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A b strac t

The o b je c t  o f  t h i s  re s e a rc h  was to  i n v e s t i g a t e  the  u t i l i t y  

o f  the  e . p . r .  techn ique  i t s e l f ,  and where n e c e ss a ry ,  in  con junc tion  

w ith  o th e r  sp e c tro sc o p ic  te c h n iq u e s ,  in  s tu d y in g  th e  complex 

r e a c t io n s  o f  p o ly a lk y la te d  arom atic  hydrocarbons which have low 

f i r s t  i o n i s a t io n  p o t e n t i a l s ,  w ith  s u lp h u r ic  a c id .

The form ation  o f  immediate e l e c t r o n  param agnetic  resonance 

( e . p . r . )  s ig n a l s  from hexarnethylbenzene (H.M.B, ) ,pentamethylbenz.ene 

(P.M.B.) and durene on adm ixture w ith  s u lp h u r ic  a c id  has been 

in v e s t ig a t e d  in-' the  p resence and absence o f  u l t r a - v i o l e t  l i g h t .

The k i n e t i c s  o f  the  H.M.B. system have been s tu d ie d ,  and the 

a c t i v a t i o n  energy measured.

The prolonged r e a c t io n  o f  hexarnethylbenzene w ith  98% 

s u lp h u r ic  a c id  has been in v e s t ig a t e d  and le a d s  to  the  form ation 

o f  the  A -m ethy lene-1 , 1 ,2 ,3 ,5 ,6 -h e x a m e th y lc y c lo h e x a -2 ,5 -d ie n e  

r a d i c a l  c a t i o n ,  as  a r e s u l t  o f  Jacobsen rearrangem ent o f  

hexarnethylbenzene. This r a d i c a l  c a t io n  i s  a l s o  formed ra p id ly  

by exposure o f  a s o lu t io n  o f  ^l-methylene~1, 1 , 2 , 3 j^-hexam ethyl- 

cy c lo h ex a -2 ,3 -d ien e  in  $8% s u lp h u r ic  a c id  to  u l t r a - v i o l e t  l i g h t .

F in a l ly ,  a mechanism i s  p o s tu la te d  fo r  the  r e a c t io n s  o f  

hexarnethylbenzene w ith  98/0 s u lp h u r ic  a c id .
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E lec tro n  Paramagnetic Resonance Spec tro scopy .

The fo llow ing  b r i e f  account o f  e l e c t ro n  param agnetic 

resonance spec troscopy  ( e . p . r . )  and a s s o c ia te d  phenomena i s  

e s s e n t i a l l y  a q u a l i t a t i v e  one, and m athem atical p r in c i p l e s  a re  

in t ro d u ced  only  when n e c e ssa ry .

lA. Basic Tlieory.

Since the  prim ary requirem ent o f  e . p . r .  i s  t h a t  th e  system 

under in v e s t ig a t i o n  must have an im p a ire d  e l e c t r o n ,  i t  i s  f i r s t  

necessa ry  to  d isc u ss  some o f  the b a s ic  p r o p e r t i e s  o f  fundamental 

p a r t i c l e s  such as  e l e c t r o n s  and, p ro to n s .

Consider à  modified S te rn -G erlach  experiment in  which a stream 

o f  e l e c t r o n s  ( in  p lace  o f  a l k a l i  metal atoms ) i s  passed  through an 

inhomogeneous magnetic f i e l d  and any e f f e c t  i s  observed on a 

pho tographic  p la te  p e rp e n d ic u la r  to  th e  beam. Development o f  the 

pho tograph ic  p la te  would then r e v e a l  the  p a t t e r n  shown in  the  fo llow ing  

diagram.

Tt'k Kd\'vv©<̂ ev̂  &0 U&

F /O . L
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This r e s u l t a n t  p a t te r n  o f  two d i s c r e t e  s p o ts  a l low s tv/o 

co n c lu s io n s  to  be drawn :

(a) th e  e l e c t r o n  has a magnetic moment*.

(b) th e re  a re  two s o r t s  o f  e l e c t r o n s  whose magnetic moments 

a re  o p p o s ite  in  s ig n  and equal in  magnitude*

A ccepting t h a t  two o th e r  fundamental p r o p e r t i e s  o f  an e l e c t ro n

a re  i t s  mass m and charge e , and f u r th e r  assuming th a t  the  charge

i s  sp in n in g ,  a magnetic moment a r i s e s  a s  fo llow s :

I f  the  e l e c t r o n  i s  cons idered  to  be a

sphere w ith  i t s  charge c o n ce n tra te d  on

the s u r f a c e , then  an e lem en ta l s t r i p

o f  a re a  S  A i s  e q u iv a le n t  to  a

c u r re n t  o f  magnitude -e  £ a flow ing
A

in  a w ire ,  and by analogy w ith c l a s s i c a l  

e l e c t r i c i t y  a magnetic f i e l d  i s  produced 

p e rp e n d ic u la r  to  the  p lane o f  the  w ire .

Thus “ ® =
A

and summing th e se  e lem en ta l s t r i p s  over the  whole s p h e re , the  

r e s u l t a n t  magnetic moment i s  given by

I f  the  e l e c t r o n  were a c l a s s i c a l  r o t a t o r ,  i t  would bef. '

expected  to  have a continuum o f  magnetic moment v a lu e s .  However, 

the  S te rn -G er la ch  experim ent and o th e r  experim ents  in d i c a te  t h a t  

only  f ix ed  v a lu es  a re  observed ,  and consequen tly  the  system must be 

i n  a quan tized  s t a t e .  Quantum theory  in d i c a t e s  t h a t  the  sp in  an g u la r  

momentum i s  quan tized  i n  u n i t s  o f  ^  J S  f  S  ^ 0  where S i s  the  

t o t a l  sp in  an g u la r  momentum. Thus the r e s u l t a n t  magnetic moment
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must a l s o  be quan t ized  such t h a t  = -  g / ^ / S ( S ^  in  u n i t s  o f  h»

In these  e q u a t i o n s , i s  P la n c k 's  c o n s tan t  d iv ided  by 5 -7 T , ^  i s

-21the  Bohr magneton fo r  the  e l e c t r o n ,  which has the  value 9«2?32x10 

e rg  g a u s s ~ \  g i s  the  Lande^ s p l i t t i n g  f a c t o r ,  which has the  value 

2 .0 0 2 3  fo r  a f r e e  e l e c t r o n  and may be thought o f  a s  a c o r re c t io n  

f a c t o r  a l low ing  fo r  an adm ixture o f  o r b i t a l  and sp in  momentum 

c o n t r ib u t io n s .

As a r e s u l t  o f  space q u a n t iz a t io n ,  the  maximum observab le

value  o f  the sp in  an g u la r  momentum d i f f e r s  from i t s  a c tu a l  magnitude,

and hence the  measureable component o f  the  magnetic moment
A'

( in  the  8^ d i r e c t i o n  o f  a c a r t e s i a n  a x i s  system

has the  value >
. e r e p re s e n t s  the  magnetic moment o f  

y(4  = -  an e l e c t ro n
M r e p re s e n t s  the  sp in  quantum number 

fo r  the  e l e c t r o n .

