low er th a n  t h a t  o f  e i t h e r  M o r  T th e n  t h e  kg jc^H iQ ]te rm s may 

be o m i t te d  from e q u a t io n  ( 4 .2 - 2 4 ) ,  and th e  r e s u l t i n g  e q u a t io n  may 

be w r i t t e n  i n  th e  form

-  lo g  = kiN^tpj^ (4 . 2- 2 5 )

where p^ i s  th e  p r e s s u r e  o f  th e  ’ t h i r d - b o d y ’ compound. I f  k_^>> 

and k 2p^>>ki^p^, ( i e .  f o r  low p r e s s u r e s  o f  th e  t h i r d - b o d y  

compound) th e n  e q u a t io n  (4 .2 -2 5 )  becomes

-  lo g  î ^ ;  = kiN^xp^ ( 4 .2 -2 6 )
- n ' ' -1  ^ \M /

from  w hich i t  i s  a p p a re n t  t h a t ,  f o r  low p r e s s u r e s  o f  th e  t h i r d -

body compound, lo g  ( I ^ / l ^ ° )  v a r i e s  l i n e a r l y  w i th  p ^ ^ .  I t  was seen

i n  s e c t i o n  3 .5  t h a t  t h i s  l i n e a r  v a r i a t i o n  was o bse rved  w i th  th e

m ix tu r e s  s t u d i e d .  I n  d e r iv i n g  e q u a t io n  ( 4 .2 -2 6 )  i t  h as  b e e n

Note t h a t  t h i s  would s t i l l  be t r u e  had th e  kg [Ci+HiQ] te rm s 
been  l e f t  i n  e q u a t io n  ( 4 .2 - 2 5 ) .  These te rm s  were o m i t te d  
o n ly  to  o b t a i n  th e  r e q u i r e d  form  f o r  e q u a t io n  ( 4 .2 - 2 6 ) ,
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assumed t h a t  th e  compound r e p r e s e n t e d  by T i n  e q u a t io n  ( 4 .2 -2 3 )  

does n o t  undergo r e a c t i o n  w i th  th e  RH"*" i o n s .  I t  has  b een  shown, 

how ever, t h a t  b o th  w a te r  and c a rb o n  t e t r a c h l o r i d e  r e a c t  w i th  

c e r t a i n  o f  th e  r e a c t a n t  i o n s .  As t h e s e  r e a c t i o n s  a r e  b im o le c u la r ,  

a l lo w a n c e s  can  e a s i l y  be made f o r  t h e i r  e f f e c t s  upon th e  r e l a t i v e  

abundances  o f  RH . F o r a g iv e n  v a lu e  o f  n ,  t h e  s lo p e  o f  th e  p l o t  

o f  lo g  ( I ^ / l ^ ° )  a g a i n s t  p^ o b ta in e d  when th e  sam ple , M, i s  n o t  

p r e s e n t  i s  s u b t r a c t e d  from th e  s lo p e  o f  t h e  s i m i l a r  p l o t  o b ta in e d  

when M p r e s e n t .  The number, s ,  so d e te rm in e d  i s  g iv e n  by

 ̂ (4-2-27)

as  can  be  seen  from e q u a t io n  ( 4 .2 - 2 6 ) .  Hence

k%/k_^= s ( l+ (k 2 /k _ ^ )N p ^ ) /k iN 2 T p ^  (4 .2 -2 8 )

V a lues  o f  t h e  r a t i o  k u /k  o b ta in e d  f o r  th e  v a r i o u s  m ix tu re s  a r e
-1

p r e s e n te d  i n  t a b l e  ( 4 - 9 ) .  These r e s u l t s  w i l l  be d i s c u s s e d  f u r t h e r  

i n  s e c t i o n  4 . 4 .

The io n i c  p ro d u c ts  o f  r e a c t i o n  ( 4 .2 -2 3 )  a r e  p resum ably  th e  

same a s  th o s e  p roduced by r e a c t i o n s  ( 4 .2 - 7 )  to  ( 4 .2 - 1 1 ) .  F u r t h e r 

m ore, i t  i s  p o s s i b l e  t h a t  th e  M2H^ s p e c ie s  o b se rv ed  i n  t h e  s p e c t r a  

a r e  formed by s i m i l a r  mechanisms:

MH'*’ + M  > M2H '*'* (4 .2 -2 9 )

M2H‘‘‘* + M --------> N2H'*' + M* ( 4 .2 -3 0 )

M2H'*‘* + Ci+Hio > N2H* + C4H10* (4 .2 -3 1 )

M2H‘*‘* + T --------> M2H'*’ + T* ( 4 .2 -3 2 )
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+*
The l i fe t im e  of M2 H may, however, be s u f f ic ie n t ly  long (see  

sections 3 ,3 .A and 4.2.E) that the peak ascribed to M2 Ĥ  could 

correspond to a mixture of excited (M2 H ) and s tab ilized  

(M2 H ) ions. The r esu lts  of table  (3-16) show that, the increase  

of the r e la t iv e  abundance of the M2 Ĥ  ion when water or carbon 

tetrachloride i s  added to acetone i s  larger than that of any of the 

other product ions. Equations (4.2-29) and (4.2-32) show 

poss ib le  ways in  which th is  occurs. F ir s t ,  the r e la t iv e  

abundance of the ion i s  increased by reaction (4 .2 -23 ),  

hence the r e la t iv e  abundance of M2 Ĥ  i s  increased v ia  (4 .2 -2 9 ).  

Secondly, the third-body compound i s  able to s ta b i l i z e  some M2 H 

ions (reaction (4 .2 -32)) which would otherwise decompose before  

being analysed.

An a ltern ative  to the products of reaction (4.2-30) could
+* +

be MgH . I t  should be noted that the (CHg,C0.CHg)3 H (or

(CHg.CO.CH3 ) 3 H ) ion was not observed in  the spectrum of acetone 

alone, but was observed when carbon tetrachloride was added.

Hence i t  i s  possib le  that the M3H ion is  formed v ia  the M3 H 

ion in  reactions analogous to (4 .2 -2 9 )- (4 .2 -3 2 ) .  Although M3 H 

may have a l i fe t im e  which i s  rather shorter than the ion residence  

time, some MgĤ  ions could be produced v ia  s ta b i l iz a t io n  of M3 H 

by carbon tetrach lor id e . A similar argument would, of course, 

apply to the M2 C3 H5  ̂ ion observed in the spectra of th is  mixture.

When a mixture of ethyl methyl ketone and acetone i s  present in  

the ion-source the following reactions, in  which A represents  

acetone and B ethyl methyl ketone, may occur;
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+ + *
A + RH K— —-  ARH ( 4 .2 -3 3 )

k l

+ ^4 +*
B + RH BRH (4 .2 -3 4 )

ARH'*'* + A — Pr oduc t s  ( 4 .2 -3 5 )

ARH"*"* + B — !^>  P ro d u c ts  ( 4 .2 -3 6 )

BRH** + A — Pr oduc t s  ( 4 .2 -3 7 )

BRH** + B — Pr oduc t s  (4 .2 -3 8 )

&
By a p p l i c a t i o n  o f  B o d e n s te in ’ s s t e a d y - / a t e  h y p o th e s i s  to  

b o th  ARH and BRH* i t  can  be shown t h a t

 ̂ ( 4 .2 - 3 9 )

and

k.^+ksLAj+kg^Bj 

S ince  th e  r a t e  o f  d i s a p p e a ra n c e  o f  RH* i s  g iv e n  by 

.  k i [ A ] [ R H l k2[A]+ks w  , \
k . i+ k z jA , r+k3 lbj j

+ k^[B] [RH ^ '  , . A  ( 4 .2 - 4 1 )k_^+ks W + k e lB j  y 

i t  can  e a s i l y  be shown t h a t

- 1  lo g  = k i k 2 [ A l ^ ^ . . ^ .  + jL H -k jlg l"
T k_j+k2LAj+k3[Bj k_̂ +k5LAj+kgLBj

(k . i+ k z L À j^ s L B j k_^+k5LAj+kg[Bj) M  M

(4.2-42)
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from w hich i t  i s  a p p a re n t  t h a t ,  f o r  s u f f i c i e n t l y  sm all  

c o n c e n t r a t i o n s  o f  e t h y l  m e thy l k e to n e  (B) ( f o r  w hich [b] ^  can  

be n e g l e c t e d ) , lo g  ( I ^ / l ^ ° )  v a r i e s  l i n e a r l y  w i th  th e  p r e s s u r e  

o f  t h i s  compound, i n  agreem ent w i th  th e  e x p e r im e n ta l  r e s u l t s  

p r e s e n te d  i n  s e c t i o n  3 .5 .  A lthough  i t  i s  n o t  p o s s i b l e  to  o b t a i n  

any r a t e  c o n s ta n t s  from t h i s  e x p e r im e n t ,  t h e  r e s u l t s  do s u p p o r t  

th e  g e n e r a l  r e a c t i o n  mechanism p o s t u l a t e d  i n  e q u a t io n s  ( 4 .2 - 4 )  to  

( 4 . 2 - 6 ) .

I t  was a l s o  shown in  s e c t i o n  3 .5  t h a t  th e  a d d i t i o n  o f  sm a l l  

q u a n t i t i e s  o f  w a te r  o r  ca rb o n  t e t r a c h l o r i d e  t o  a c e to n e  o r  a n i s o l e  

sometimes r e s u l t e d  i n  a c o m p a ra t iv e ly  l a r g e ,  n o n - l i n e a r  d e c r e a s e  

o f  lo g  ( I ^ / I ^ O ) .  The r e s u l t s  o f  an ex p e r im en t  i n  w hich sm a l l  

q u a n t i t i e s  o f  carbon  t e t r a c h l o r i d e  w ere added to  a n i s o l e  

su g g e s te d  t h a t  lo g  ( I ^ / I ^ ° )  i n i t i a l l y  v a r i e d  l i n e a r l y  w i th  th e  

sq u a re  r o o t  o f  th e  p r e s s u r e  o f  c a rb o n  t e t r a c h l o r i d e  (se e  g rap h  

( 3 - 1 6 ) ) .  T h is  b e h a v io u r  s u g g e s t s  t h a t  from ev e ry  m o lecu le  o f  c a rb o n  

t e t r a c h l o r i d e  in t ro d u c e d  th e r e  a r e  p ro d u ced ,  on a v e ra g e ,  two 

s p e c ie s  w hich  a r e  a b l e  to  a c t  as  t h i r d - b o d i e s .  I t  i s  t e n t a t i v e l y  

s u g g e s te d  t h a t  su b se q u en t upon th e  r e a c t i o n  o f  ca rb o n  t e t r a c h l o r i d e  

w i th  th e rm a l - e n e rg y  e l e c t r o n s  p r e s e n t  i n  th e  i o n - s o u r c e * ,  .

cell* + e "  ------- >C^3C' + C l"  ( 4 .2 -4 3 )

th e  t r i c h lo r o m e th y l  r a d i c a l  d i s s o c i a t e s  (4 .2 -4 4 )  g iv in g  c h l o r i n e  

atom s and d ic h lo ro c a rb e n e ,

C I3C'  ------>C1* + C I2C:

w hich a c t  a s  t h i r d - b o d i e s .  The p rob lem  re m a in s ,  how ever, a s  to  

why th e  p r e s s u r e  dependence o f  lo g  ( I ^ / l ^ ° )  d e s c r ib e d  above i s

* I t  i s  known t h a t  th e  a t ta c h m e n t  r a t e  f o r  c a rb o n  t e t r a c h l o r i d e  
w i th  th e rm a l-e n e rg y  e l e c t r o n s  i s  v e ry  l a r g e  .
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n o t  o b se rv ed  a t  h ig h e r  p r e s s u r e s  o f  c a rb o n  t e t r a c h l o r i d e .

E xperim en ts  i n  which sm all  q u a n t i t i e s  o f  w a te r  a r e  added to  

a sample have n o t  been c a r r i e d  o u t .  I t  seems u n l i k e l y ,  however, 

t h a t  th e  lo w - p r e s s u re ,  n o n - l i n e a r  d e c re a s e  o f  lo g  ( I ^ / 1^ ° )  co u ld  be 

e x p la in e d  by r e a c t i o n s  o f  w a te r  w i th  lo w -en erg y  e l e c t r o n s  s in c e  th e  

c r o s s - s e c t i o n s  f o r  such r e a c t i o n s  a r e  s m a l l .  C l a r i f i c a t i o n  o f  th e  

above o b s e r v a t i o n s  can o n ly  r e s u l t  from f u r t h e r  e x p e r im e n ta t io n .

T here  i s ,  th e n ,  s u b s t a n t i a l  ev id e n c e  to  s u g g e s t  t h a t  th e  i o n -  

m o le c u le  r e a c t i o n s  which g iv e  r i s e  to  c h e m i c a l - i o n i z a t i o n  mass 

s p e c t r a  p ro cee d  v i a  a c o l l i s i o n  complex t h a t  may undergo  e i t h e r  

u n im o le c u la r  d eco m p o s i t io n  to  r e a c t a n t s  o r  c o l l i s i o n - i n d u c e d  

d e c o m p o s i t io n  to  p r o d u c t s .  F u r th e rm o re ,  under  th e  c o n d i t i o n s  o f  

th e  ex p e r im e n ts  r e p o r t e d  h e r e i n ,  i t  i s  l i k e l y  t h a t  th e  f a s t e s t  

c o l l i s i o n - i n d u c e d  d eco m p o s i t io n  r e a c t i o n  o f  th e  complex i s  t h a t  i n  

which th e  sample m o le c u le s  a c t  as  t h i r d - b o d i e s .

O th e r  w orkers  have p roposed  s i m i l a r  mechanisms f o r  t h i s  ty p e  o f  

r e a c t i o n .  P o r t e r  has  p ro p o sed  t h a t  lo w - te m p e ra tu re  c l u s t e r i n g  

r e a c t i o n s  o c c u r r in g  in  c h e m i c a l - i o n i z a t i o n  mass s p e c t ro m e try  p ro cee d  

v i a  a c o l l i s i o n  complex ( r e a c t i o n s  (4 .2 -4 5 )  to  ( 4 . 2 - 4 7 ) ) t .