Since the  quantum laws perm it only  two o r i e n t a t i o n s  o f  the  e le c t ro n  

w ith M = i  4- ,

/Jçi = -  -Jg/^ o r  + -Jgy^

I f  a  b a r  magnet i s  p laced  in  a magnetic f i e l d  energy must be 

s u p p lie d  in  o rd e r  to  hold  a magnet w ith  a magnetic moment M a t  some 

angle  0  to the  d i r e c t io n  o f  a f i e l d  o f  magnitude H • The energy 

re q u ire d  i s  given by the  equa tion H

E = -MH cos C? 

i . e .  v e c t o r i c a l ly  E = -M.H 

By analogy with the  b a r  magnet the  energy o f  an e l e c t ro n  with 

i t s  r e s u l t a n t  magnetic moment in  an e x te rn a l  f i e l d  o f  s t r e n g th  

H may be expressed  as

E = -  y ^ e . H  

Thus E = -gy^H H



However in  the  p resence o f  a  magnetic f i e l d ,  the  energy 

l e v e l s  o f  an e le c t ro n  a re  no lo n g e r  d e g e n e ra te , bu t s p l i t  in to  

two l e v e l s  whose e n e rg ie s  a re  given by E = ± This s p l i t t i n g

o f  energy l e v e l s  i s  approx im ate ly  l i n e a r  in  H fo r  the  e l e c t ro n

H H

and a t  a p a r t i c u l a r  f i e l d  t h i s  energy d i f f e r e n c e  i s  given by

A E=e/3H ^,

Now in  a s t a t i s t i c a l  sample o f  weakly i n t e r a c t i n g  f re e  e l e c t ro n s  

which a re  in  e q u i l ib r iu m  in  a  magnetic f i e l d ,  some w i l l  have t h e i r  

magnetic moments a l ig n e d  p a r a l l e l  and o th e rs  a n t i - p a r a l l e l  to  the  

f i e l d .  A Boltzmann d i s t r i b u t i o n  w i l l  govern th e  number o f  e l e c t ro n s  

in  each l e v e l  (N-i-j and N -j r e s p e c t i v e l y ) ,  v/ith an excess  in  the

lower l e v e l ,  given by ;

%

tf
0 .9 9 8  a t  25°C

and the  e le c t ro n  param agnetic resonance experiment r e l i e s  on 

the  e x is te n c e  o f  t h i s  p o p u la t io n  d i f f e r e n c e .  The g r e a t e r  the  

p o p u la tio n  d i f f e r e n c e ,  the g r e a t e r  the  s e n s i t i v i t y  o f  the techn ique .



I f  t h i s  eq u i l ib r iu m  d i s t r i b u t i o n  i s  now p e r tu rb e d  by app ly ing  

e lec tro m ag n e tic  r a d i a t i o n  o f  frequency to  the  sample co n ta in in g  

the  unpa ired  e l e c t r o n s ,  such th a t  th e  energy quanta a re  e q u iv a le n t  

to  the  energy d i f f e r e n c e  E between th e  two l e v e l s  a t  a f i e l d

, then e l e c t r o n s  in  the  lower l e v e l  w i l l  be promoted to  the  

upper l e v e l , w hile spontaneous em ission w i l l  cause e l e c t r o n s  i n  the 

upper l e v e l  to  f a l l  to  the  lower one* Because o f  the  excess  p o pu la t ion  

in  the  lower l e v e l  dem onstrated  e a r l i e r ,  th e re  vn.ll be a n e t  

a b so rp t io n  o f  e le c tro m ag n e tic  energy which can be de tec ted*  Thus the 

resonance co n d i t io n  now becomes ;

E = equation  1,

e

H H

I d .

The s t a t e  i s  the  h igh  energy s t a t e , because in  t h i s  s t a t e  

the  re so lv ed  component o f  the  an g u la r  momentum in  the  z d i r e c t io n  in  

a c a r t e s i a n  a x i s  system , , i s  in  the  f i e l d  d i r e c t i o n ,

and the  s component o f  the  r e s u l t a n t  magnetic moment i s  opposed to 

the  f i e l d  d i re c t io n *
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As was s t a t e d  e a r l i e r ,  the  t r a n s i t i o n s  between th e se  l e v e l s  

can be induced by the  i n t e r a c t i o n  o f  the  e lec tro m ag n e t ic  r a d i a t i o n  

frequency ^ a s  in d ic a te d  in  equa tion  (1 ) ,  The i n t e r a c t i o n  which 

causes th e se  t r a n s i t i o n s  i s  between the  magnetic d ip o le  o f  the  

e l e c t r o n  and the  o s c i l l a t i n g  magnetic f i e l d  a s s o c ia te d  w ith  the  

e x c i t in g  e lec tro m ag n e t ic  r a d i a t i o n ,  and t h i s  i n t e r a c t i o n  may be 

envisaged  in  the  fo llow ing  way.

As a r e s u l t  o f  space q u a n t iz a t io n  the  magnetic moment v e c to r  

never e x a c t ly  a l i g n s  i t s e l f  a long  the a p p l ie d  f i e l d  d i r e c t i o n ,  

in s te a d  i t  execu tes  a p re c e s s io n a l  moment about the  a x i s  o f  the  f i e l d ,  

such th a t  the  angle  & remains c o n s ta n t .  The an g u la r  frequency o f  

t h i s  p re c e ss io n  00  ̂ i s  termed the  "Larmor frequency" and i s  r e l a t e d

to  the  a p p l ie d  f i e l d  by the  equa tion

where ^  i s  the  magnetogjT-ic r a t i o  o f  the  d ip o le  i . e .  the  r a t i o  o f  

the  magnetic moment to  the  angu la r  momentum. Now the energy o f  such 

a d ip o le  in  the  f i e l d  may be expressed  a s  : H^cos 0

where i s  quan t ized  co rrespond ing  to  d i s c r e t e  v a lues  o f
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I f  a f i e l d  i s  now a p p l ie d  p e rp e n d ic u la r  to  the  plane 

co n ta in in g and , the  d ip o le  w i l l  experience a second couple

,cos tend ing  to cause p re c e ss io n  about •

—

6.
I f  i s  now caused to  r o t a t e  about a t  a  frequency , the combination 

o f  the  two p re c e s s io n a l  moments when W ^ ^  w i l l  cause d is tu rb an ce

in  the  d i r e c t io n  o f r e s u l t i n g  in  phase changes between and , 

bu t 0  w i l l  no t change. However, i f   ̂ the d i p o l e y ^  w i l l  •

o s c i l l a t e ,  s in ce  a change in  corresponds to  a  change in  energy o f  

the system . Tliis change i s  q u a n t iz e d ,  thus  induc ing  t r a n s i t i o n s  

between the magnetic energy l e v e l s  when t h i s  a p p l ie d  f i e l d  r o t a t e s  

'a t  the  Larmor p re c e ss io n  frequency . The resonance co n d it io n  a r i s e s  

t h i s  way.
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1B. g - F a c to r s .

In  o rd e r  to  measure the  p o s i t io n  o f  an e . p . r .  l i n e  in  a 

manner th a t  i s  o f  use to  o th e r  w orkers ,  the  measurement should be 

independent o f  the  p a r t i c u l a r  sp ec tro m ete r  used . Since both  the 

f i e l d  and frequency vary from system to  system fo r  a g iven sample, 

n e i t h e r  param eter can be used independen tly  and hence the  r a t i o  o f  

frequency to  f i e l d  a t  which resonance occurs  i s  employed, i . e . f r o m  

the  b a s ic  equation  h*0 = g ^ H  

we o b ta in  g = h*^

hence l i n e  p o s i t i o n s  in  e . p . r .  a r e  s t a t e d  in  term s o f  "g -va lues"  or 

’’g - f a c t o r s " .