I*  + M ;---- ^  IM** (4 .2 -4 5 )

IM** ------- > J*  + N (4 .2 -4 6 )

IM** + T -------> IM* + T* (4 .2 -4 7 )

t  Tiedemann and R iv e ro s  have  a l s o  p roposed  t h i s  k in d  o f  
mechanism f o r  th e  r e a c t i o n s  o f  k e to n e  m o le c u la r  i o n - r a d i c a l s  w i th  
t h e i r  p a r e n t  k e to n e  which were o b se rv ed  i n  an  io n  c y c l o t r o n  
r e s o n a n c e  s p e c t r o m e te r .
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In  t h i s  mechanism th e  th i r d - b o d y  e n t e r s  o n ly  th e  s t a b i l i z a t i o n  

r e a c t i o n  ( r e a c t i o n  ( 4 ,2 - 4 7 ) ) ,  w hereas  i n  th e  mechanism p ro p o sed  

i n  r e a c t i o n s  ( 4 .2 -4 )  to  (4 .2 - 6 )  th e  d e c o m p o s i t io n  o f  th e  

c o l l i s i o n  complex to  p ro d u c ts  a l s o  in v o lv e s  a  th i r d - b o d y  

i n t e r a c t i o n .  P o r t e r ’ s work, how ever, was conce rned  w i th  t h e  

c h e m ic a l - i o n i z a t i o n  mass s p e c t r a  o f  BF3 and HBF2 u s in g  

d e u te r iu m  a s  th e  r e a g e n t  g a s .  These system s a r e ,  o f  c o u r s e ,  

c h e m ic a l ly  v e ry  d i f f e r e n t  from th o s e  d i s c u s s e d  i n  s e c t i o n  3 . 3 ,  

The mechanism p ro p o sed  by M iasek  and E a r r i so n ^ ^  f o r  th e  

r e a c t i o n s  o f  C3H5* w i th  e th y le n e  i s  r a t h e r  more com parab le  w i th  

th e  mechanism p ro p o sed  i n  th e  p r e s e n t  work:

C3H5* + C2H4 -------^  C5H3 ** ( 4 .2 -4 8 )

C5E9 ** + T  > CgH)* + T* ( 4 .2 -4 9 )

+ T  > C5H7* + H2 + T* (4 .2 -5 0 )

Cs%** ------- > C5H7* + H2* (4 .2 -5 1 )

These w orkers  found t h a t  i n  t h i s  c a s e  i t  was n e c e s s a r y  to  

i n c o r p o r a t e  a  u n im o le c u la r  d e co m p o si t io n  o f  t h e  c o l l i s i o n  

complex in  a d d i t i o n  to  th e  c o l l i s i o n - i n d u c e d  d eco m p o s i t io n  i n  

o r d e r  to  e x p l a in  th e  o b se rv ed  p r e s s u r e  dependence o f  th e  

[ C s I ^ t l / r C s H ? ^  r a t i o .

I t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  scheme p ro p o sed  by 

F r a n k l i n  f o r  th e  r e a c t i o n  o f  CH2F* w i th  m e thy l f l u o r i d e  i s  

somewhat s i m i l a r  to  t h a t  p roposed  in  r e a c t i o n s  ( 4 .2 - 4 )  t o  

(4 . 2- 6 ) ,  e x c e p t  t h a t  he d id  n o t  in c lu d e  th e  p o s s i b i l i t y  o f  th e  

c o l l i s i o n  complex u n d erg o in g  u n im o le c u la r  d e c o m p o s i t io n  to
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r e a c t a n t s .

CH2F* + CH2F  > CH2F.CH2F** (4 .2 -5 2 )

CH3F.CH3F** + CH3F ---------> (CH3) 2F* + CH2F 2 ( 4 .2 - 5 3 )

S in ce  F r a n k l i n ’ s e x p e r im e n ts  in v o lv e d  a s t r a i g h t f o r w a r d  h ig h -  

p r e s s u r e  mass s p e c t r o m e t r i c  te c h n iq u e  th e  r e a c t i o n  c o n d i t i o n s  a r e  

c l o s e l y  r e l a t e d  to  th e  e x p e r im e n ta l  c o n d i t i o n s  o f  t h e  p r e s e n t  

w ork. S im i la r  mechanisms to  t h i s  have a l s o  b een  p roposed  f o r  i o n -  

m o le c u le  r e a c t i o n s  co n seq u en t upon th e  e l e c t r o n - i m p a c t  

i o n i z a t i o n  o f  o th e r  f lu o ro h y d ro c a rb o n s  •

F i e l d  has  p roposed  fo u r  a l t e r n a t i v e  m e c h a n is t i c  schemes 

f o r  th e  r e a c t i o n s  w hich  a r e  r e s p o n s i b l e  f o r  th e  p r o d u c t io n  o f  th e  

p r i n c i p a l  io n s  i n  th e  c h e m i c a l - i o n i z a t i o n  mass sp ec tru m  o f  b e n z y l  

a c e t a t e  when i s o b u ta n e  i s  th e  r e a g e n t  g a s .  A l l  th e  schemes 

assume t h a t  th e  r e a c t i o n s  p ro cee d  v i a  a c o l l i s i o n  com plex. Of 

th e  schem es, he f a v o u r s  th e  f o l lo w in g  as  th e  most p ro b a b le  

mechanism

C4H3 * + BzOAc ---------> (B z O A c )  .Ci^Eg** (4 .2 -5 4 )

(BzOAc).C4Hg** --------- > (BzOAc)H* + (4 .2 -5 5 )

(BzO A c).^Hg** ---------> Bz* + C^Hg + AcOH' ( 4 .2 -5 6 )

where Bz r e p r e s e n t s  CgH5 .CH2and Ac r e p r e s e n t s  CH3 .CO. T h is  

mechanism d i f f e r s  i n  two ways from t h a t  p ro p o sed  i n  t h e  p r e s e n t  

work; th e  c o l l i s i o n  complex i s  n o t  formed by a r e v e r s i b l e  r e a c t i o n  

and th e  f o rm a t io n  o f  p ro d u c ts  does n o t  in v o lv e  a t h i r d - b o d y .  

However, one o f  th e  o th e r  m e c h a n is t i c  schemes p ro p o sed  f o r  t h e s e  

r e a c t i o n s  does  in v o lv e  r e v e r s i b l e  f o rm a t io n  o f  th e  c o l l i s i o n  

com plex, and h i s  r e s u l t s  do n o t  p ro v e  t h a t  t h i s  r e a c t i o n  ca n n o t
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be r e v e r s i b l e .

By i n c o r p o r a t i n g  some o f  th e  e le m e n ts  o f  th e  fo re g o in g  

schemes i t  seems p l a u s i b l e  to  su g g e s t  t h a t  th e  mechanism o f  th e  

r e a c t i o n s  which g iv e  r i s e  to  c h e m i c a l - i o n i z a t i o n  mass s p e c t r a  i s  

a c t u a l l y  o f  th e  form  p roposed  by H a r r i s o n  f o r  th e  r e a c t i o n s  o f  

C3H5 w i th  e t h y l e n e .  A c c o rd in g ly  th e  g e n e r a l  c a s e  o f  a r e a c t i o n  

o f  an io n  (RH ) g e n e ra te d  from  i s o b u ta n e  w i th  a  sample m o le c u le

(M) i s  th u s  p ro p o sed :
+ 1 + *

RH + M V—  '  MRH (4 .2 -5 7 )

^ -1

MRH** + M ^ ----- > P ro d u c ts  (4 .2 -5 8 )

MRH** — > P ro d u c ts  ( 4 .2 -5 9 )

The i n t e g r a t e d  r a t e  e q u a t io n  f o r  th e  d i s a p p e a r a n c e  o f  RH* i s  th e n

"  ( y  °  ( 4 .2 -6 0 )

from w hich  i t  i s  a p p a re n t  t h a t  th e  o v e r a l l  k i n e t i c  o r d e r  o f  th e  

r e a c t i o n  i s  d ependen t upon th e  r a t i o  k 2 M  / k g . F o r  v e ry  sm a l l  

sample c o n c e n t r a t i o n s  th e  k i n e t i c  b e h a v io u r  i s  second o r d e r  w i th  

an e x p e r im e n ta l  r a t e  c o n s t a n t  c o r re s p o n d in g  to  k i k 3/ (k _ ^ + k 3 ) .  

However, as  th e  sample c o n c e n t r a t i o n  i n c r e a s e s  i t  i s  p o s s i b l e  

t h a t  th e  k i n e t i c  b e h a v io u r  becomes t h i r d  o r d e r ,  w i th  an 

e x p e r im e n ta l  r a t e  c o n s t a n t  c o r re s p o n d in g  to  kxk 2 / k _ 2 > w h i le  f o r  

v e r y  l a r g e  sample c o n c e n t r a t i o n s  th e  k i n e t i c  b e h a v io u r  i s  a g a i n  

second o rd e r  w i th  th e  e x p e r im e n ta l  r a t e  c o n s t a n t  c o r re s p o n d in g  

to  k%.

Now s in c e  F i e l d  was w orking  w i th  h ig h e r  i s o b u ta n e  p r e s s u r e s  

and low er sample p r e s s u r e s  th a n  th o s e  employed i n  th e  ex p e r im e n ts
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d e s c r ib e d  i n  s e c t i o n  3 ,3 ,  i t  i s  f e a s i b l e  t h a t  h i s  r e s u l t s  

c o rre sp o n d e d  to  th e  lo w - p r e s s u re  l i m i t  o f  e q u a t io n  ( 4 ,2 - 6 0 ) ,

The p r e s e n t  r e s u l t s  r e l a t e  to  th e  s a m p le -p re s s u re  range  f o r  which 

I t  i s  n o t a b l e  t h a t  th e  lo w - p r e s s u re  l i m i t  o f  

e q u a t io n  (4 .2 -6 0 )  does n o t  r e v e a l  t h e  r e v e r s i b i l i t y  o f  r e a c t i o n  

( 4 .2 -5 7 )  s in c e

(4 .2 -6 1 )

D. R a te  c o n s t a n t s  o f  th e  fo rm a t io n  o f  th e  

c o l l i s i o n  com plexes .

The r a t e  c o n s t a n t s  (k%) o f  th e  fo rm a t io n  o f  th e  c o l l i s i o n

com plexes ( e q u a t io n  ( 4 .2 - 4 ) )  a r e  l i s t e d  i n  t a b l e s  (4 -2 )  to

( 4 - 5 ) .  These t a b l e s  a l s o  c o n t a in  r a t e  c o n s t a n t s  (k^ ,  see

e q u a t io n  ( 4 .2 - 3 ) )  which may c o r re s p o n d  to  r e a c t i o n s  o f  th e  ty p e

( 4 .2 - 1 )  r a t h e r  th a n  th e  fo rm a t io n  o f  a c o l l i s i o n  complex (s e e

s e c t i o n  4 . 2 . A ). I t  i s  em phasized  h e r e  t h a t  a l l  r a t e  c o n s t a n t s

may be s u b j e c t  to  th e  e f f e c t s  o f  mass d i s c r i m i n a t i o n  by th e  i o n -

s o u r c e ,  c o l l e c t o r  s l i t ,  and e l e c t r o n  m u l t i p l i e r .  A lthough

some p r e c a u t io n s  were ta k e n  w i th  th e  i o n - s o u r c e  and c o l l e c t o r

s l i t  ( s e e  s e c t i o n  2 . 2 ) ,  i t  was n o t  p o s s i b l e  to  make a l lo w a n c e s
4

f o r  mass d i s c r i m i n a t i o n  by th e  m u l t i p l i e r  . The r e l a t i v e  

r a t e  c o n s t a n t s  f o r  th e  r e a c t i o n s  o f  a g iv e n  r e a c t a n t  io n  w i th  

t h e  v a r io u s  compounds sh o u ld ,  n e v e r t h e l e s s ,  be f a i r l y  a c c u r a t e  

s i n c e ,  i n  t h i s  c a s e ,  m a s s - d i s c r im in a t io n  e f f e c t s  p e r t u r b  o n ly  th e  

t o t a l  io n  c u r r e n t  computed from each  sp e c tru m . Comparisons
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betw een  th e  r a t e  c o n s t a n t s  o f  th e  r e a c t i o n s  o f  two d i f f e r e n t  

r e a c t a n t  io n s  w i th  a g iv e n  compound a r e  l i k e l y ,  how ever, to

be s u b j e c t  to  th e s e  e f f e c t s ,  and i t  can  o n ly  be assumed t h a t ,

s in c e  th e  mass ra n g e  i n  q u e s t io n  (m/z = 27 to  m/z = 57) i s  

c o m p a ra t iv e ly  s m a l l ,  th e  e f f e c t s  a r e  n o t  s i g n i f i c a n t l y  

g r e a t e r  th a n  th e  e r r o r  l i m i t s  o f  th e  r a t e  c o n s t a n t s  th e m s e lv e s .  

The c o l l i s i o n  f re q u e n c y  (k^) o f  r e a c t i o n  (4 ,2 - 4 )

RH* + M --------- > MRH* (4 .2 - 4 )

may be c a l c u l a t e d  from The A v e r a g e - D ip o le - O r i e n ta t io n  

(A .D .O .) th e o ry  o f  Su and Bowers . The e q u a t io n  used  f o r  

t h e s e  c a l c u l a t i o n s  was

\  [  ( t ) ^  + (4 ,2 -6 2 )

where a  and a r e  r e s p e c t i v e l y  th e  a n g le -a v e ra g e d  p o l a r i z a b i l i t y  

and d i p o l e  moment o f  th e  m o lecu le  (M), e i s  th e  e l e c t r o n i c  

c h a rg e ,  p i s  th e  red u ced  mass o f  t h e  i o n  (RH*) and th e  m o le c u le ,

V i s  th e  d r i f t  v e l o c i t y  o f  th e  io n ,  and C i s  a p a ra m e te r  w hich  

depends on p ^ , a ,  and th e  t e m p e r a tu r e .  P o l a r i z a b i l i t i e s  and

d i p o l e  moments a r e  l i s t e d  i n  append ix  I .  P o l a r i z a b i l i t i e s  n o t

•  80 l i s t e d  i n  t a b l e s  w ere c a l c u l a t e d  by th e  L i p p i n c o t t  d e l t a -

79f u n c t i o n  method . Wherever p o s s i b l e  d i p o l e  moments

m easured  i n  th e  gas  p h ase  were u s e d .  I f ,  t h e s e  f i g u r e s  w ere  n o t

a v a i l a b l e ,  th e  v a l u e  g iv e n  f o r  a s o l u t i o n  o f  t h e  compound i n

benzene  was em ployed. V alues  o f  C were o b ta in e d  from t h e  d a t a

19
g iv e n  by Su and Bowers . The d r i f t  v e l o c i t y , v ,  was 

c a l c u l a t e d  from e q u a t io n  ( 3 . 1 - 5 ) .  The r e s u l t i n g  v a lu e s  o f  k^ 

a r e  l i s t e d  i n  a p p en d ix  I I I .  The d i p o l e  moments f o r  th e  2 -  and
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3 - p e n t a n o l s , 2 -  and 3 -h e x a n o l s ,  f l u o r o e t h a n o l  and io d o e th a n o l ,  

t h e  a n i s o l e s  and th e  2- h a l o p r o p i o n i t r i l e s  w ere n o t  a v a i l a b l e .

The r a t i o  o f  th e  r e a c t i o n  r a t e  c o n s t a n t  to  th e  c o l l i s i o n

f re q u e n c y  ( k i / k ^ )  f o r  a g iv e n  r e a c t i o n  r e p r e s e n t s  th e  f r a c t i o n  o f

c o l l i s i o n s  which r e s u l t  i n  fo rm a t io n  o f  t h e  complex MRH* ,

These a r e  l i s t e d  i n  th e  t a b l e  ( 4 - 1 0 ) ,  I t  i s  im m ed ia te ly  a p p a re n t

from t h i s  t a b l e  t h a t  r e a c t i o n s  o f  th e  C3H3* io n  w i th  a l l  th e

compounds a r e  e x c e e d in g ly  slow ; i n  g e n e r a l  l e s s  th a n  4 % o f

c o l l i s i o n s  r e s u l t  i n  r e a c t i o n ,  and ,  i n  th e  c a s e s  o f  2 - c h lo r o e t h a n o l

and 2 -b ro m o e th an o l,  l e s s  th a n  1%. R e a c t io n s  o f  th e  C4H5* io n  a r e

a l s o  slow ; g e n e r a l l y  l e s s  th a n  16% o f  c o l l i s i o n s  r e s u l t  i n  r e a c t i o n ,

and a g a in  h e r e  th e  r e a c t i o n s  o f  th e  h a l o h y d r i n s  a r e  v e ry  s lo w .

These r e s u l t s  s u g g e s t  t h a t  th e  C3H3* and C4H5* io n s  p o s s e s s  g r e a t e r

s t a b i l i t y  th a n  th e  o th e r  r e a c t a n t  i o n s .  I t  seems l i k e l y ,  th e n ,
64 29

t h a t  th e s e  10ns a r e  th e  a ro m a t ic  c y c lo p ro p e n y l  , , and

m e th y lc y c lo p ro p e n y l ,  c a t i o n s  r e s p e c t i v e l y .

R e a c t io n s  o f  th e  k e to n e s  w i th  th e  * and C^Hg* io n s  a r e  

v e ry  f a s t .  In  f a c t  th e  e x p e r im e n ta l ly  d e te rm in e d  v a lu e s  o f  k^ a r e  

g r e a t e r  th a n  th e  c o l l i s i o n  f re q u e n c y ,  s u g g e s t in g  t h a t  t h e  

e x p e r im e n ta l  r e s u l t s  a r e  too  l a r g e .  Most p ro b a b ly  th e  e r r o r  i s  i n  

th e  e s t i m a t i o n  o f  t h e  io n  r e s id e n c e  t im e s ,  o r  i n  th e  a s su m p tio n  

t h a t  r e s id e n c e  t im e s  a r e  n o t  a l t e r e d  by th e  p r e s e n c e  o f  f a i r l y  

l a r g e  c o n c e n t r a t i o n s  o f  th e  sam ple .

R e a c t io n s  o f  th e  k e to n e s  w i th  t h e  C^H?*, CgHg*, C3H5* ,  and 

C2H3* io n s  a l l  p ro cee d  w i th  an e f f i c i e n c y  o f  40-70%. F u r th e rm o re  

t h e r e  i s  f a i r  agreem ent betw een  v a lu e s  o f  k i / k ^  f o r  th e  r e a c t i o n
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o f  each  o f  th e s e  io n s  w i th  th e  two k e t o n e s .  T h is  o b s e r v a t i o n  

would seem to  r e f l e c t  th e  s t r u c t u r a l  s i m i l a r i t y  o f  th e  compounds. 

E x p e r im e n ta l ly  d e te rm in e d  r a t e  c o n s t a n t s  o f  p r o t o n - t r a n s f e r  r e a c t i o n s  

have b een  found to  be s i g n i f i c a n t l y  l e s s  th a n  k^ by o th e r  w o rk e r s .

For exam ple , Solka  and H a rr iso n ^ ^  s tu d ie d  r e a c t i o n s  o f  th e  ty p e

CH3SH2* + M ---- > CH3SH + MH* (4 .2-63)

and found lOOxk^^^/k^ = 34 and 28 for M = CH3CHO and CH3.CH2.CHO 

respectively. It is interesting to note that their results were 

consistent with the formation of a proton-bound complex.

Agreement between the values of k%/k^ for the reactions of 

C3H7 with the two ketones is poor. It seems likely that the 

experimentally determined value of k% for the reaction of this 

ion with acetone was erroneously low.

For the reactions of acetonitrile, propionitrile, and 

butyronitrile with the Cî I% *, C3H7*, and C3H5* ions the magnitude 

of ki/k^ tended to increase as the molecular weight of the sample 

increased. It is unfortunate that rate constants of the reactions . 

of C3H6* with acetonitrile, and of C^Hg* with propionitrile, could 

not be determined because of the presence of MH* ions having the 

same mass-to-charge ratio as the reactant ions. Consideration of 

the other two values of k^/k in each case suggests, however, that 

the trend in these values was the same as that for the Cî I% ,

C3H7*, and C3H5* i o n s .  S im i la r  argum ents  a p p ly  to  th e  r e a c t i o n s  

o f  C4H7*, C4H5*, and C2H5*, where s c a t t e r  o f  e x p e r im e n ta l  d a t a  

p re v e n te d  d e t e r m in a t io n  o f  k j .
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Values of kj for the reactions of the 2-halopropionitriles 

(see tables (4-2) and (4-3)) are, in some cases, much larger than 

would be anticipated for compounds containing electron- 

withdrawing substituents. For the reactions of and C3H5*

with 2-chloropropionitrile kj is greater than the rate constant 

obtained for the reactions of these ions with acetonitrile. Also, 

the rate constants of the reactions of Cî l̂  and C3H7 with 2- 

bromopropionitrile are at variance with the rate constants for the 

reactions of the other reactant ions with this compound. No 

explanation has been found for this behaviour.

Values of kj for the reactions of the anisoles with 

are approximately in the order expected from electronic 

considerations: reactions of the fluoro-substituted anisoles are 

slower than anisole, while reactions of the methyl-substituted 

anisoles are faster than anisole. The relative magnitudes of 

these rate constants will be discussed further in section 4 .3 .

Values of kj/k^, the fraction of effective collisions, for 

the formation of collision complexes between the Ct+% *, Cî Hg*, 

and C3H7*,ions and the n-alkyl alcohols (RiOH) followed the order 

Rl= CH3<C3H7<C5H1X<C5HX3. The inversion of the relative 

reactivity of 1-propanol and 1-pentanol for the two sets of 

reactant ions suggests that the experimental rate constant is 

not simply kx and that additional processes are contributing to 

the value in some cases. A possible source of error in the 

determination of kx was the presence of small concentrations of 

water in the alcohols. The presence of water has been shown to
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have a s i g n i f i c a n t  e f f e c t  upon th e  r a t e s  o f  r e a c t i o n  (see  

s e c t i o n  4 . 2 . C ) .

V alues  o f  k q /k ^  f o r  th e  fo rm a t io n  o f  c o l l i s i o n  complexes o f  

th e  C4H7 , C4H5 , C3H5* , C3Hg'^,C2H5* ,  and C2H3* io n s  w i th  1 -  and 

2-  p ro p a n o l  w ere o f  com parab le  m agn itude  f o r  each  io n ,  s u g g e s t in g  

t h a t  d i f f e r e n c e s  i n  th e  s t r u c t u r e s  o f  th e s e  two compounds do n o t  

a f f e c t  th e  r a t e  o f  complex fo r m a t io n .  I t  seems, how ever, t h a t  th e  

r a t e s  o f  r e a c t i o n  o f  2 -p ro p a n o l  w i th  th e  and C3H5* io n s  were

f a s t e r  th a n  th e  c o r re s p o n d in g  r e a c t i o n s  o f  1- p r o p a n o l ,  w h i le  th e  

r e a c t i o n  be tw een  and 2- p ro p a n o l  was s low er th a n  th e  r e a c t i o n

o f  t h i s  io n  w i th  1 -p ro p a n o l .  E x p la n a t io n  o f  th e s e  r e s u l t s  i s  n o t ,  

as  y e t ,  fo r th c o m in g .

C o n s id e r a t io n  o f  th e  v a lu e s  o f  k ]  f o r  th e  fo rm a t io n  o f  

com plexes be tw een  r e a c t a n t  io n s  and th e  v a r io u s  p e n ta n o l s  and 

h e x a n o ls  shows t h a t ,  i n  g e n e r a l ,  th e  r e l a t i v e  r e a c t i v i t i e s  a r e  i n  

th e  o r d e r  3-ROH>2-ROH>l-ROH. The C2H5* io n ,  how ever, does n o t  

r e a c t  w i th  any o f  th e  p e n ta n o ls  to  a m e a su ra b le  e x t e n t .  F u r t h e r 

m ore, th e  v a lu e s  o f  k^ o b ta in e d  f o r  r e a c t i o n s  o f  C4H7* w i th  th e  

h e x a n o ls  s u g g e s t  t h a t  o n ly  2-h e x a n o l  r e a c t s  w i th  t h i s  i o n .

R a te  c o n s t a n t s  f o r  complex fo rm a t io n  be tw een  th e  h a lo h y d r in s  

(X.CH2 .CH2 .OH) and a l l  t h e  r e a c t a n t  io n s  e x c e p t  C2H5* l i e  i n  th e

o r d e r  X = F>Cl>Br>I. P resum ably  t h i s  o r d e r  sh o u ld  a l s o  be 

fo l lo w e d  i n  th e  c a s e  o f  r e a c t i o n s  w i th  C2H5* ,  However, t h e  

e x p e r im e n ta l  v a lu e  o f  k% f o r  th e  r e a c t i o n  o f  io d o e th a n o l  w i th  

t h i s  io n  was much h ig h e r  th a n  th e  r a t e  c o n s t a n t s  f o r  th e  r e a c t i o n s  

o f  t h i s  compound w i th  a l l  th e  o th e r  r e a c t a n t  i o n s .  The r e l a t i v e
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m agn itude  o f  th e  r a t e  c o n s ta n t s  f o r  complex fo rm a t io n  by th e  

a l c o h o l s  w i l l  be d i s c u s s e d  i n  more d e t a i l  i n  s e c t i o n  4 . 3 .

I t  was s t a t e d  i n  s e c t i o n  3 .3 .E  t h a t  t h e  o n ly  io n  p roduced  

from c a rb o n  t e t r a c h l o r i d e  was CCI3^ ,  T h is  io n  was p resum ab ly  

formed by c h l o r i d e - t r a n s f e r  r e a c t i o n s ;

RH'  ̂ + CCI4 ---------> CCI3* + RHCl (3 .3 -2 8 )

The r a t e  c o n s t a n t s ,  k ,  o f  th e s e  r e a c t i o n s  a r e  l i s t e d  i n  t a b l e  

( 4 - 1 1 ) ,  and th e  v a lu e s  n o rm a l iz e d  w i th  r e s p e c t  to  th e  c o l l i s i o n  

f r e q u e n c i e s ,  k^ , c a l c u l a t e d  from th e  A.D.O, th e o ry  a r e  g iv e n  i n  

t a b l e  ( 4 - 1 2 ) .  I t  i s  a p p a re n t  from th e  r e s u l t s  t h a t  c a rb o n  

t e t r a c h l o r i d e  does n o t  undergo  r e a c t i o n  w i th  th e  C^Hg* and CgHg* 

io n s  -  th e  o n ly  o d d - e l e c t r o n  io n s  ( e x c e p t  C^H^q̂ )  formed from  

i s o b u ta n e .

The r e a c t i o n  betw een  C4H5* and ca rb o n  t e t r a c h l o r i d e  i s  

c o m p a ra t iv e ly  f a s t :  22% o f  a l l  c o l l i s i o n s  r e s u l t  i n  r e a c t i o n .  

T h is  r e s u l t  would seem to  complement th e  o b s e r v a t i o n  t h a t  t h e  

p r o t o n - t r a n s f e r  r e a c t i o n s  o f  t h i s  io n  a r e  s low , and t h e r e f o r e  

goes to  s u b s t a n t i a t e  th e  s u p p o s i t i o n  t h a t  C4H5* i s  th e  

m e th y lc y c lo p ro p e n y l  c a t i o n  (v id e  s u p r a ) . S i m i l a r l y  th e  r a t e  

o f  t h e  c h l o r i d e - t r a n s f e r  r e a c t i o n  undergone  by  C3H3* ,  f o r  w h ich  

th e  c y c lo p ro p e n y l  s t r u c t u r e  has  b een  p ro p o s e d ,  i s  somewhat 

f a s t e r  th a n  th e  r a t e s  o f  r e a c t i o n  o f  t h i s  io n  w i th  th e  o t h e r  

compounds d i s c u s s e d  above . The o b s e r v a t i o n  t h a t  th e  r a t e  o f  

r e a c t i o n  o f  C4H7* i s  a l s o  c o m p a ra t iv e ly  f a s t  may be  u sed  

t e n t a t i v e l y  t o  s u g g e s t  t h a t  some o f  t h e s e  io n s  p o s s e s s  th e  

m e th y lc y c lo p ro p y l  s t r u c t u r e .
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The r a t e s  o f  th e  c h l o r i d e - t r a n s f e r  r e a c t i o n s  from c a rb o n  

t e t r a c h l o r i d e  to  th e  o th e r  r e a c t a n t  io n s  a r e  g e n e r a l l y  slow ; 

w i th  th e  e x c e p t io n  o f  C2H3* ,  l e s s  th a n  6% o f  a l l  c o l l i s i o n s  

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

The r a t e  c o n s t a n t s ,  k ,  found f o r  t h e  p r o t o n - t r a n s f e r  r e a c t i o n s

from  th e  r e a c t a n t  io n s  to  w a te r  a r e  l i s t e d  i n  t a b l e  (4 -1 1 ) ,  and

th e  v a l u e s  n o rm a l ize d  w i th  r e s p e c t  to  th e  A .D .O .- th e o ry  c o l l i s i o n

f r e q u e n c i e s ,  k ^ ,  a r e  g iv e n  i n  t a b l e  ( 4 - 1 2 ) ,  P ro to n  t r a n s f e r
+

does n o t  o ccu r  from th e  Cî .% io n ,  and th e  r a t e  c o n s t a n t s  

c o r re s p o n d in g  to  th e  C3H3* and C4H5* io n s  a r e  ze ro  w i t h i n  

e x p e r im e n ta l  e r r o r .  The o th e r  r e a c t a n t  io n s  undergo slow  

r e a c t i o n s  w i th  w a te r ;  g e n e r a l l y  l e s s  th a n  7% o f  a l l  c o l l i s i o n s  

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

E. L i f e t im e s  o f  th e  c o l l i s i o n  com plexes .

E x p e r im en ta l  v a lu e s  f o r  k 2 / k _ ^ ,  th e  r a t i o  o f  r a t e  c o n s t a n t s  

o f  th e  d e co m p o si t io n  r e a c t i o n s  o f  th e  c o l l i s i o n  complexes 

(MRH  ̂ ) ,  a r e  l i s t e d  i n  t a b l e s  (4 -6 )  and ( 4 - 7 ) .  The r a t i o s  may 

be used  to  e s t i m a t e  th e  l i f e t i m e s  o f  th e  com plexes w i th  r e s p e c t  

to  u n im o le c u la r  d eco m p o s i t io n  to  r e a c t a n t s .  The f o l lo w in g  method 

i s  s i m i l a r  to  t h a t  employed by A n ic ic h  and Bowers and by  M iasek  

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

e x c i t e d  i o n s .