The " g - f a c t o r ” may be de f in ed  by Lande' s  formula :

where: S r e p re s e n t s  sp in  an g u la r  momentum

L r e p re s e n t s  o r b i t a l  an g u la r  momentum 

J  r e p re s e n t s  t o t a l  a n g u la r  momentum 

and a l low s fo r  c o n t r ib u t io n s  a r i s i n g  from an g u la r  momenta o th e r  than 

sp in  an g u la r  momentum which may a f f e c t  the  r e s u l t a n t  magnetic moment 

o f  the  sp in  system . For a f r e e  e l e c t r o n ,  S = J ,  L = 0 and thus  J  = S. 

S u b s t i t u t io n  in  Lande' s  e x p re ss io n  would le a d  to  a g -va lue  o f  2.0000; 

however, a s  was s t a t e d  e a r l i e r ,  the  g - f a c t o r  fo r  the  f re e  e le c t ro n  

has the  value 2.0023* This value  d i f f e r s  from 2.0000 because i t  i s  

necessa ry  to  apply  a  r e l a t i v i s t i c  c o r r e c t io n ,  which i s  d iscu ssed  in  

more d e t a i l  l a t e r .

F u r th e r  c o n s id e ra t io n  o f  r e a l  systems in d i c a t e s  th a t  an 

e l e c t r o n  may a lso  posse ss  o r b i t a l  an g u la r  momentum with an a s s o c ia te d  

magnetic moment. For a tom s, l i n e a r  m olecules w ith unpaired  e le c t ro n s



10.

and o th e r  systems w ith  o r b i t a l l y  degenera te  ground s t a t e s  in  the  

gas phase; the  sp in  and o r b i t a l  moments must combine and 

t r a n s i t i o n s  a r e  then observed between the  v a r io u s  combined s t a t e s .  

However, systems with lower symmetry, no t having o r b i t a l l y  

degenera te  ground s t a t e s ,  o r  s p e c ie s  in  which the  o r b i t a l  degeneracy 

has been removed by the  environment so t h a t  the  ground s t a t e  i s ’ 

e f f e c t i v e l y  an o r b i t a l  s i n g l e t ,  a re  o f  more re levance  to  the work 

re p o r te d  in  t h i s  d i s s e r t a t i o n .  In these, cases  the  d e v ia t io n  i s  small 

and may be thought o f  a s  stemming from sm all p e r tu rb in g  f i e l d s  

a r i s i n g  from a very sm all induced o r b i t a l  motion. This adds to  

o r  s u b t r a c t s  from the  e x te r n a l  f i e l d ,  g iv in g  a n eg a t iv e  

( ~ A g )  o r  p o s i t iv e  ( + A g )  s h i f t .

Consider th e se  g - s h i f t s  w ith r e s p e c t  to  th e  molecule NO^. 

Since none o f  the  o r b i t a l s  o f  t h i s  ben t molecule can be d eg en e ra te ,  

the ground s t a t e  o f the  molecule cannot possess  e l e c t r o n  o r b i t a l  

an g u la r  momentum. Now cons ide r  what happens a s  the molecule bends, 

and the  e n e rg ie s  o f  the  two in -p la n e  and o u t -o f -p la n e  o r b i t a l s  

d iv e rg e .  ( F ig .7)

8.



11.

In  the l i n e a r  s t a t e  the and p^ atomic o r b i t a l s  c o n t r ib u te  to  a 

doubly degenera te  o r i b t a l  and the  unpaired  e l e c t ro n  th e re fo re  has 

u n i t  angu la r  momentum about the in t e r n u c l e a r  a x i s .  When the  molecule 

bends, the  degeneracy o f  the o r i b t a l s  i s  removed and the  e le c t ro n  

occup ies  the lower o r b i t a l .  Since the  unpa ired  e l e c t r o n  can 

only  c i r c u l a t e  the m olecular framework about the  y - a x is  by e x c i t a t io n  

through the  b^ o r b i t a l ,  the ground s t a t e  o f  the  molecule has no 

o r b i t a l  an g u la r  momentum. I f  the molecule exp erien ces  an e x te rn a l  

f i e l d ;  as  i t  does in  the  e . p . r .  experim en t,  then t h i s  f i e l d  w i l l  

p rovide the  energy re q u i re d  to  overcome energy b a r r i e r  between the 

and b^ o r b i t a l s  and w i l l  tend  to  ’d r i v e ’ the o r b i t a l  an g u la r  

momentum to  an e x te n t  governed by the  energy d i f f e r e n c e  between 

the  two o r b i t a l s .  Hence the  presence o f  an a p p l ie d  f i e l d  induces 

mixing o f  th e  and b^ o r b i t a l s ,  r e s u l t i n g  in  an e f f e c t i v e  o r b i t a l  

motion o f  the e l e c t r o n  in  the  plane p e rp e n d ic u la r  to  the  a p p l ie d  

f i e l d .  This motion g ives  r i s e  to  an induced magnetic f i e l d  th a t  

opposes the  e x te rn a l  a p p l ie d  f i e l d .  There i s  a tendency to  r e t a i n  the  

o r ig i n a l  s t a t e  o f  the  system. Since the e l e c t ro n  ex periences  the 

sum of the a p p l ie d  and induced f i e l d s  ( s p in - o r b i t  coupling) a h ighe r  

f i e l d  would have to  be used in  o rd e r  to  s a t i s f y  the  resonance equation  

fo r  a given frequency . Hence, the  resonance equation  ( e q . l )  r e q u i r e s  

a lower g -va lue  to  r e t a i n  b a lan ce ;  i . e .  th e re  i s  a g - s h i f t  to  lower 

g -v a lu e s .

Converseley i f  the unpa ired  e le c t r o n  occupied a h ighe r  energy o r b i t a l  

in  the  scheme d ep ic te d  e a r l i e r ,  and the  lower energy o r b i t a l  a l re ad y  

con ta ined  e l e c t r o n s ,  then  the same s i t u a t i o n  would be ob ta ined  i f  

the  system were considered  a s  a s in g le  "hole" being  urged around by 

the  a p p l ie d  f i e l d .  Since t h i s  "ho le"  i s  p o s i t iv e  w ith  r e s p e c t  to



12 .

the  e l e c t r o n ,  the  induced f i e l d  experienced  by th e  e le c t r o n  i s  

in c re a se d  and consequen tly  the  re so n an t c o n d i t io n  i s  met fo r  a lower 

value  o f  the e x te rn a l  a p p l ie d  f i e l d ,  g iv in g  a s h i f t  o f the  g -value  

to  h ig h e r  v a lu e s .