The c o l l i s i o n  f re q u e n c y  (k^) o f  r e a c t i o n  (4 .2 - 5 )

MRH  ̂ + M ——— > P ro d u c ts  ( 4 .2 - 5 )

may be c a l c u l a t e d  a n a lo g o u s ly  to  k ^ ,  from  e q u a t io n  ( 4 .2 - 6 2 ) .
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(The p ro d u c ts  o f  t h i s  r e a c t i o n  were d i s c u s s e d  i n  s e c t i o n  4 . 2 . A ).

The c a l c u l a t e d  v a lu e s  o f  a r e  l i s t e d  i n  ap p en d ix  I I I ,

P ro v id e d  th e  h e ig h t  o f  th e  energy  b a r r i e r  B ( s e e  f i g u r e  ( 4 - 1 ) )

i s  n o t  too  l a r g e ,  r e a c t i o n  ( 4 .2 - 5 )  may be assumed to  p ro ceed  a t

th e  c o l l i s i o n  f r e q u e n c y .  I f  t h i s  a ssu m p tio n  i s  v a l i d ,  t h e n  k^

may be i d e n t i f i e d  w i th  k £ ,  and d i v i s i o n  o f  th e  m easured v a lu e

o f  k 2 / k  - b y  k" w i l l  r e s u l t  i n  an  e s t i m a t e  o f  1 / k  , th e  l i f e -
-1  c - 1 '

t im e o f  th e  c o l l i s i o n  com plex.

V alues  o f  l /k _ ^  o b ta in e d  by t h i s  method a r e  l i s t e d  i n  t a b l e  

(4 -1 3 )  from which i t  i s  im m ed ia te ly  a p p a r e n t  t h a t  th e  c o l l i s i o n  

com plexes have r e l a x a t i o n  l i f e t i m e s  t h a t  a r e  g e n e r a l l y  i n  th e  

ra n g e  1-10 y s e c .  These l i f e t i m e s  a r e  o f  th e  o r d e r  o f  th e  

r e s id e n c e  tim es  o f  io n s  i n  th e  io n - s o u r c e :  th e  e s t im a te d  

r e s i d e n c e  time o f  io n  i s  '^1 y sec  ( e q u a t io n  ( 3 . 1 - 8 ) ) .

Thus peaks  i n  th e  s p e c t r a  which c o r re s p o n d  to  th e  p ro d u c ts  o f  

a s s o c i a t i o n  r e a c t i o n s  (eg .(C H 3 . C O . C H g ) s e e  s e c t i o n  3 . 3 . A) 

may be  due in  p a r t  to  c o l l i s i o n  com plexes w hich  have s u rv iv e d  long  

enough to  be d e t e c t e d .

I t  was s t a t e d  i n  s e c t i o n  3 .3  t h a t  m e ta s t a b l e  peaks  

c o r re s p o n d in g  to  th e  lo s s  o f  a sample m o le c u le  from an  M2H ^ (o r  

M2H ^ ) io n  were f r e q u e n t l y  o b se rv ed  i n  th e  s p e c t r a  o f  th e  compounds 

s t u d i e d .  This  s u g g e s te d  t h a t  th e  l i f e t i m e  o f  t h e  p a r e n t  io n  was 

o f  t h e  o r d e r  o f  th e  i o n - r e s id e n c e  t im e .  V a lues  o b ta in e d  above 

from l / k _ ^ , a l th o u g h  n o t  a c t u a l l y  d e te rm in e d  f o r  M2H i o n s ,  

te n d  to  s u b s t a n t i a t e  t h i s  s u g g e s t io n .
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C o l l i s i o n  complexes betw een  many d i f f e r e n t  io n s  and 

m o le c u le s  have been  o b se rv ed  mass s p e c t r o m e t r i c a l l y  under  

c o n d i t i o n s  where th e  l i f e t i m e s  were a t  l e a s t  10  ̂ s e c .  Some 

r e p r e s e n t a t i v e  examples a r e  ; 0 2 ^ .0 2

H3O ,CHtt and C2H5* .C 2H6 The p r o b a b i l i t y  o f  o b s e rv in g

a c o l l i s i o n  complex i s  r e l a t e d  to  th e  e x o t h e r m ic i ty  o f  th e

r e a c t i o n  betw een th e  io n  and th e  m o le c u le .  Complexes a r e  n o t ,

i n  g e n e r a l ,  ob se rv ed  when h ig h l y  e x o th e rm ic  r e a c t i o n  ch an n e ls

a r e  a v a i l a b l e  to  them. In  such c a s e s  t h e  e n e rg y  r e l e a s e d  i n  th e

e x o th e rm ic  r e a c t i o n  f o r c e s  th e  p r o d u c ts  o f  d e c o m p o s i t io n  o f  th e
71 72

complex a p a r t ,  th e re b y  s h o r te n in g  i t s  l i f e t i m e  , . I t  i s

d i f f i c u l t  to  c a l c u l a t e  m e an in g fu l  e n e rg y  changes  f o r  th e  r e a c t i o n s  

u n d e r  d i s c u s s i o n  s in c e  th e  s t r u c t u r e s  o f  most o f  th e  r e a c t a n t  io n s  

a r e  n o t  known, and in d e e d ,  a l l  th e  io n s  h av in g  a common 

c o m p o s i t io n  and m a s s - to - c h a r g e  r a t i o  need n o t  n e c e s s a r i l y  p o s s e s s  

th e  same s t r u c t u r e .  A pproxim ate c a l c u l a t i o n s  show, how ever, t h a t  

most o f  th e  r e a c t i o n s  a r e  s l i g h t l y  e n d o th e rm ie , o r  t h e r m o n e u t r a l .

Hence l i f e t i m e s  f o r  th e  c o l l i s i o n  com plexes o f  1-10 y sec  seem 

r e a s o n a b l e .

I t  was s u g g e s te d  i n  s e c t i o n  4 .2 .D  t h a t  t h e  v a lu e  o f  k 

o b ta in e d  f o r  th e  r e a c t i o n  o f  th e  C3H7* io n  w i th  a c e to n e  was i n  

e r r o r .  The d e te rm in e d  v a lu e  o f  th e  l i f e t i m e  o f  th e  c o r re s p o n d in g  

complex i s  a l s o  much h ig h e r  th a n  t h a t  o f  th e  o th e r  (CH3 .C0 .CH3)RH* 

com plexes . O ther d o u b t f u l  k i n e t i c  r e s u l t s  w ere p ro b a b ly  

o b ta in e d  such  t h a t  th e  v a lu e  f o r  th e  l i f e t i m e -  o f  (CH3 .CH2 .C0 .CH3)C 2H5 

was a t  v a r i a n c e  w i th  o th e r  d a t a  f o r  e t h y l  m e thy l k e t o n e .
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A part from  t h e s e  two c a s e s  t h e r e  i s  f a i r  agreem ent betw een 

l i f e t i m e s  o f  th e  com plexes be tw een  th e  RH io n s  and th e  two 

k e t o n e s .

No t r e n d s  i n  th e  c o l l i s io n - c o m p le x  l i f e t i m e s  o f  th e  a l c o h o l s  

and n i t r i l e s  a r e  a p p a re n t  and ,  i n  g e n e r a l ,  th e  d a t a  s u g g e s t s  t h a t  

th e  l i f e t i m e s  o f  a l l  t h e s e  com plexes a r e  v e ry  s i m i l a r  (1 -5  y s e c ) .
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4 .3  R e la t io n s h ip s  be tw een  m o le c u la r  s t r u c t u r e  

and th e  r a t e  c o n s t a n t s  o f  th e  fo rm a t io n  

o f  th e  c o l l i s i o n  com plexes .

R a te  c o n s ta n t s  f o r  th e  fo rm a t io n  o f  th e  c o l l i s i o n  com plexes 

MRh"*̂ ( r e a c t i o n  ( 4 .2 -4 )

Rh"̂  + M - 2SJ—> MRH"*"* (4 . 2- 4 )

a r e  l i s t e d  i n  t a b l e s  (4 -2 )  to  ( 4 - 5 ) .  S ince  t h i s  r e a c t i o n  

ap p e a rs  to  be c o m p a ra t iv e ly  s im ple  i t  m igh t be ex p e c te d  t h a t ,  

f o r  a g iv e n  r e a c t a n t  io n ,  th e  m agn itude  o f  th e  r a t e  c o n s t a n t s  k i  

would r e f l e c t  d i f f e r e n c e s  i n  th e  s t r u c t u r e  o f  compounds w hich  

form a homologous s e r i e s .

A. A n is o le s .

In  p re v io u s  s e c t i o n s  i t  has  b een  assumed t h a t  th e  io n

produced  from th e  a n i s o l e s  i s  formed e n t i r e l y  from th e  c o l l i s i o n

com plex, MRH^. I t  was shown i n  s e c t i o n  3 .3 .D ,  how ever, t h a t

f o r  M = a n i s o l e ,  3 - f l u o r o a n i s o l e ,  and 4 * f lu o r o a n i s o l e  th e  r a t i o

I ^ + / ( I j ^ +  +I^+) v a r i e d  w i th  sample p r e s s u r e .  T h is  b e h a v io u r

i s  i n c o n s i s t e n t  w i th  th e  above assu m p tio n  s in c e  i f  M* were

formed e n t i r e l y  from th e  c o l l i s i o n  complex t h i s  r a t i o  would be

in d e p e n d e n t  of sample p r e s s u r e .

I t  i s  more l i k e l y  t h a t  i s  formed by a d i r e c t  r e a c t i o n

73i n  c o m p e t i t io n  w i th  th e  complex fo rm a t io n  . Thus

RH"*" + M ^'0—> RH* + m'Î’ ( 4 .3 - 1 )

+ + *
RH + M MRH ( 4 .3 - 2 )

^ -1
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MRh"̂ * + M — — > + R + M* (4 .3 - 3 )

I t  i s  assumed t h a t  th e  r a t e  o f  d e c o m p o s i t io n  of  MRH by 

c o l l i s i o n  w i th  a m o lecu le  o f  i s o b u ta n e  i s  s u f f i c i e n t l y  slow 

t h a t  t h i s  r e a c t i o n  can  be o m i t te d  from th e  above scheme.

Now, u s in g  e q u a t io n  ( 4 . 3 - 1 ) , th e  r a t e  o f  fo rm a t io n  o f  

i s  g iv e n  by

[m]  [rh ' ^  ( 4 .3 - 4 )

and , from e q u a t io n s  ( 4 .3 - 2 )  and ( 4 . 3 - 3 ) ,  t h e  r a t e  o f  fo rm a t io n

o f  MH  ̂ i s  g iv e n  by

dfMH”̂  _ kikg^M' 2 RH"*"] ( 4 .3 - 5 )
d t  k _ i+ k 2 M

As d e s c r ib e d  i n  s e c t i o n  4 . 2 . A, t h i s  e q u a t io n  i s  o b ta in e d  by

. +*a p p ly in g  th e  s t e a d y - f a t e  h y p o th e s i s  to  MRH . I t  i s  a p p a re n t  

from (4 .3 - 4 )  and ( 4 .3 - 5 )  t h a t

[mh‘̂ / [ m ]  = ( k i /k ^ )  [Mj/([M] + (k _ ^ /k 2 ) )  ( 4 .3 - 6 )

Hence, by u s e  o f  an e q u a t io n  ana logous  to  ( 3 . 1 - 2 ) ,

( l - n ) p ^ / n  = ( k o /k i ) p ^  + kQ k_^ /k ik 2N (4 .3 - 7 )

where n i s  th e  r a t i o  ( s e e  g rap h  6 - 9 ) ) .

E q u a t io n  (4 .3 - 7 )  shows t h a t ,  i f  t h e  mechanism p roposed  in  

e q u a t io n s  (4 .3 - 1 )  to  ( 4 .3 - 3 )  i s  c o r r e c t ,  th e n  t h e r e  i s  a l i n e a r  

c o r r e l a t i o n  betw een (1-iO p^n and th e  sample p r e s s u r e ,  p ^ .  The 

a p p r o p r i a t e  p l o t s  a r e  g iv e n  i n  g rap h  ( 4 - 5 ) .  For 3 -  and 

4 - m e th y la n i s o l e  ( l - n ) p ^ / n  v a r i e s  l i n e a r l y  w i th  sample p r e s s u r e

o v er  th e  e n t i r e  r a n g e ,  w hereas  f o r  th e  o th e r  a n i s o l e s  t h e

• • * 3c o r r e l a t i o n  i s  o b se rv ed  o n ly  above c a .  2 .5  x 10 t o r r .  The
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S am p le  p r e s s u r e  ( 10^x t o r r )
o

GRAPH ( 4 - 5 )  . Variat ion of t h e  ra t io  f l - n ^ p ^ J n

w i t h  p re s su re  of various  an iso les  . 