F u r th e r  by app ly ing  the  f i e l d  p e rp e n d ic u la r ly  to  th e  yz p l a n e , 

o r b i t a l  motion may be induced about the  x - a x i s .  By an analogous 

argument a p p l i c a t io n  o f  the  f i e l d  p e rp e n d ic u la r ly  to  th e  xy plane 

would le ad  to  induced o r b i t a l  motion about the  z - a x i s .  I t  i s  

u n l ik e ly  t h a t  any o f  th e se  p a i r s  o f  o r b i t a l s  would be degenera te  

and th u s  one would expec t to  observe a g -va lue  which was d i f f e r e n t  

from th a t  in  the  o th e r  two d i r e c t i o n s .  This le a d s  to  th e  r e s u l t  

t h a t  the f i e l d  a t  which resonance occurs  depends upon the  degree 

o f  sp in  o r b i t a l  coup ling  i n  the m olecular system and a l s o ,  the 

o r i e n t a t i o n  with r e s p e c t  to  the  e x te r n a l  f i e l d ,  hence the  term 

a n iso tro p y  ( d i r e c t i o n  dependence) o f  the  g -v a lu e .

In  s o lu t i o n ,  t h i s  a n iso t ro p y  i s  averaged  to  a median value 

as  a r e s u l t  o f  the  random Brownian motion o f  the  m olecules -  termed 

the  i s o t r o p i c  va lue ;

% so “ ^  ^®xx ^ ®yy ^zz ^

This av e rag in g  le a d s  to  a r a t h e r  more simple system fo r  

i n i t i a l  i n t e r p r e t a t i o n .

1C. Hyperfine S t r u c tu r e .

1C.1 O rig in  -  So f a r ,  only  the  i n t e r a c t i o n  o f  the  unpaired  e le c t ro n  

with the  e x t e r n a l ly  a p p l ie d  f i e l d  has been co n s id e red .  However, any 

r e a l  system may well co n ta in  o th e r  n u c le i  w ith  r e s u l t a n t  magnetic 

moments th a t  w i l l  in f lu e n c e  the  energy l e v e l s  o f  the  unpaired  

e l e c t r o n .  The most commonly occuring  such nucleus  in  o rgan ic  systems
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w ith  a magnetic moment i s  the  p ro ton  with a n u c le a r  sp in  o f  

+-J , and a s  w ith  the  e l e c t ro n  t h i s  may a l ig n  i t s e l f  w ith i t s  

r e s u l t a n t  magnetic moment ' p a r a l l e l '  o r  ' a n t i - p a r a l l e l '  to  the  

e x t e r n a l ly  a p p l ie d  f i e l d  and th u s ,  m odifies  the  energy l e v e l s  o f  

the  unpa ired  e l e c t r o n .  Consider a f r e e  r a d i c a l  c o n ta in in g  a proton 

such as  OH* or CH(SO,)“* Tlie oxygen o r  the  carbon and su lphur  atoms 

may be ignored  a s  t h e i r  n a t u r a l l y  abundant i s o to p e s  have no r e s u l t a n t  

magnetic moment (1=0). This coup ling  between the  magnetic moments 

o f  the  pro ton  and the  e le c t r o n  le a d s  to  fou r p o s s ib le  combinations 

o f  thé  o r i e n t a t i o n s  o f  the  magnetic moments i . e .

Ms

- i

«1

4

which le a d s  to  the  fo llow ing  energy l e v e l  diagram ( F ig .9)

A

H

4 '̂
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Hence, the  a d d i t io n a l  coup ling  from a pro ton  f u r th e r  s p l i t s  the  

b a s ic  e l e c t ro n  energy l e v e l s  to  g ive  a t o t a l  o f  fou r  energy le v e ls*  

C a lc u la t io n s  show th a t  a f i n i t e  p r o b a b i l i t y  only  e x i s t s  fo r  

t r a n s i t i o n s  s a t i s f y i n g  c e r t a in  s e le c t io n  ru les*  By app ly ing  these  

s e le c t io n  r u l e s  governing the  t r a n s i t i o n s ,  namely :

= ± 1 

A M j  = 0

i t  can be seen th a t  two energy t r a n s i t i o n s  a re  allowed and hence 

a spectrum with two l i n e s  i s  observed a s  the  e x te rn a l  magnetic f i e l d  

i s  swept, a s  in d ic a te d  in  f i g .  9* Tlie spectrum may be s a id  to  

e x h ib i t  "hyperf ine  s t r u c t u r e "  and the s e p a ra t io n  between the  l i n e s  

(g e n e ra l ly  measured in  gauss o r  MHz where 1 gauss = 2 . 80MHz) i s  

termed the "hyperf ine  s p l i t t i n g " *

This t rea tm en t may be extended to  n u c le i  w ith  sp in s  g r e a te r
'I Zf

than  -J, e .g .  N which has a sp in  1=1. In  t h i s  case th e re  a re  th ree  

allowed t r a n s i t i o n s  o f the  magnetic moment, p a r a l l e l ,  a n t i - p a r a l l e l ,  

and normal to  the  f i e l d ,  correspond ing  to  the allowed va lues  

+ 1 ,0 , - 1 ,  fo r  the  sp in  quantum numbers, and thus  the  new e le c t ro n  le v e l  

i s  s p l i t  i n to  th r e e  and a p p l ic a t io n  o f  the  s e le c t io n  r u le s  le a d s  to  

th ree  allow ed t r a n s i t i o n s .  Consequently , in  s o lu t io n  a spectrum of  

th re e  eq u a l ly  spaced l i n e s  o f equal i n t e n s i t y  i s  observed .

In the  g en e ra l  c a s e ,  i f  the coupling  between the  unpaired  

e le c t ro n  and a nucleus  with n u c le a r  sp in  I  i s  co n s id e red ,  each e le c t ro n  

l e v e l  becomes s p l i t  in to  21+1 l e v e l s  and a p p l i c a t io n  o f  the s e le c t io n  

r u le s  in d i c a te s  th a t  th e re  a re  21+1 allowed t r a n s i t i o n s  and hence 

21+1 eq u a l ly  spaced , eq u a l ly  in te n s e  l i n e s .  (e*g* Mn has a sp in  o f 

hence a s o lu t io n  o f  MnCÔ  in  w ater g ives  a spectrum o f  s ix  l i n e s )
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1C.2 Coupling w ith  e q u iv a le n t  p ro to n s  -  So f a r  c o n s id e ra t io n  

has been given only to  i n t e r a c t i o n  o f  the  unpa ired  e l e c t r o n ’ w ith 

one o th e r  magnetic n u c le u s ,  the  e f f e c t  o f  two or more a d d i t io n a l  , 

e q u iv a le n t  n u c l e i , such a s  two p ro tons  i n  i s  as  fo llow s :

For the  M = e le c t ro n  sp in  s t a t e  the  fo llow ing  s e t  o f  s

p ro ton  sp in  s t a t e s  e x i s t  : 

Proton 1

(

Proton 2

4  )

4  i
4 F i g . 10

As th e se  two p ro tons  a re  e q u iv a le n t  th e re  i s  no d i f f e re n c e  in  

energy between the  two sp in  s t a t e s  b rack e ted  to g e th e r  in  f ig u re  10, 

as  f a r  a s  the  e l e c t ro n  i s  concerned. These two com binations th e re fo re  

form a doubly degenera te  l e v e l .  An e x a c t ly  s im i l a r  s e t  o f  s u b - le v e l s  

a l s o  e x i s t  fo r  the  = - J  e l e c t r o n  l e v e l .  Thus, a p p l ic a t io n  o f  

the  s e le c t io n  r u l e s ,  le a d s  to  th re e  allow ed t r a n s i t i o n s  as  in d ic a te d

in  f ig u re  11

l i
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These t r a n s i t i o n s  give r i s e  to  th re e  e q u a l ly  spaced l i n e s  

w ith  double the  i n t e n s i t y  fo r  the  t r a n s i t i o n  between th e  doubly 

degenerate  l e v e l s .  The spectrum th e re fo re  appea rs  a s  fo llow s :