Origin h a s  b e e n  shif ted  t o  ( 0 , 1 )  for  all co m pounds

o t h e r  t h a n  p-M e th y l  an iso le  .
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The slopes of the l in es  correspond to the ra tio  k^ /k i. Hence 

i t  i s  apparent that complex formation i s  preferred (low values of 

ko/k i)  with molecules that are activated towards e lec tro p h ilic  

attack. Expressions for the individual values of kg and kj 

cannot be obtained from the above a n a ly s is .  Furthermore the 

values of k% obtained in section  4 ,2 ,A cannot be employed in  

determinations of k  ̂ as the assumed mechanism was in  error. The 

equation for the disappearance of

-  (4 .3 -G )

can, however, be obtained from equations (4 ,3-1) to (4 ,3 -3 )  by 

the methods discussed in  section  4 ,2 ,A, I f ,  in th is  equation,

k2 %PM>>k_i, then

-  log ( I 5 7 / I 5 7 ) = (kQ+ki)Nxp^ (4 ,3 -9)

Hence i t  would be expected that log (1 7̂/ 1 5 7 ) should vary

lin e a r ly  with sample pressure. This behaviour i s  observed with
- 3

the an iso les  for p^>5 x 10 torr . The slopes of the p lo ts  of  

log ( I 5 7 / I 5 7 ) against p^ are proportional to k^+ki given that 

the condition k£Npj^>>k_j i s  s t r i c t l y  v a l id .  Substitution of 

some appropriate values shows that k£Npj  ̂ i s  ^3k_^, so the 

following analysis  may be subject to large errors.

Making use of the slopes of the l in e s  given in  graph (4-5) 

and the slopes of the linear regions of the p lo ts  of log ( I 5 7 / I 5 7 ) 

against sample pressure, gives separate values of k  ̂ and k%; 

these are l i s t e d  in  table (4-14).
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T ab le  (4-14)

R a te  c o n s t a n t s  f o r  th e  fo rm a t io n  o f  m"* and 

f o r  M = a n i s o l e s .

Compound Temp,
(°C)

I s o b u ta n e  R ate c o n s t a n t s ( 1 0  ̂®x q —1 — 1 »cm m o lecu le  sec  )
p r e s s u r e  ------

( t o r r ) ko k l

A n is o le 175 0 ,240 0 .3 3 1 .9 4

3 -F lu o ro 
a n i s o l e 175 0 ,230 0 .1 4 0 .5 9

4 - F lu o r o -
a n i s o l e 175 0 ,2 4 0 0 .2 7 0 .5 2

3-M ethy l 
a n i s o l e 175 0 ,236 0 .3 7 3 ,3 2

4-M ethy l 
a n i s o l e 175 0 .2 4 0 0 .5 4 4 ,41

The r e l a t i v e  m agnitudes o f  a r e  i n  th e  o r d e r  t h a t  would be 

p r e d i c t e d  from e l e c t r o n i c  c o n s i d e r a t i o n s .  Hence i t  i s  o f  i n t e r e s t  

to  i n v e s t i g a t e  th e  e x t e n t  to  w hich th e  r a t e s  o f  t h e s e  c h a r g e -  

t r a n s f e r  r e a c t i o n s  obey th e  Hammett e q u a t io n  ( e q u a t io n  ( 4 .3 - 1 0 ) )

I oS i q C V V  °  "x ( 4 .3 -1 0 )

There a r e ,  a s  y e t ,  no w e l l - d e f in e d  v a l u e s  o f  t h e  s u b s t i t u e n t  

c o n s t a n t s ,  a ^ ,  f o r  g a s -p h a s e  r e a c t i o n s ,  a l th o u g h  e v a l u a t i o n  o f

such c o n s t a n t s  i s  an  a c t i v e  a r e a  o f  r e s e a r c h 74 I n  th e

fo l lo w in g  d i s c u s s i o n ,  t h e r e f o r e ,  th e  s o lu t i o n - p h a s e  v a lu e s  o f

w i l l  be u s e d .  The p l o t  o f  l o g io ( k ^ /k ^ ) ( w h e r e  k= kg) a g a i n s t  

i s  shown i n  g rap h  ( 4 - 6 ) .  I t  i s  im m ed ia te ly  a p p a re n t  from  

th e  g rap h  t h a t  th e  r a t e s  o f  th e  c h a r g e - t r a n s f e r  r e a c t i o n s  depend 

upon th e  e f f e c t s  o f  s u b s t i t u e n t s  i n  t h e  a n i s o l e s .  Hence i t  i s  

to  be ex p e c te d  t h a t  c h a r g e - t r a n s f e r  r e a c t i o n s  w i l l  e x e r t  a
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g r a p h  ( a - b ) H am m e t t  plot  for  c h a r g e - t r a n s f e r  

reac t io n s  of w i th  various

a n iso le s  .
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s i g n i f i c a n t  e f f e c t  upon th e  c h e m i c a l - i o n i z a t i o n  mass s p e c t r a  

of a n i s o l e s  c o n ta in in g  e l e c t r o n - d o n a t i n g  s u b s t i t u e n t s ,  b u t  t h a t  

th e  e f f e c t  w i l l  be sm all  when th e  a n i s o l e  c o n t a in s  a s t r o n g l y  

e le c t r o n - w i th d ra w in g  s u b s t i t u e n t ,  p r o v id e d ,  o f  c o u r s e ,  t h a t  no 

o th e r  ty p e s  o f  c h a r g e - t r a n s f e r  r e a c t i o n s  a r e  p o s s i b l e .

In  c o n t r a s t  to  th e  c h a r g e - t r a n s f e r  r e a c t i o n s ,  th e  r a t e s  

o f  fo rm a t io n  o f  th e  com plexes MRH'*' do n o t  ap p ea r  to  be 

c o r r e l a t e d  w ith  a ^ ( s e e  g rap h  ( 4 - 7 ) ) ,  However, a t t a c k  by th e  

io n  upon an a n i s o l e  may o c c u r  e i t h e r  a t  th e  oxygen atom 

o r  a t  one o f  th e  ca rb o n  atoms o f  th e  r i n g .  Hence th e  m easured  

r a t e  c o n s t a n t s ,  k ^ ,  i n c o r p o r a t e  th e  r a t e  c o n s t a n t s  f o r  b o th  

t h e s e  p r o c e s s e s .  I n  4 - f l u o r o a n i s o l e  t h e  f o u r  u n s u b s t i t u t e d  r i n g  

p o s i t i o n s  a r e  a l l ,  to  some e x t e n t ,  d e a c t i v a t e d  tow ards  

e l e c t r o p h i l i c  s u b s t i t u t i o n .  The r a t e  o f  r e a c t i o n  o f  Ci^î^ a t  

any o f  th e s e  s i t e s  i s ,  t h e r e f o r e ,  l i k e l y  to  be s low , and i t  i s  

p o s s i b l e  t h a t  th e  r a t e  o f  th e  r e a c t i o n  be tw een  and

4 - f l u o r o a n i s o l e  i s  e s s e n t i a l l y  a m easu re  o f  t h e  r a t e  o f  a t t a c k  

a t  th e  methoxy oxygen atom . I f  i t  be assumed t h a t  th e  e l e c t r o n  

d e n s i t y  on th e  oxygen atom i s  s i m i l a r  i n  a l l  th e  a n i s o l e s  

s t u d i e d ,  th e n  th e  r a t e  c o n s t a n t  f o r  a t t a c k  by C^Hg* a t  th e  

oxygen atom (app rox im ated  by th e  r a t e  c o n s t a n t  o f  r e a c t i o n  o f

w i th  4 - f l u o r o a n i s o l e )  may be  s u b t r a c t e d  from  th e  m easured  

r a t e  c o n s t a n t s  to  g iv e  ap p ro x im a te  r a t e  c o n s t a n t s  f o r  a t t a c k  

by C4H)* a t  th e  r i n g  c a rb o n  a tom s. These r a t e  c o n s t a n t s  may now 

be d iv id e d  by th e  number o f  r i n g  c a rb o n  atoms w hich a r e  

a v a i l a b l e  f o r  a t t a c k .  I n  a n i s o l e  i t s e l f ,  and t h e  3 - s u b s t i t u t e d
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C^H + w i th  various anisoles .4 9
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a n i s o l e s ,  a t t a c k  i s  most p ro b a b le  a t  th e  p o s i t i o n s  o r th o  and 

p a r a  to  th e  methoxy g roup , w h i l s t  i n  4 -m e th y la n i s o l e  i t  i s  

o n ly  th e  p o s i t i o n s  o r th o  to  th e  methoxy group t h a t  a r e  l i k e l y  

to  be a t t a c k e d ,  ( I t  has  been  assumed t h a t  t h e  r a t e s  o f  a t t a c k  

a t  th e  i p s o - p o s i t i o n s  a r e  s u f f i c i e n t l y  sm a l l  t h a t  such 

r e a c t i o n s  can be n e g l e c t e d , )  S in ce  th e  r a t e s  o f  a t t a c k  a r e  

d e te rm in e d  by th e  e l e c t r o n  d e n s i t y  a t  th e  r i n g  atom, th e  r a t e  

c o n s t a n t s  (k^) n o rm a l ize d  w i th  r e s p e c t  to  th e  number o f  r i n g  

ca rb o n  atoms a v a i l a b l e  f o r  a t t a c k  shou ld  be c o r r e l a t e d  w i th  

Graph ( 4 - 8 ) ,  which i s  a p l o t  o f  lo g  ( k i ^ / k i ^ )  a g a i n s t  o^ , shows 

t h a t  t h e r e  i s  an  e x c e l l e n t  c o r r e l a t i o n .

The v a lu e  o f  th e  r e a c t i o n  p a ra m e te r ,  p ,  o b ta in e d  from 

th e  p l o t  i s  -  3 ,85  ± 0 ,1 8 .  S ince  th e  m agn itude  o f  p i s  a 

m easure  o f  th e  c h a rg e  dev e lo p ed  d u r in g  a r e a c t i o n  (a n e g a t iv e  v a l u e  

c o r r e s p o n d in g  to  th e  developm ent o f  a  p o s i t i v e  c h a r g e ) , a n d  s in c e  

r e a c t i o n  (4 ,3 - 2 )  in v o lv e s  a f u l l  p o s i t i v e  c h a rg e ,  i t  would be 

e x p e c te d  t h a t  th e  v a lu e  o f  p would be l a r g e  and n e g a t i v e .  The 

a b s o lu t e  v a lu e  o f  p i s ,  i n  f a c t ,  somewhat s m a l l e r  th a n  th e  l a r g e s t  

( a b s o lu t e )  v a lu e  g iv e n  by L e f f l e r  and Grunwald^^ i n  t h e i r  t a b l e  

o f  p - v a lu e s  f o r  many d i f f e r e n t  ty p e s  o f  r e a c t i o n .

By com p ariso n ,  th e  v a lu e  o f  p o b ta in e d  from th e  

Hammett p l o t  f o r  th e  c h a r g e - t r a n s f e r  r e a c t i o n s  i f  - 1 ,1 1  ± 0 , 0 5 ,  i e , ,  

much s m a l le r  th a n  t h a t  f o r  th e  complex f o rm a t io n .
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B. Nitriles.

Now since there is a relationshop between the rate constants 

k.2, for the formation of the (X.CgHg.O Me ^ complexes and the 

Hammett substituent constants â , it was expected that there might 

be a similar relationship between the rate constants for the 

formation of collision complexes of the RH^ ions with the nitriles 

and the Taft substituent constants a . The relationship would
X

be defined in the equation

- P*a* (4.3-3)

*in which a is an empirical parameter dependent on the nature of 

the reaction and on the reaction conditions.

Plots of logioCkix/kiMe) against for the reaction

RH* + X.CH2.CN ---- > (X.CH2.CN).RH** (4 .3-4)

in which RH* = Cî Hg*, C3H7*, or C3H5*, and X = H, CH3, C2H5,

CICH2, or BrCH) are shown in graphs (4-9) to (4-11). It is 

apparent from graph (4-9) that there is good correlation between 

loglo(kix/kiMe) for the formation of the (X.CH2.CN)Cî Î *

complex when X = H, CH3, or C2H5, but the data corresponding to
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X=C1CH2 and X=BrCH2 do n o t  c o r r e l a t e  w e l l  as  th e  v a lu e  o f  k j x  i s  

to o  l a r g e .  Good c o r r e l a t i o n  o f  th e  d a t a  i s  o b se rv ed  (g rap h  (4 -1 0 ) )
4.

f o r  th e  fo rm a t io n  o f  th e  (X.CH2 .CN)C3H? com plex. In  t h i s  c a s e ,  

how ever, i t  was n o t  p o s s i b l e  to  o b t a i n  a v a lu e  o f  f o r  X=C1CH2 

( s e e  t a b l e  ( 4 - 3 ) ) .  S i m i l a r l y ,  good c o r r e l a t i o n  o f  th e  d a t a  i s  

o b se rv ed  (g raph  (4 -1 1 ) )  f o r  th e  fo rm a t io n  o f  th e  (X.CH2 .CN)C3H5^ 

complex when X=H, CH3 , C2H5 , o r  BrCH2 , but. n o t  when X=C1CH2*

*
The c o r r e l a t i o n s  o f  l o g i q(k ix /^ lM e )  w i th  f o r  th e

fo rm a t io n  o f  c o l l i s i o n  com plexes w i th  r e a c t a n t  io n s  o th e r  th a n

th e  t h r e e  d i s c u s s e d  above were p o o r .  F u r th e rm o re ,  th e  v a l u e s  
*

o f  p o b ta in e d  from  th e  l i n e s  shown i n  g ra p h s  (4 -9 )  to  (4 -1 1 )  

a r e  much s m a l le r  th a n  would be e x p e c te d  f o r  r e a c t i o n s  w i th  

t r a n s i t i o n  s t a t e s  h a v in g  a f u l l  p o s i t i v e  ch a rg e  ( c f . a n i s o l e s ,  

s e c t i o n  4 , 3 . A),

C, A lc o h o ls .

No c o r r e l a t i o n  was found be tw een  th e  r a t e  c o n s t a n t s ,  k ^ ,  f o r

th e  fo rm a t io n  o f  c o l l i s i o n  com plexes be tw een  r e a c t a n t  i o n s ,  RH^,

and th e  a l k y l  a l c o h o l s .