J J

' I n t e n s i t i e s :  1 : 2 : 1

Extending t h i s  argument to  th re e  e q u iv a le n t  p ro tons  as in  the 

methyl r a d i c a l ,  the  spectrum c o n ta in s  four eq u a l ly  spaced l i n e s  w ith  

the  i n t e n s i t y  d i s t r i b u t i o n  1 :5 :5 :1 ,  s in ce  th e  in n e r  l e v e l s  o f  each 

group a re  t h r e e - f o ld  d eg en e ra te .  Thus *n' e q u iv a le n t  p ro tons  le ad  

to  (n + 1) eq u a l ly  spaced l i n e s  w ith  a b inom ial d i s t r i b u t i o n  o f  

i n t e n s i t i e s .

1C,3 Coupling w ith  n o n -eq u iv a len t  p ro tons  -  I f  the  unpaired  e le c t ro n  

in  the  r a d i c a l  couples  w ith  two n o n -eq u iv a len t  p ro to n s ,  then th e re  

i s  a d i f f e re n c e  in  energy between the  and --J +-J s t a t e s ,

i . e .  they  a re  no lo n g e r  d e g en e ra te .  Four l i n e s  o f  equal i n t e n s i t y  

can be seen to  a r i s e  on a p p l ic a t io n  o f  the  s e le c t io n  r u l e s .  However, 

the  spac ing  between th e se  l i n e s  i s  no lo n g e r  equal a s  may be seen in  

f ig u re  12.
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IX .

In genera l  n n o n -eq u iv a len t  p ro tons  g ive r i s e  to  2 l i n e s  o f  

equal i n t e n s i t y ,  w ith n d i s t i n c t  h y p erf in e  s p l i t t i n g s ,  (n .b .  n n u c le i  

o f  sp in  I  g ive  (21+1)^ l i n e s ) .

1D. I nform ation  about the  o d d -e le c tro n  o r b i t a l .

Hyperfine s t r u c t u r e  p rov ides  in fo rm atio n  about the  o r b i t a l  

o f  the unpa ired  e l e c t r o n .  The hyp erf in e  s p l i t t i n g  i s  a r e s u l t  o f  the 

coupling  between the  magnetic moment o f  the  e l e c t r o n  and the  nucleus 

in  q u e s t io n ,  and t h i s  coupling  may be s e p a ra ted  in to  two components, 

the  i s o t r o p i c  and a n i s o t r o p ic  components, Fermi* showed th a t  the 

i s o t r o p i c  s p l i t t i n g  was p ro p o r t io n a l  to  the  p r o b a b i l i t y  o f  f in d in g  

the e l e c t ro n  a t  the  n u c le u s ,  and the  hyp erf in e  s p l i t t i n g  A i s  given 

by the  r e l a t i o n  :

_ gT? -  -  . '  %A

where i s  t h e 'g - f a c t o r  f o r  the e l e c t ro n

g^ i s  the  g - f a c t o r  fo r  the  nuc leus  in  ques tio n

i s  the  Bohr magneton fo r  the e le c t ro n

P j  i s  the Bohr magneton fo r  the nucleus  in  ques tion

i s  the p r o b a b i l i t y  o f  the  e le c t ro n  e x i s t in g  a t  the nucleus
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Since the fu n c t io n  i s  zero  fo r  a l l  except s -  o r b i t a l s ,  i t

i s  only when the  o r b i t a l  has some .6 -  c h a ra c te r  fo r  a p a r t i c u l a r  

nuc leus  th a t  hyp erf in e  s p l i t t i n g  i s  observed .

The a n iso t ro p y  o f  the  hyp erf in e  coupling  a r i s e s  from d ip o le -d ip o le  

i n t e r a c t i o n s  between the  magnetic moments o f  the  e le c t r o n  and the 

nucleus  g iv ing  the  hyp erf in e  s t r u c t u r e .  The magnitude o f  t h i s  

i n t e r a c t i o n  i s  given by . :

=” ^ ( 3  co s^ ^ -1 )

where &  i s  the r e l a t i v e  o r i e n t a t i o n  o f  the  two r e s u l t a n t  magnetic 

moments, and Î*' i s  t h e i r  s e p a ra t io n .

I f  the  r a d i c a l  i s  in  s o lu t i o n ,  then i t s  o r i e n t a t i o n  with re s p e c t  

to  the  e x te rn a l  f i e l d  changes r a p id ly  and randomly as  a r e s u l t  o f 

Brownian motion, under these  c o n d i t io n s  the d ip o la r  i n t e r a c t i o n  i s  

averaged to  z e ro ,  a s  was the  case w ith  the  g -value  a n iso t ro p y .  This 

le a v e s  the  Fermi c o n ta c t  i n t e r a c t i o n  a s  the  source o f  the hyperf ine  

s p l i t t i n g .

1E. Linewidths and I n t e n s i t i e s .

In  t h i s  d is c u s s io n  i t  has been im plied  th a t  e . p . r .  ab so rp tio n  

occur a t  p re c i s e  va lues  o f  the  a p p l ie d  magnetic f i e l d  and a t  no 

o th e rs  i . e .  the  l i n e s  a re  i n f i n i t e l y  narrow, whereas in  f a c t  they 

have a f i n i t e  w id th . The main reason  fo r  t h i s  i s  t h a t  the e le c t ro n s  

no t only i n t e r a c t  w ith th e  e x te r n a l  a p p l ie d  f i e l d ,  bu t a l so  with 

t h e i r  environment in  the  sample, in  a more o r l e s s  random way. 

Consequently the  r e s u l t a n t  magnetic f i e l d  experienced  by a popu la tion  

o f  e l e c t r o n  sp in s  i s  no t th e  same throughout the  popu la tion  fo r  a 

given value o f  the  a p p l ie d  f i e l d .  Thus the  resonance ab so rp tio n  l i n e  

o b ta ined  fo r  a given value o f  the r e s u l t a n t  f i e l d  i s  ob ta ined  fo r  a
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range o f  va lues  o f  the  a p p l ie d  f i e l d .  Hence, environm ental 

in fo rm ation  may be ob ta in ed  by observ ing  l in ev /id th  changes.

Now co n s id e r  the  b a s ic  e . p . r ,  experiment a l i t t l e  more 

c lo s e ly .  I t  was shown e a r l i e r  t h a t  th e re  i s  a preponderance o f  

s p in s  in  the  lower s t a t e ,  bu t s t i l l  a c o n s id e ra b le  p ro p o r t io n  

in  the upper s t a t e .  Thus a t  the beg inn ing  o f  an e . p . r .  experiment 

th e re  e x i s t s  an imbalance o f  p o p u la t io n s ,  and th e re fo r e  a b so rp t io n  

p ro cesses  outweigh em issions .  There i s  a  tendency to  e q u a l is e  the  

p o p u la t io n s  and the  ab so rp t io n  s ig n a l  might be expected  to  d isappea r  

g ra d u a l ly .  This i s  no t the  c a se ,  and hence th e re  must be some 

mechanism which t r a n s f e r s  sp in s  from the  upper l e v e l  to  th e  lower 

l e v e l ,  en ab l in g  the system to  tend to  a c o n d i t io n  o f  therm al popu la tion  

e q u i l ib r iu m .  Such mechanisms a re  r e f e r r e d  to  as  r e l a x a t io n  p ro cesse s .

1E.1 S p in -L a t t ic e  R elaxation  T̂  -  This i s  the p rocess  which r e s to r e s  

the  eq u il ib r iu m  r a t i o  o f  the  Boltzman d i s t r i b u t i o n ,  and inv o lv es  

the  therm al eq u i l ib r iu m  o f  the  sp in  system w ith  the  l a t t i c e  o r 

environment o f  the  sp in  system. This r a d i a t i o n l e s s  decay process  

may be envisaged as  a r e s u l t  o f  o s c i l l a t i n g  lo c a l  e l e c t r i c a l l y  

charged p a r t i c l e s  producing f lu c t u a t i n g  magnetic f i e l d s  which caui 

couple with the magnetic moment o f  the  e l e c t r o n  and hence induce 

t r a n s i t i o n s .  The energy from the  sp in  system i s  d i s s ip a t e d  as 

l a t t i c e  pho tons, r e s u l t i n g  e v e n tu a l ly  in  in c re a s e d  v ib r a t io n a l  and 

t r a n s l a t i o n a l  motion in  the  environm ental m olecu les.  This type 

o f  r e l a x a t io n  p rocess  has a f a i r l y  long  r e la x a t io n  tim e, T̂  , and 

i s  h igh ly  tem perature  dependent.
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1E,1 Spin-Spin  R elaxation  (T^) -  This p rocess  does no t a f f e c t

the  popu la t io n  o f  e l e c t r o n  s p in s ,  bu t merely the  time th a t  the  

e l e c t r o n s  e x i s t  in  the  upper s ta te *  Assume the  e l e c t ro n  to  be in  

th e  upper s t a t e  fo r  a time • H e isen b erg 's  U n ce r ta in ty  p r in c ip le  

may be w r i t t e n  as

equation  2,

where §  E r e p re s e n t s  a  sm all change in  E*

F u r th e r ,  r e l a t i n g  energy to  frequency

E = h*  ̂ equation  3*

Now i f  E becomes E h- E eq. 4 .

and becomes "9 + eq. 3*

where r e p re s e n ts  a sm all change in  frequency 

Then s u b s t i t u t i n g  eq u a t io n s  4 & 3 in  equa tion  3 g ives

(Çe = hSS^ equation  6

F u r th e r ,  s u b s t i t u t i o n  o f  equa tion  6 in  equa tion  2 g ives

V 2 7 r

1 = 1

Since i s  e q u iv a le n t  to  ^fcby i n i t i a l  d e f i n i t i o n .  I f

i s  the  s p e c t r a l  l in e w d i th ,  then T  ̂ governs the  l in e w id th .
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IF . In s t ru m e n ta t io n .

1F.1 Basic .Spectrometer -  I t  v/as shov/n e a r l i e r  th a t  th e re  a re  two 

energy l e v e l s  fo r  the  unpaired  e l e c t r o n  when a param agnetic sample 

i s  p laced  in  a magnetic f i e l d .  The energy d i f f e re n c e  between those  

l e v e l s  i s  denoted by the  r e l a t i o n s h i p  expressed  in  equa tion  1.

For the g r e a t e s t  s e n s i t i v i t y  in  the  sp ec tro m e te r ,  the  l a r g e s t  

d i f f e r e n c e  in  popu la t ion  between th e  energy l e v e l s  i s  r e q u i r e d ,  

which means having ^  E and hence H as  l a rg e  a s  p o s s ib le .  For a 

f r e e  e le c t ro n  having a  g -value  o f  2 .0023, the  rad io -f req u e n cy  

r e q u ire d  fo r  t r a n s i t i o n s  i n  a magnetic f i e l d  o f  3 ,000 g au ss ,  i s  about 

9,000 MHz which^is in  the microwave reg ion  o f  the e lec tro m ag n e tic  

spectrum . This i s  convenient expe r im en ta lly  because microwave 

components fo r  the  frequency range 8,300 -  10,OOOMHz , c a l le d  

X-band, a re  commercially a v a i l a b l e .  Other microwave f req u en c ie s  

such as  24GHz, 330Hz e t c .  have been u sed ,  bu t the fo llow ing  

d e s c r ip t io n  r e f e r s  to  9*3GHz system s.

1F.2 C ons truc tion  -  Microwave energy i s  su p p lie d  by a k ly s t ro n  

o s c i l l a t o r  and i s  t r a n s m i t te d  a long  a waveguide. I t  i s  then 

d i r e c te d  to  a sample chamber, which i s  a microwave resonan t c a v i ty  

and i s  coupled v ia  an i r i s  coupling screw to  a c i r c u l a t o r  which has 

the  p ro p e r ty  th a t  a l l  the power in c id e n t  on the in p u t  p o r t  o f  the 

c i r c u l a t o r  i s  d i r e c te d  to  the c a v i ty ,  and a l l  o f  th e  r e f l e c t e d  

s ig n a l  a t  resonance from the  c a v i ty  i s  d i r e c te d  through the 

c i r c u l a t o r  to  the  "Backdiode" d e t e c to r .

The microwave re so n an t c a v i ty  may be thought o f  as  a small 

p iece  o f  waveguide, an i n t e g r a l  number o f  h a l f  wavelengths long 

( i . e .  " ^ / 2  where ^ ^ 3  cms fo r  the X-Band) with one end c losed



22 .

and a sm all coup ling  hole  w ith an i r i s  coup ling  screw a t  the 

o th e r  end. I t  a llow s a s tan d in g  wave p a t te r n  o f  the e l e c t r i c  (Ey) 

and magnetic f i e l d  (H^) v e c to rs  to  be s e t  up. - In t h i s  work a 

r e c ta n g u la r  mode microwave c a v i ty  i s  employed in  which the s tan d in g  

wave p a t te r n  shown in  the  diagram below ( f i g . l 4 )  o b ta in s .  Tliis 

mode p a t t e r n  i s  t e c h n ic a l ly  laiov/n as  the  tnode The c a v i ty

has a plane o f  zero ~ v e c to r  p e rm i t t in g  o b se rv a tio n  o f  samples 

in  media w ith h igh d i e l e c t r i c  c o n s ta n ts  w ithout degrading the 

e f f ic ie n c y  o f  the  system.

5 ,  -  l / e c b r

Fh.
This microwave re so n an t c a v i ty  i s  p laced  between the  pole 

p ieces  o f  a l a rg e  e lec tro m ag n e t.  The i r i s  coupling  screw i s  a d ju s te d  

so th a t  the  'b r id g e '  formed by the  c i r c u l a t o r  between the  k ly s t ro n  

and the  c a v i ty ,  and the c a v i ty  and the  d e te c to r  i s  p e r f e c t ly  ba lanced , 

consequently  no c u r re n t  appears  a t  the d e te c to r  o u tp u t .
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I f  the  magnetic f i e l d  i s  now scanned l i n e a r l y  w ith  re s p e c t  

to  time as  in d ic a te d  in  f i g .  1 3 .