The r e l a t i v e  m ag n itu d es  o f  th e  r a t e  c o n s t a n t s  f o r  th e

*fo rm a t io n  o f  c o l l i s o n  com plexes be tw een  th e  RH io n s  and th e  

h a lo h y d r in s  a r e  i n  th e  r e v e r s e  o r d e r  to  t h a t  w hich  would be  

p r e d i c t e d  from e l e c t r o n i c  c o n s i d e r a t i o n s .  T h is  te n d s  to  s u g g e s t  

t h a t  th e  e x p e r im e n ta l  r a t e  c o n s t a n t s  a r e  composed o f  r a t e  c o n s t a n t s  

f o r  s e v e r a l  p r o c e s s e s .  Two such  p r o c e s s e s  a r e ;  a t t a c k  by t h e  RH^ 

io n  a t  ( i )  t h e  h y d ro x y l  group and ( i i )  th e  h a lo g e n  atom 

( e q u a t i o n s ^ . 3 -5) and ( 4 . 3 - 6 ) ) .

186



RH"̂  + X.CH2.CH2.OH----> RH-X-CH2.CH2.OH (4 .3-5)

Rh"̂  + HO.CH2.CH2.X---- > RH-O-CH2.CH2.X (4 .3-6)
H

This behaviour is then similar to the situation noted above for 

attack by the RH ion at the oxygen atoms and ring carbon atoms of 

the anisoles.

Despite the composite nature of the rate constants,

correlations between log (kĵ xCH2/̂ l,FCH2̂  and the substituent
*  + +constant, â , were observed for the reactant ions C3H5 , C3H6",

*4*  ̂ • aC3H7 , and C4H5 , although in these cases the signs of the reaction 
*parameters, p , are positive (see graph (4-12)). Furthermore,

*
similar correlations, again with positive values of p , were

observed for the rate constants for the formation of

(X.XH2.CH2.0H)RH* when X=F, Cl, and Br, and Rh'*’= Ci+1%*̂ , C^Hg*,

C4H7*, C3H3*, and C2H3*. The rates of formation of

(I,CH2.CH2.0H)RH^ were, in all these cases, faster than that

predicted by these unusual correlations.

The values of the Taft substituent constants for the X.CH -

substituents were obtained from reactions which did not directly

involve the halogen atoms. In reaction (4 .3-5), however, the

halogen atoms constitute the reactive centre of the halohydrin
*molecules. Hence it is to be expected that the sign of

*
should be reversed (ie., = -1.1, etc.), so that, if

reaction (4 .3-5) were the only reaction occurring, then a plot
*

r
X

o f  log(k i^xC H 2 /k l ,F C H 2 ) a g a i n s t  th e s e  ( n e g a t iv e )  v a l u e s  o f
*

would g iv e  a n e g a t iv e  v a lu e  o f  p . I n  v iew  o f  t h i s ,  t h e
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s i g n i f i c a n c e  o f  th e  p l o t s  g iv e n  i n  g rap h  (4 -12)  would seem to  be
*

t h a t  th e  s lo p e  o f  each l i n e  i s  e q u a l  to  th e  sum o f  th e  p - v a lu e s
*

f o r  r e a c t i o n s  ( 4 .3 -5 )  and ( 4 , 3 - 6 ) ,  th e  v a lu e  o f  p f o r  r e a c t i o n

( 4 .3 - 5 )  b e in g  p o s i t i v e  and t h a t  f o r  r e a c t i o n  ( 4 .3 -6 )  b e in g

n e g a t i v e .  F o r exam ple, th e  r e a c t i o n  p a ra m e te r  f o r  th e  fo rm a t io n

o f  th e  (X.CH2 .CH2 . 0H)C4lÎ5^ com plexes i s  6 .0 .  Hence i t  m ig h t be
*

a n t i c i p a t e d  t h a t ,  i n  t h i s  c a s e ,  th e  v a lu e  o f  p c o r re s p o n d in g  to

a t t a c k  o f  th e  h y d ro x y l group would be c a . - 3 ,  w h i l s t  t h a t  f o r

a t t a c k  a t  th e  h a lo g e n  atoms would be c a .+ 9 .

32D ata  o b ta in e d  by Munson s u g g e s t  t h a t  s t r u c t u r a l  e f f e c t s  

may i n f l u e n c e  th e  ra te 's  o f  th e rm o n e u t r a l ,  and e n d o th e rm ie ,  i o n -  

m o lecu le  r e a c t i o n s ,  b u t  t h a t  th e  r a t e s  o f  ex o th e rm ic  r e a c t i o n s  a r e  

in d e p e n d e n t  o f  m o le c u la r  s t r u c t u r e .  S ince  th e  fo rm a t io n  o f  a 

c o l l i s i o n  complex i s  c e r t a i n l y  an endo the rm ie  p r o c e s s ,  th e  s t r u c t u r a l  

e f f e c t s  d e s c r ib e d  i n  t h i s  s e c t i o n  a r e  to  be e x p e c te d .
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4 .4  The r e l a t i v e  t h i r d - b o d y  e f f i c i e n c i e s  o f  v a r io u s  compounds.

V alues  o f  th e  r a t e - c o n s t a n t  r a t i o s  h 2 /k _ ^ ,k 3 /k_^ (se e  

s e c t i o n s  4 . 2 . A and 4 .2 .B )  and ki^/k^^ (s e e  s e c t i o n  4 .2 .C )  r e p r e s e n t  

th e  e f f i c i e n c i e s  w i th  w hich  v a r i o u s  compounds a c t  as  t h i r d - b o d i e s  

i n  r e a c t i o n s  ( 4 . 2 - 5 ) ,  ( 4 . 2 - 6 ) , and ( 4 .2 - 2 3 ) .  These v a lu e s  may be 

n o rm a l iz e d  w i th  r e s p e c t  to  th e  v a l u e  o f  k 2 /k_^  a p p r o p r i a t e  to  th e  

r e a c t i o n  i n  q u e s t io n  ( e g . ,  k% /k_^f k 2/ k _ ^ ) .  The v a lu e s  o b ta in e d  

(den o ted  by k^) a r e  th i r d - b o d y  e f f i c i e n c i e s  r e l a t i v e  to  t h a t  o f  

t h e  compound (M), and a r e  l i s t e d  i n  t a b l e  ( 4 - 1 5 ) .

E xperim en ts  w i th  th e  ac e to n e /C C l^  m ix tu re  w ere c a r r i e d  o u t

u s in g  fo u r  d i f f e r e n t ,  b u t  c o n s t a n t ,  p r e s s u r e s  o f  a c e to n e .  The

f o u r  v a lu e s  o f  k ^ ,  o b ta in e d  f o r  each  o f  th e  r e a c t a n t  i o n s ,  a r e

i n  f a i r  agreem ent w i th  each  o t h e r .  The v a l u e s  o b ta in e d  from

e x p e r im e n ts  i n  w hich th e  lo w e s t  a c e to n e  p r e s s u r e  (1 .3x10   ̂ t o r r )  was
*

used  a r e ,  i n  some c a s e s ,  a t  v a r i a n c e  w i th  th e  o th e r  v a l u e s  . 

S i m i l a r l y ,  v a lu e s  o f  k^ o b ta in e d  from e x p e r im e n ts  w i th  th e  a c e to n e /  

H2O m ix tu r e ,  f o r  w hich two d i f f e r e n t  a c e to n e  p r e s s u r e s  were 

em ployed, a r e  a l s o ,  i n  g e n e r a l ,  i n  good agreem ent w i th  one a n o t h e r .

The th i r d - b o d y  e f f i c i e n c y  o f  i s o b u ta n e  (measured w i th  M = 

a c e to n e )  i s  much low er th a n  t h a t  o f  e i t h e r  w a te r  o r  ca rb o n

The d i f f e r e n c e s  p ro b a b ly  r e f l e c t  e r r o r s  in v o lv e d  i n  th e  d e t e r m in a t io n  
o f  th e  q u a n t i t y  den o ted  by s ( s e c t i o n  4 . 2 .C ) .
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tetrachloride, while that for acetone (k̂ = 1,0 by definition)

is larger than the other values of k̂ . It should be noted that

reaction (A.2-5)
+*MRH + M ---- > products (A.2-5)

may include, in addition to the collision-induced decomposition 
+*of MRH , a symmetric * switching* reaction. For example, in a

study of the effects of various third-bodies on the rate of

reaction (A,A-1),

(CH3,C0,CH3)H* + CH3,CO,CH3 ---- > (CH3.CO.CH3) 2H‘*’
(A.A-1)

Miasek and Harrison found that acetone itself possessed a 

much higher efficiency than any other gas, and attributed this 

apparent enhanced efficiency to the presence of a switching 

reaction. The figures given in table (A-15 ) show, however, that, 

for the reactions between acetone and the C3H0^, C3H5"*', and 

C3H3* ions, the value of k^ for carbon tetrachloride is larger 

than that for acetone itself. In these cases then, if not all, 

it seems that the effects of switching reactions are insignificant.

Carbon tetrachloride has a greater third-body efficiency than 

water in all the reactions studied, Anicich and Bowers^^ found

that, for the reaction
+ + (A.A-2)CH2.CF2 + CH2.CF2 + T ---- > C4H4F4 + T ^

there was a linear correlation of the efficiency of various 

third-bodies (nitrogen, carbon monoxide, and the inert gases) with 

the square root of the reduced mass (p̂ ) of the colliding pair. 

Furthermore, the third-body efficiency of 1,1-difluoroethene
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i t s e l f  was a l s o  w e l l  c o r r e l a t e d  w i th  s u g g e s t in g  t h a t ,  i n  t h i s  

system  a l s o ,  a s w i tc h in g  r e a c t i o n  d id  n o t  o c c u r . • The e x i s t e n c e  

o f  a l i n e a r  c o r r e l a t i o n  o f  th i r d - b o d y  e f f i c i e n c y  w i th  p^ 

i n d i c a t e s  t h a t  th e  fo rm er  i s  d e te rm in e d  by th e  c o l l i s i o n  d u r a t i o n ,  

t ,  w hich i s  g iv e n  by ( c f . , e q u a t io n  ( 3 .1 - 8 ) )

t  = 2 7 3 (ap)^ dp/10546ET (4 .4 .-3)

where d i s  th e  i n t e r a c t i o n  d i s t a n c e .  P l o t s  o f  th e  v a l u e s  o f  

f o r  w a te r ,  a c e to n e ,  and ca rb o n  t e t r a c h l o r i d e  a g a i n s t  p ^ ,  

a s s o c i a t e d  w i th  r e a c t i o n  ( 4 .4 - 4 )

(CH3 .CO.CH3)Rh'*’ + T ---------> p r o d u c ts  ( 4 .4 - 4 )

a r e  g iv e n  i n  g rap h  (4 -13) . Here RH^ r e p r e s e n t s  th e  Ci+Hy^,

C^Hg', and C4H3 * io n s .  A lthough  th e  p a u c i t y  o f  d a t a  r e n d e r s  

th e  s i g n i f i c a n c e  o f  t h e s e  p l o t s  q u e s t i o n a b l e ,  t h e r e  does  seem to  

be a l i n e a r  c o r r e l a t i o n  o f  k.^ w i th  p^ f o r  T = H2O, CCI4 , 

n o t  f o r  T = CH3 .CO.CH3 ( v id e  s u p r a ) .  The v a lu e  o f  k j  (0 .0 0 2 )

f o r  T = i s o b u ta n e ,  and RH"*” = C4H3 * i s  o b v io u s ly  n o t  c o r r e l a t e d  

w i th  th e  o t h e r  d a t a .  The r e a s o n  f o r  t h i s  r e s u l t  i s ,  a s  y e t ,  n o t  

e x p l i c a b l e .  S i m i l a r l y  c o r r e l a t i o n s  o f  k^ w i th  p^ were n o t  

o b se rv ed  w i th  RH^ = C2H3* ,  C3H5*, and C3Hg* (se e  t a b l e  (4 -1 5 ))

I n  a d d i t i o n  to  th e  above r e s u l t s  f o r  r e a c t i o n  ( 4 .4 - 4 )  a 

l i n e a r  c o r r e l a t i o n  o f  k^ (T = H2O, CCI4 ) w i th  p^ i s  a l s o  found 

f o r  th e  r e a c t i o n

MCt^I^^ + T ---------> p r o d u c ts  ( 4 .4 - 5 )

where M = a n i s o l e  (see  g rap h  ( 4 - 1 4 ) ) .  F u r th e rm o re ,  th e  v a l u e  

o f  k^ c o r re s p o n d in g  to  r e a c t i o n  ( 4 .4 - 5 )  w i th  M = 4 - f l u o r o a n i s o l e  

and T = CCI4 c o r r e l a t e s  w e l l  w i th  th e  d a ta  f o r  M = a n i s o l e .
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I n  t h e s e  c a s e s ,  however,  v a l u e s  o f  c o r r e s p o n d in g  to  t h e

r e a c t i o n

MCi+Hg  ̂ + M ---------> p r o d u c t s  ( 4 . 4 - 6 )

where T = M ( a n i s o l e  o r  4 - f l u o r o a n i s o l e ) , and = 1,  were  n o t  

c o r r e l a t e d  w i th  t h e  o t h e r  d a t a .  No e x p l a n a t i o n  o f  t h i s  

b e h a v i o u r  can  be  o f f e r e d .