A
H

i s :

When the f i e l d  reaches  the  value H s a t i s f y i n g  the resonance cond it io no

h '9 ^  = g/^H^ , microwave power i s  absorbed by the sample and the b ridge 

becomes unbalanced, causing  energy to reach  the d e t e c to r .  Thus the 

resonance l i n e  i s  observed ( f i g .  16),.

i

H H

f i , .

In  r e a l i t y  the c r y s t a l  d e te c to r  works more e f f i c i e n t l y  i f  i t  

i s  b ia se d .  This i s  achieved  by mismatching the b ridge  with the  i r i s  

coup ling  screw so th a t  power i s  r e f l e c t e d  from the c a v i ty ,  thus 

p ro v id ing  a b ia s  c u r re n t  fo r  the c r y s t a l  d e t e c to r .

In some experim ents the l i n e s  were narrow and e a s i l y  s a tu r a te d  

w ith microwave power, n e c e s s i t a t i n g  an a t t e n u a to r  to  reduce the 

in c id e n t  microwave power to an acc ep tab ly  low l e v e l .  Under these
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c o n d i t io n s  c r y s t a l  b ia s in g  i s  a t t a in e d  by the  use of a re fe ren c e  

back arm in  the  b r id g e .  This ta k e s  power from the source before  

a t t e n u a t io n ,  and a f t e r  ad justm ent o f  the  phase , a p p l ie s  a  c u r re n t  

to  b ia s  the d e te c to r  which i s  in  phase with th a t  coming from the  

c a v i ty .  Consequently when power i s  absorbed by the  sample a t  

resonance , the  d e te c to r  c u r re n t  f a l l s  as  in d ic a te d  in  F ig .  17.

D etec tor

H H

The s e n s i t i v i t y  o f  such a spec trom ete r  would be very poor, 

and to  improve t h i s ,  a p a i r  o f  sm all modulation c o i l s  a re  added, 

one on each s id e  o f the  c a v i ty .  Tliese a re  fed with an a l t e r n a t i n g  

c u r r e n t ,  and produce a small a l t e r n a t i n g  magnetic f i e l d  with a 

v a r ia b le  am plitude of up to  about 40 gauss peak to peak ( p . p . ) .  

Thus as  the  magnetic f i e l d  i s  swept, the modulation f i e l d  i s  

superimposed as  in d ic a te d  in  f i g .  l 8 .

t
H

/ 8 .
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Consequently as  the  f i e l d  imsses through the resonance cond it io n  

an A.C. component i s  p icked up a t  the  c r y s t a l  d e c to r .  R efe rr ing  

to  fig* 1 9 j a t  *A*; the  A*C, component picked up a t  the c r y s t a l  

d e te c to r  i s  z e ro ,  because the microwave power i s  no t changing 

with magnetic f i e l d .

A

F h .

At ’B’ the  modulation o f  the f i e l d  causes the r e f l e c t e d  

microwave power to  be modulated a t  the  same frequency, the  am plitude 

o f  the  m odulation depending on the s lope  o f  the  ab so rp tio n  l i n e  

a t  B, At 'O’ , the  modulation has the opposite  phase from B, because 

the  s lope  o f  the  l i n e  i s  now p o s i t iv e  in s te a d  o f  negative* llius 

the  s ig n a l  a t  the  d e te c to r  may be rep re sen ted  as  in  f i g ,  20,

%
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This s ig n a l  i s  am p lif ied  by an a m p l i f ie r  tuned to the 

modulation frequency , and the  am p lif ied  s ig n a l  i s  th e n .fe d  in to  

a phase s e n s i t i v e  d e te c to r  which i s  e s s e n t i a l l y  a sw itch  opening 

and c lo s in g  a t  the  modulation frequency. I f  the phasing i s  

c o r r e c t ly  a d ju s te d ,  only p o s i t iv e  h a l f  cycles  w i l l  be d e te c te d ,  

and as  the system passes  through reso n an ce , only the  shaded 

p o r t io n  o f  f i g ,  21 i s  d e te c te d .

I f  a s u i t a b le  f i l t e r  i s  i n s e r t e d ,  the  d e tec ted  s ig n a l  i s  a 

slowly vary ing  D,C. s ig n a l  as  in d ic a te d  by the do tted  l i n e  in  

f ig u re  21 , t h i s  ou tpu t being the f i r s t  d e r iv a t iv e  o f the ab so rp tio n  

l i n e  w ith  re s p e c t  to  the f i e l d .

The ques tion  o f modulation frequency a r i s e s  s ince  c r y s ta l  

d e t e c to r s  produce random n o is e ,  the average noise  l e v e l  vary ing  

in v e r s e ly  w ith  frequency . Thus an in c re a se  in  modulation frequency 

le a d s  to  an in c re a s e  in  s ig n a l  to  noise r a t i o  fo r  the system. 

However, an upper l i m i t  must be imposed s ince  in fo rm ation  theory  

in d i c a t e s  t h a t  the  s ig n a l  passed by the a m p li f ie r  c o n s is t s  of a 

fundamental frequency to g e th e r  with s idebands, whose se p a ra t io n  

depends on the  frequency .
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These sidebands lead  to  l i n e  breading  i f  t h e i r  s e p a ra t io n  

i s  g r e a t e r  than the  l in e w id th  o f  the sample under i n v e s t ig a t io n .  

Most sp ec tro m e te rs  employ lOOKHz modulation frequency w ith  a 

s ideband s e p a ra t io n  o f  ?0 m i l l ig a u s s  (mg.) thus  s t r i k i n g  a 

compromise between r e s o lu t io n  and s e n s i t i v i t y  which i s  adequate 

fo r  a la rg e  number o f  a p p l i c a t io n s .  However, when a P h i l lc o  

"back-d iode" i s  used in  p lace  o f  the more usual p o in t  co n tac t  

diode fo r  d e t e c t i o n ,  the  s ig n a l  to no ise  r a t i o  dependence on 

frequency i s  d i f f e r e n t  a s  in d ic a te d  in  f ig u re  22, The spectrom ete r  

can th e re fo re  be op era ted  a t  10KHz modulation frequency with the 

same s e n s i t i v i t y  a s  a t  lOOKHz, with the sideband separation, 

reduced to  approxim ate ly  7mg. Thus magnetic f i e l d  homogeneity, 

r a t h e r  than  modulation frequency, i s  the l im i t in g  f a c to r  in  

r e s o lu t i o n .



A block  diagram o f  a ty p i c a l  e . p . r ,  spec trom ete r  as  

used in  t h i s  work i s  given in  f ig u re  2 3 .

28.

leVelier Pr€
f\M(A

Svvfbb CiKnUbr

gcc
CgN

!____________

Rwer Sn̂ p̂ y»

F/&W Scan
i t

too KHz e r  JO If Hi 'S Rgc-efŴr
à _ _

y-4xi<

/ v j .  2 3 .



29.

SECTION 2

H is to r i c a l  and General,

Page No,

2A. Hulms and Symons's In v e s t ig a t io n  o f
R eactions  o f Ilexamethylbenzene . . .  .................  30

2B, S inger  and L ew is 's  In v e s t ig a t io n  of
R eac tions  of Hexamethylbenzene . . .  .................  33

20, C a r te r  and Vincow's I n v e s t ig a t io n  of
R eac tions  o f  Hexamethylbenzene 41

2D. Hulme and Symons's In v e s t ig a t io n  o f
R eac tions  o f  o th e r  p o ly a lk y la te d  . . .  . . .  . . .  42
arom atic  hydrocarbons

2E. Summary     4?