V a lues  of  k^ f o r  t h e  r e a c t i o n

(CHg.CO.CHgyRH* + CCI4 ---------> p r o d u c t s  ( 4 . 4 - 7 )

d e c r e a s e  w i t h  i n c r e a s e  o f  t h e  mass o f  t h e  RH^ i o n .  I t  i s  

l i k e l y  t h a t  th e  s t a b i l i t y  o f  a c o l l i s i o n  complex w i l l  i n c r e a s e  

a s  t h e  number o f  normal  modes o f  v i b r a t i o n  a v a i l a b l e  t o  t h e  

complex i n c r e a s e s  s i n c e  t h e  i n t e r n a l  e n e rg y  o f  t h e  i o n  i s  

d i s t r i b u t e d  among them. Hence t h e  r a t e  o f  r e a c t i o n  ( 4 . 4 - 7 ) ,  

r e l a t i v e  t o  the  s i m i l a r  r e a c t i o n  i n  which a c e to n e  i s  t h e  t h i r d -  

body,  w i l l  d e c r e a s e  as  th e  number o f  v i b r a t i o n a l  modes o f  t h e  

complex i n c r e a s e s .  Graph (4 -15)  shows t h a t  t h e r e  i s  an 

a p p r o x im a te ly  l i n e a r  c o r r e l a t i o n  o f  lo g  k^ w i t h  t h e  number o f  

v i b r a t i o n a l  modes a v a i l a b l e  to  t h e  complex.  No such  c o r r e l a t i o n  

o f  t h e  v a l u e s  of  k^ f o r  t h e  r e a c t i o n

(CHg.CO.COgyRH* + H2O -------- > p r o d u c t s  ( 4 . 4 - 8 )

i s ,  however,  o b s e r v e d .
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4.5 Conclusions,

The i n t e r p r e t a t i o n  o f  c h e m i c a l - i o n i z a t i o n  mass s p e c t r a  o f

known compounds,  and t h e  d e t e r m i n a t i o n  o f  s t r u c t u r e s  o f  unknown

compounds from t h e i r  c h e m i c a l - i o n i z a t i o n  mass s p e c t r a ,  r e q u i r e

good chem ica l  i n t u i t i o n .  The deve lopment  o f  t h e  a p p r o p r i a t e

i n t u i t i o n  p ro c e e d s  from th e  a c q u i s i t i o n  o f  a  l a r g e  body o f

g e n e r a l  i n f o r m a t i o n  abou t  io n - m o le c u l e  r e a c t i o n s ,  and o f  i o n -

m o le c u le  r e a c t i o n s  i n  c h e m i c a l - i o n i z a t i o n  mass s p e c t r o m e t r y  i n
0 9 ,

p a r t i c u l a r .  I n  1976 Munson p o i n t e d  o u t  t h a t  w hereas  most  

o f  th e  compounds b e in g  a n a ly z e d  by c h e m i c a l - i o n i z a t i o n  mass 

s p e c t r o m e t r y  were  s p e c i e s  p o s s e s s i n g  h ig h  m o le c u la r  w e ig h t s  and 

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

i o n - m o l e c u l e - r e a c t i o n  s t u d i e s  were  g e n e r a l l y  s im p le .  T h i s  

s i t u a t i o n  p e r s i s t s .  I n f o r m a t i o n  i s  r e q u i r e d  c o n c e rn in g  t h e  r a t e s  

and mechanisms o f  c h e m i c a l - i o n i z a t i o n  p r o c e s s e s ,  th e  e n e rg y  

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

f u n c t i o n a l  g ro u p s .  The c o m p i l a t i o n  o f  such a body o f  d a t a  

l o g i c a l l y  b e g i n s  w i t h  s m a l l ,  r e l a t i v e l y  s im ple  m o l e c u l e s ,  and 

p ro c e e d s  u n t i l  s u f f i c i e n t  d a t a  has  b e e n  a c q u i r e d  to  a l l o w  

e x t r a p o l a t i o n s  t o  complex m o l e c u le s  t o  be  made.  I t  i s  hoped 

t h e  t h e  work p r e s e n t e d  i n  t h i s  t h e s i s  c o n s t i t u t e s  t h e  b e g i n n i n g  

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

P r i o r  t o  t h e  e v a l u a t i o n  o f  r a t e  c o n s t a n t s  f o r  c h e m i c a l -  

i o n i z a t i o n  p r o c e s s e s ,  i t  was n e c e s s a r y  f i r s t  t o  e v a l u a t e  mean 

r e s i d e n c e  t im es  o f  r e a c t a n t  io n s  i n  t h e  i o n - s o u r c e .  T h i s  was 

c a r r i e d  o u t  by i n i t i a l l y  s tu d y in g  t h e  r e a c t i o n  be tween  t h e  methane 

m o l e c u l a r  i o n - r a d i c a l  and me thane ,  f o r  which t h e  r a t e  c o n s t a n t  i s
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w e l l  e s t a b l i s h e d .  A k i n e t i c  s tu d y  o f  t h e  io n -m o le c u l e  

r e a c t i o n s  co n s e q u e n t  upon t h e  e l e c t r o n - i m p a c t  i o n i z a t i o n  o f  

i s o b u t a n e  was t h e n  u n d e r t a k e n .  S i g n i f i c a n t l y  i t  was found t h a t  

w h i l s t  t h e  r e s i d e n c e  t im es  o f  i o n s  g e n e r a t e d  from methane a r e  

i n d e p e n d e n t  o f  me thane p r e s s u r e ,  t h o s e  o f  io n s  g e n e r a t e d  from 

i s o b u t a n e  showed a v a r i a t i o n  w i t h  i s o b u t a n e  p r e s s u r e .  T h i s  

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

io n  r e s i d e n c e  t im e s  were s u b j e c t  t o  i o n - m o b i l i t y  c o n s i d e r a t i o n s .  

Both k i n e t i c  s t u d i e s  r e s u l t e d  i n  t h e  development o f  s im p le  methods  

o f  e s t i m a t i o n  o f  r e a g e n t - g a s  p r e s s u r e s .

The c h e m i c a l - i o n i z a t i o n  mass s p e c t r a  o f  v a r i o u s  o r g a n i c  

sample compounds were s t u d i e d .  I t  was e s t a b l i s h e d  t h a t  t h e  

abundances  o f  i o n s  p roduced  from them depended c r i t i c a l l y  upon 

t h e  sample p r e s s u r e .  F u r th e r m o re ,  i t  was o bse rved  t h a t  t h e  

abundances  o f  i o n s  p roduced  from a c e t o n e  were  a l s o  d e p en d e n t  upon 

t h e  i s o b u t a n e  p r e s s u r e .

K i n e t i c s  o f  r e a c t i o n s  be tween  t h e  i s o b u t a n e  r e a c t a n t  i o n s ,  

RH^, and v a r i o u s  o r g a n i c  compounds were s t u d i e d  by o b s e r v in g  t h e  

d e c r e a s e  o f  r e l a t i v e  abundance o f  t h e  r e a c t a n t  i o n s  as  t h e  sample  

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

p r e s s u r e .  A l though  some o f  t h e s e  io n - m o le c u l e  r e a c t i o n s  

a p p e a re d  t o  be s im p le  b i m o l e c u l a r  p r o c e s s e s ,  o t h e r s  p ro cee d ed  

by a more c o m p l i c a t e d  mechanism. F or  t h e  l a t t e r  g ro u p ,  t h e  

e x p e r i m e n t a l  d a t a  was shown to  be c o n s i s t e n t  w i t h  a mechanism 

i n v o l v i n g  r e v e r s i b l e  f o r m a t i o n  o f  a c o l l i s i o n  complex fo l lo w e d  

by c o l l i s i o n - i n d u c e d  d e c o m p o s i t i o n  t o  p r o d u c t s  ( s e e  r e a c t i o n s
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( 4 . 2 - 4 )  to  ( 4 , 2 - 6 ) ) .  The t h i r d - b o d y  e s s e n t i a l  to  t h e  c o l l i s i o n  -  

induced  d eco m p o s i t i o n  r e a c t i o n  o f  t h e  complex co u ld  be  a 

m o le c u le  o f  t h e  sample,  o f  i s o b u t a n e ,  o r  o f  some compound 

( e g , ,  CCI4 o r  H2O) d e l i b e r a t e l y  i n t r o d u c e d  i n t o  t h e  sys tem t o  

a c t  as  a t h i r d  body.  I t  was e s t a b l i s h e d  t h a t ,  f o r  t h e  r e a c t i o n  

be tween  t h e  io n  and a c e t o n e ,  t h e  t h i r d - b o d y  e f f i c i e n c y  o f

i s o b u t a n e  was s e v e r a l  hundred  t im es  lower  t h a n  t h a t  of  a c e to n e  

i t s e l f .  F u r th e rm o re ,  i t  was found  t h a t  t h e  t h i r d - b o d y  e f f i c i e n c y  

o f  ca rb o n  t e t r a c h l o r i d e  was g e n e r a l l y  g r e a t e r  t h a n  t h a t  o f  w a t e r ,  

and i t  was t e n t a t i v e l y  s u g g e s te d  t h a t  t h e  t h i r d - b o d y  e f f i c i e n c i e s  

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

The k i n e t i c  d a t a  was used  t o  o b t a i n  th e  r a t e  c o n s t a n t  f o r  

f o r m a t i o n  o f  t h e  c o l l i s i o n  complexes ( k j )  and t h e  r a t i o  o f  r a t e  

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

(kz/k^^^).  Comparison o f  t h e  v a l u e s  o f  k% w i t h  c o l l i s i o n  

f r e q u e n c i e s  c a l c u l a t e d  from t h e  A v e r a g e - D i p o l e - O r i e n t a t i o n  t h e o r y  

showed t h a t  most  o f  t h e  r e a c t i o n s  p ro cee d ed  a t  r a t e s  

c o n s i d e r a b l y  lower  t h a n  t h e  c o l l i s i o n  r a t e .  By assuming t h a t  a l l  

c o l l i s i o n s  o f  t h e  complex w i t h  a t h i r d  body r e s u l t  i n  r e a c t i o n ,  

i t  was shown t h a t  t h e  l i f e t i m e s  o f  t h e  c o l l i s i o n  complexes  were 

g e n e r a l l y  i n  t h e  r a n g e  1 - 1 0  y s e c .

K i n e t i c  d a t a  c o r r e s p o n d in g  t o  t h e  r e a c t i o n s  be tween 

and v a r i o u s  s u b s t i t u t e d  a n i s o l e s  was found t o  be  c o n s i s t e n t  w i t h

a mechanism i n  which th e  s p e c i e s  a r e  formed v i a  c o l l i s i o n

complexes ,  b u t  t h e  i o n s  a r i s e  f rom d i r e c t  c h a r g e - t r a n s f e r

r e a c t i o n s .  R a te  c o n s t a n t s  f o r  t h e  c h a r g e - t r a n s f e r  r e a c t i o n s
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(Kq ) were  found to  c o r r e l a t e  w i t h  w i t h  th e  Hammett 

s u b s t i t u e n t  c o n s t a n t s ,  a ^ ,  showing t h a t  s t r u c t u r a l  e f f e c t s  

i n f l u e n c e  t h e  r a t e s  o f  r e a c t i o n  o f  t h e  a n i s o l e s .  The r a t e  

c o n s t a n t s  f o r  complex f o r m a t i o n  (k^) d id  n o t  c o r r e l a t e  w i t h  

However, i t  was c o n s i d e r e d  t h a t  t h e  C^Hg* io n s  might  a t t a c k  

t h e s e  a r o m a t i c  m o le c u le s  e i t h e r  a t  t h e  methoxy oxygen atom o r  

a t  one o f  t h e  r i n g  c a rb o n  a toms.  By assuming t h a t  t h e  r a t e  

o f  a t t a c k  a t  t h e  oxygen atom was t h e  same f o r  a l l  t h e  a n i s o l e s ,  

and t h a t  a t t a c k  a t  t h e  a ro m a t ic  n u c l e u s  d i d  n o t  o c c u r  i n  

4 - f l u o r o a n i s o l e ,  i t  was shown t h a t  t h e  r a t e s  o f  a t t a c k  a t  r i n g  

c a rb o n  atoms i n  t h e  o t h e r  a n i s o l e s  a r e  c o r r e l a t e d  w i t h  a .
X

C o r r e l a t i o n s  be tween  t h e  r a t e  c o n s t a n t s  f o r  t h e  f o r m a t i o n  of

t h e  c o l l i s i o n  complexes (X. CH2 . CH2 . OH)RH^, where X = F , C l , B r , I ,
*

and t h e  T a f t  s u b s t i t u e n t  c o n s t a n t ,  a , were a l s o  found .  TheX

f o r m a t i o n  o f  t h e s e  complexes c a n ,  however ,  o c c u r  i n  a t  l e a s t  

two ways;  e i t h e r  by a t t a c k  a t  t h e  h y d ro x y l  group o r  by a t t a c k  

a t  th e  h a lo g e n  atom. In  consequence ,  i t  was n o t  p o s s i b l e ,  h e r e ,  

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

t h e  r e l a t i v e  m agn i tudes  o f  r a t e  c o n s t a n t s  f o r  t h e  f o r m a t i o n  o f  

c o l l i s i o n  complexes be tween  RH^ and o t h e r  compounds s u g g e s t e d  

t h a t  s t r u c t u r a l  e f f e c t s  a r e  i m p o r t a n t ,  no o t h e r  d e f i n i t i v e  

c o r r e l a t i o n s  w i t h  s u b s t i t u e n t  c o n s t a n t s  were fo u n d .

The mechanism p roposed  f o r  t h e  r e a c t i o n s  which  g iv e  r i s e  t o  

i s o b u t a n e  c h e m i c a l - i o n i z a t i o n  mass s p e c t r a  d i f f e r s  from t h e  

mechanism f a v o u re d  by  F i e l d  , The two p r o p o s a l s  were  

r e c o n c i l e d  by t h e  s u g g e s t i o n  t h a t  t h e  mechanism o f  t h e s e
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r e a c t i o n s  i s  c r i t i c a l l y  dependen t  upon sample p r e s s u r e .  Thus 

a mechanism s i m i l a r  t o  t h a t  p roposed  by H a r r i s o n ^ ^  f o r  t h e  

r e a c t i o n  o f  w i t h  e t h y l e n e  was s u g g e s te d  f o r  t h e s e  r e a c t i o n s ;

t h e  c o l l i s i o n  complex i s  formed r e v e r s i b l y  and th e n  undergoes  

e i t h e r  a u n i m o l e c u l a r  d e c o m p o s i t i o n ,  o r  a  c o l l i s i o n  in duced  

d e c o m p o s i t i o n ,  t o  p r o d u c t s .  Fo r  low sample p r e s s u r e s  t h e  

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

dominant  r e a c t i o n ,  w h e re a s ,  as  t h e  sample p r e s s u r e  i s  i n c r e a s e d ,  

t h e  c o l l i s i o n - i n d u c e d  d e c o m p o s i t i o n  r e a c t i o n  becomes more 

i m p o r t a n t .  The i m p l i c a t i o n  o f  such  a mechanism i s  t h a t ,  a s  t h e  

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

r e a c t i o n  changes  from second to  t h i r d  o r d e r ,  and t h e n ,  a t  

c o m p a r a t i v e l y  h i g h  sample p r e s s u r e s ,  r e v e r t s  t o  second o r d e r .

Sample p r e s s u r e s  employed i n  t h e  p r e s e n t  work were  i n  t h e  r e g i o n  

where t h e  t r a n s i t i o n  from o v e r a l l  t h i r d -  to  o v e r a l l  seco n d -  

o r d e r  k i n e t i c s  i s  o b s e r v e d .

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

shou ld  be e x e r c i s e d  when a compound i s  a n a ly zed  by c h e m i c a l -  

i o n i z a t i o n  mass s p e c t r o m e t r y .  The p r e s e n c e  o f  sm al l  

q u a n t i t i e s  o f  i m p u r i t i e s  ( e g , ,  w a te r )  i n  t h e  sample may have a 

s i g n i f i c a n t  e f f e c t  upon t h e  s pec t rum ,  even  though t h e  i m p u r i t i e s  

do n o t  th e m s e lv e s  r e a c t  w i th  t h e  i s o b u t a n e  r e a c t a n t  i o n s .  

F u r th e r m o re ,  e x a c t  com par ison  o f  s p e c t r a  i s  o n ly  p o s s i b l e  i f  t h e  

c o n d i t i o n s  under  which  s p e c t r a  a r e  r e c o r d e d  a r e  known. I n  

p a r t i c u l a r  a  knowledge  o f  b o t h  sample and r e a g e n t - g a s  p r e s s u r e s ,  

o f  r e p e l l e r  v o l t a g e  and e l e c t r i c - f i e l d  s t r e n g t h ,  and o f  io n - s o u r c e -
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b l o c k  t e m p e r a t u r e ,  i s  r e q u i r e d .  However, g iv e n  s p e c t r a  o f  p u re

compounds,  o b t a i n e d  under  known c o n d i t i o n s ,  th e  e f f e c t s  of

m o l e c u l a r  s t r u c t u r e  upon r e a c t i o n  r a t e s  may be o f  s i g n i f i c a n t

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

p a r t i c u l a r l y  when i t  i s  r e q u i r e d  t o  d i s t i n g u i s h  be tween  c l o s e l y

r e l a t e d  i s o m e r s .  I n v e s t i g a t i o n s  o f  a s i m i l a r  k in d  have been

32commenced by Munson , who has  been  a b l e  to  show t h a t  t h e  

i s o b u t a n e  c h e m i c a l - i o n i z a t i o n  mass s p e c t r a  o f  t h e  c i s -  and 

t r a n s - 1 , 4 - c y c l o h e x a n e d i o l s  a r e  s u f f i c i e n t l y  d i f f e r e n t  f o r  t h e s e  

compounds to  be d i s t i n g u i s h e d  from one a n o t h e r .  There  i s ,  

however,  a g r e a t  d e a l  o f  work t o  be done b e f o r e  g e n e r a l i z a t i o n s  

may be made c o n c e rn in g  r e l a t i o n s h i p s  be tween  s p e c t r a  and m o l e c u l a r  

s t r u c t u r e .

I t  i s  obv ious  from t h e  f o r e g o i n g  d i s c u s s i o n  t h a t  a  g r e a t  d e a l  

o f  u s e f u l  work on t h e  i o n - m o le c u l e  r e a c t i o n s  a s s o c i a t e d  w i t h  

c h e m i c a l - i o n i z a t i o n  mass s p e c t r o m e t r y  rem ains  t o  be  done .  F u r t h e r  

i n v e s t i g a t i o n  o f  t h e  k i n e t i c s  and mechanisms o f  t h e s e  r e a c t i o n s  

s h o u ld  be u n d e r t a k e n  w i t h  a v iew to  s tu d y in g  t h e  s p e c t r a  o f  

m o le c u le s  p o s s e s s i n g  c o n s i d e r a b l e  d e g r e e s  o f  c o m p le x i t y ,  A 

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

e f f i c i e n c i e s  i s  r e q u i r e d ,  e s p e c i a l l y  as i t  may be  p o s s i b l e  t o  

enhance t h e  r e l a t i v e  abundances  o f  p r o d u c t  io n s  i n  s p e c t r a  by 

add ing  compounds l i k e  c a rb o n  t e t r a c h l o r i d e  t o  s am p les .  F u r t h e r 

more ,  a  body o f  d a t a  on t h e  r e l a t i o n s h i p s  be tween s p e c t r a  and 

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

d e t e r m i n a t i o n .
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APPENDIX I

P o l a r i z a b i l i t i e s  and d i p o l e  moments,

P o l a r i z a b i l i t i e s  and d i p o l e  moments used  i n  t h e  c a l c u l a t i o n

of  c o l l i s i o n  f r e q u e n c i e s  ( s e e  append ix  I I I )  a r e  l i s t e d  i n  t a b l e

(A -1) ,  The p o l a r i z a b i l i t i e s  o f  most  o f  t h e  compounds were

computed by t h e  L i p p i n c o t t  d e l t a - f u n c t i o n  method , The

a c c u r a c y  of  t h i s  method i s  g e n e r a l l y  b e t t e r  t h a n  5%, The

p o l a r i z a b i l i t i e s  o f  w a t e r ,  c a rbon  t e t r a c h l o r i d e ,  m e th a n o l ,  and

80t h e  two k e t o n e s  were o b t a i n e d  from t a b l e s  ,

81D ip o le  moments were found  from t a b l e s  , Where p o s s i b l e ,  

v a l u e s  o b t a i n e d  from measurements  made on t h e  compound i n  t h e  

g a s -p h a s e  were employed.  I n  a few c a s e s ,  however ,  g a s - p h a s e  

measurements  had n o t  been  c a r r i e d  o u t  and t h e  d i p o l e  moments 

were t a k e n  from measurements  made on a s o l u t i o n  o f  t h e  compound 

i n  b en ze n e .

204



T a b le  (A-1)

P o l a r i z a b i l i t i e s  and d i p o l e  moments o f  v a r i o u s  compounds.

Compound P o l a r i z a b i l i t y  (a)

( . P )

D ip o le  moment (y^) 

(Debye)

Acetone 6.33* 2 , 8 8

E t h y l  m e thy l  k e to n e 8.13* 2,77

A c e t o n i t r i l e 4 .14 3,92

P r o p i o n i t r i l e . 5 .94 4 ,0 2

B u t y r o n i t r i l e 7 .75 4 ,07

A n i s o l e 10.95 1,38

4 - F l u o r o a n i s o l e 10 .99 2 , 11^

4—M e t h y l a n i s o l e 12 .76 1 ,2 4 ^

Methanol
*

3 .23 1 ,7 0

1 -P ro p a n o l 6 . 6 8 1 , 6 8

2-P ro p an o l 6 , 6 8 . 1 , 6 6

1 - P e n t a n o l 10 ,30 1 , 66^

1-Hexanol 1 2 , 1 1 1 ,73^

2 - C h lo r o e t h a n o l 6 , 8 8 1 ,78

2-Bromoethanol 8 ,4 6 2 ,1 8 ’̂

Carbon t e t r a c h l o r i d e 10,5* 0

Water 1 ,45* 1,85

* fin
Value  found from t a b l e s

Measurement made on a benzene  s o l u t i o n  o f  t h e  compound.
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APPENDIX II

C u r v e - f i t t i n g  p r o c e d u r e .

For  t h e  s e t  o f  d a t a  p o i n t s  ( x ^ , f ^ )  i t  i s  r e q u i r e d  to  f i n d  a

s e t  of  p a r a m e te r s  a^  (k = 1 , 2 , . . . , r )  i n  t h e  f u n c t i o n  f  = f  ( x , a )

(where a r e p r e s e n t s  t h e  s e t  a^)  such  t h a t  t h e  b e s t  f i t  i n  t h e

l e a s t - s q u a r e s  s en se  i s  o b t a i n e d .  Thus i t  i s  r e q u i r e d  to

min im ize  t h e  f u n c t i o n

S = J ( f ( x ^ , a )  -  f \ ) 2  ( A . I I - 1 )
i

S ince  f o r  a minimum

^  = 0 , k = 1 , 2 , . . . r  ( A . I I - 2 )

t h e r e f o r e

I ( f ( x . , a ) - f . )  0 , k  = 1 , 2  r .  ( A . I I - 3 )
i  ^  ^  /

This  s e t  o f  r  e q u a t i o n s  i s  t h e  s e t  o f  normal e q u a t i o n s .

The f u n c t i o n  f ( x , a )  may be  expanded a s  a T a y lo r  s e r i e s  abou t  a ,

a  s e t  o f  app ro x im a te  p a r a m e t e r s .  I f  a = a + Aa, t h e n

f ( x , a ) =  f ( x , a )  + % 'Aa, ( A . I I - 4 )
k  ̂ * '

where te rm s  h i g h e r  t h a n  f i r s t - o r d e r  have been  n e g l e c t e d .  The 

a p p ro x im a te  r e s i d u a l s ,  and hence  t h e  normal e q u a t i o n s ,  a r e  l i n e a r  

i n  t h e  Aa^. S u b s t i t u t i n g  e q u a t i o n s  ( A . I I - 4 )  i n t o  e q u a t i o n s

( A . I I - 3 )  and r e a r r a n g i n g  g iv e s

3 f ( x j , a ) , k = l , 2 , . . . , r  

k ' - i  **k" " = k '  "  "  i “ * ^ k
( A . I I - 5 )

The s o l u t i o n  o f  t h i s  s e t  o f  e q u a t i o n s  f o r  each  o f  t h e  Aa^ l e a d s  

t o  an improved s e t  o f  p a r a m e t e r s ,  a  + Aa, T h i s  p r o c e s s  i s  t h e n  

i t e r a t e d  i n  o r d e r  t o  min im ize  S,
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Now, equation (4,2-22) may be written

L( PM, P, Y, 0 , * )  = YPĵ P G PM + 4»P 
1 + ep^ + 4,p (A,II-6)

where L = - l o g  ( I 57 / I 57 ) ,  and t h e  o t h e r  symbols a r e  as  d e f i n e d  i n  

s e c t i o n  4 , 2 , B ,  The f u n c t i o n  L (p ^ ,p ,Y  6 (()) may be d e f i n e d  by

L = YP^P
0PM +<\>?

 ̂ *  ë p ^ + i p  J ( A , I I - 7 )

where Y»®» and ^ a r e  a p p ro x im a te  v a l u e s  of. Y»0 »and (j) r e s p e c t i v e l y .  

The normal e q u a t i o n s  a r e  c o r r e s p o n d in g  to  t h e  above f u n c t i o n  a r e

T \  9L 
30

( A , I I - 8 )

( A , I I - 9 )  

(A ,11-10)
1  -  ^  1

i n  which i  = 1 t o  n ,  where  n i s  t h e  number of  d a t a  p o i n t s .

E q u a t io n s  ( A , I I - 8 ) t o  (A,11-10) can  be s o lved  f o r  Ay,A0, and

A(j) a f t e r  i n i t i a l  v a l u e s  o f  Y»0» and (j> (y , 0,  and <{)) have b e e n  c h o s e n .

The sums y + Ay, 6 + A9, and # + A# a r e  t h e n  formed and t h e s e  sums

a r e  s u b s t i t u t e d  back  i n t o  t h e  e q u a t i o n s  (as  Y* 0,  4»). The

p r o c e s s  i s  r e p e a t e d  u n t i l  s e l f - c o n s i s t e n c y  i s  a t t a i n e d .  The

v a l u e s  o f  Y> 0 » and 4> so o b t a i n e d  can ,  o f  c o u r s e ,  b e  used  to  g iv e

c a l c u l a t e d  v a l u e s  o f  L as  p^  and p a r e  v a r i e d .  I n  t h i s  way a

s u r f a c e  may be f i t t e d  to  t h e  a p p r o p r i a t e  e x p e r i m e n t a l  d a t a  ( s e e

s e c t i o n  4 , 2 , B ) ,

E q u a t io n  ( 4 ,2 - 2 2 )  i s  a  g e n e r a l i z a t i o n  o f  e q u a t i o n  ( 4 , 2 - 1 6 ) ,

The l a t t e r  e q u a t i o n  was o b t a i n e d  from k i n e t i c  a n a l y s i s  o f  t h e  

mechanism proposed  i n  r e a c t i o n s  ( 4 , 2 - 4 )  and ( 4 , 2 - 5 ) ,  and a p p l i e s
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t o  o bse rved  curved  d e c r e a s e s  o f  l o g  d i s c u s s e d  i n

s e c t i o n  3 . 3 ,  Curve f i t t i n g  t o  t h e  e x p e r i m e n t a l  d a t a

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

w i t h  v a r i o u s  compounds was c a r r i e d  o u t  u s i n g  t h e  method 

d e s c r i b e d  above .  I n  t h e s e  c a s e s  t h e  normal  e q u a t i o n s  a r e  

(A ,11- 8 ) and ( A , I I - 9 )  w i t h  A#=0, and w i t h  L r e p l a c e d  by

L = î î g i -  (A ,1 1 -1 1 )
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APPENDIX III

Collision frequencies.

C o l l i s i o n  f r e q u e n c i e s  were c a l c u l a t e d  u s in g  t h e  a v e r a g e -  

d i p o l e - o r i e n t a t i o n  t h e o r y  o f  Su and Bowers . S ince  t h e  

e n e r g i e s  o f  t h e  r e a c t a n t  i o n s ,  RH+, a r e  c o n s i d e r a b l y  l a r g e r  t h a n  

t h e r m a l ,  t h e  a p p r o p r i a t e  e q u a t i o n  i s

k = 2ire \  ! ( 4 .2 - 6 2 )
c |_\y; yv j

where y and yg a r e  r e s p e c t i v e l y  t h e  a n g l e - a v e r a g e d

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

c h a r g e ,  y i s  th e  r educe d  mass o f  t h e  i o n  and th e  m o l e c u l e ,  and 

V i s  t h e  mean d r i f t  v e l o c i t y  o f  t h e  i o n .  The l a t t e r  q u a n t i t y  

was c a l c u l a t e d  from t h e  i o n - m o b i l i t y  ( e s t i m a t e d  f rom t h e  

e x p r e s s i o n  g iv e n  by Ridge and Beauchamp ) u s in g  t h e  e q u a t i o n  

( s e e  s e c t i o n  3 . 1 ) .

V = kE ( 3 . 1 - 5 )

where E i s  t h e  e l e c t r i c - f i e l d  s t r e n g t h .  V alues  o f  k^ o b t a i n e d  

f rom e q u a t i o n  ( 4 ,2 - 6 2 )  a r e  l i s t e d  i n  t h e  f o l l o w i n g  t a b l e s .
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