30.

H is to r i c a l  and G enera l,

The study  by e . p . r ,  o f  r a d i c a l - c a t i o n s  and r a d ic a l - a n io n s  

o f  p o ly n u c lea r  arom atic  hydrocarbons and the t h e o r e t i c a l  i n t e r p r e t a t i o n  

o f the r e s u l t a n t  s p e c t r a  has been f a i r l y  w ell documented. Tlie

s tu d y .o f  p o ly a lk y la te d  arom atic  hydrocarbons and t h e i r  r e a c t io n s  

in  s u lp h u r ic  a c id  has posed a number o f  i n t e r e s t i n g  qu es tio n s  concerning 

both  the  r e a c t io n  pathway and the  la rg e  number o f  end products  th a t  

may be formed.

An in v e s t ig a t io n  o f  the form ation o f  r a d i c a l - c a t io n s  o f 

s u b s t i t u t e d  arom atic  hydrocarbons with low f i r s t  i o n i s a t io n  p o t e n t i a l s  

such a s  hexamethylbenzene (H.M.B.) pentamethylbenzene (P.M.B.) and 

2 , 3 ,3 , 6  -  te tram ethy lbenzene  (durene) was c a r r i e d  out i n i t i a l l y  by 

Hulme and Symons and l a t e r  by S inger and Lewis ^ and from a more

t h e o r e t i c a l  s ta n d p o in t  by C a r te r  and Vincow ^ between I 96O and 1970.

2A. Hulme and Symons's I n v e s t i g a t io n  o f  Reactions o f  Hexamethylbenzene. .

Hulme and Symons observed th a t  hexamethylbenzene (H.M.B.) 

d is so lv e d  slow ly in  98% s u lp h u r ic  a c id  (H^SO^) and y ie ld e d  a ye llow ish  

red  s o lu t io n  with no e . p . r ,  s ig n a l .  Exposure o f  t h i s  s o lu t io n  to  

u l t r a v i o l e t  l i g h t  y ie ld e d  an e . p . r .  spectrum with a g - f a c to r  o f 

2 .00267  ± .0001. This spectrum co n s is te d  o f a s in g le ,  odd-numbered 

s e t  o f  e q u a l ly  spaced l i n e s  sep a ra ted  by 6.43 ± .03  gauss.

I d e n t i f i c a t i o n  o f  the  sp ec ie s  as  the H.M.B. r a d ic a l  c a t io n  was based 

on the  fo llow ing  argueraents.

( 1 ) The spectrum i s  remarkably s im ple ,  showing only one proton 

h y p erf in e  coupling  c o n s ta n t .

(2 ) Only t h i r t e e n  o f  the  expected n ine teen  l i n e s  were d e te c te d ,  

bu t the r e l a t i v e  i n t e n s i t i e s  t o t a l l y  e l im in a te  e i t h e r  fou rteen
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or  s ix te e n  e q u iv a len t  p ro to n s ,  and give a  b e t t e r  

f i t  with e ig h teen  p ro tons  r a th e r  than twenty.

(3) Only two d i f f e r e n t  types o f  carbon atom could be seen
13

from the  "G hyperf ine  s a t e l l i t e  l i n e s .  Their i n t e n s i t i e s  

fo r  the  outerm ost p a i r s  o f  l i n e s  a re  c o r re c t  fo r  molecules 

having s ix  e q u iv a len t  carbon atoms, one being

(4) The l in e w id th  could not be reduced below 0,23 gauss ,  and 

l i n e s  d id  not broaden under the maximum a v a i la b le  microwave 

power.

(3) Tlie proton hyperf ine  s p l i t t i n g  o f  6.43 gauss i s  a cc ep tab le

fo r  the  H.M.B. r a d ic a l  c a t io n  and a lso  the g - f a c to r  i s

c lo se  to  those  ob ta ined  fo r  o th e r  aromatic^hydrocarbon

c a t io n s ,  and d i f f e r s  s u b s t a n t i a l l y  from those g e n e ra l ly

observed fo r  o x id ised  sp ec ie s  such as  p ro tona ted  semiquinones.

The a u th o rs  in d ic a te  th a t  these  r e s u l t s  a re  q u a l i t a t i v e l y

10s im i l a r  to  those  fo r  the  anion o f  benzene and the c a t io n  and anion 

11 12o f  coronene  ̂ which, l i k e  the H.M.B, c a t io n ,  have o r b i t a l l y  

degenera te  ground s t a t e s .

Hulme and Symons ^ f u r th e r  observed th a t  on prolonged s tan d in g  

the  H.M.B. re a c te d  slowly to  give a s ta b le  r a d i c a l - c a t i o n , c h a ra c te r i s e d  

by an e . p . r .  spectrum a t  g = 2.002? ± .0003. This spectrum e x h ib i te d  

an asymmetric t r i p l e t  w ith  an approxim ately 1:2:1 i n t e n s i t y  r a t i o .

The group a t  the  low -  f i e l d  s id e  was somewhat broader than th a t  a t  

the  h igh  -  f i e l d .  Under high a m p l i f i c a t io n ,  23 l i n e s  were d e te c te d  in  

each group. Under superheterodyne d e te c t io n  c o n d i t io n s ,  f u r th e r  l i n e s  

were re so lv e d  under the  c e n t r a l  l i n e s  o f  the c e n t r a l  group. In 

d e u te r io s u lp h u r ic  a c id  the  major t r i p l e t  was l o s t ,  and was rep laced
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by a q u in tu p le t  w ith r e l a t i v e  i n t e n s i t i e s  approxim ately

with a h y p erf in e  s p l i t t i n g  about one s ix th  th a t  o f  the o r i g i n a l .

The rem ainder o f  the spectrum was unchanged, thus  e s ta b l i s h in g  

th a t  only  two s t ro n g ly  in t e r a c t i n g  pro tons  a re  r e a d i ly  exchanged 

with s o lv e n t  p ro to n s .

The a u th o rs  i n t e r p r e te d  the spectrum in  the  fo llow ing

manner.

(1) The major t r i p l e t  s p l i t t i n g  o f  3*4 gauss i s  unambiguously 

ass ig n ed  to  two eq u iv a len t  p ro tons ,

(2) Since these  a re  the  only p ro tons  which r e a d i ly  exchange

with the  so lv e n t  they cannot be two pro tons  o f  a methyl 

group s t e r i c a l l y  co n s tra in ed  to  a f ix ed  o r i e n t a t i o n  with 

r e s p e c t  to  the  r in g ,

Hulme and Symons th e re fo re  suggested th a t  the r a d i c a l  i s  o f  

the  form RCH^. The f a c t  th a t  the r e s id u a l  s p l i t t i n g  o f  1.7 gauss 

i s  composite i s  im plied  by the p a r t i a l  r e s o lu t io n  of the  c e n t ra l -  

l i n e s .  I f  one h y p erf in e  coupling i s  s e t  equal to  1 .7 gauss and the 

o th e r  i s  approx im ate ly  twice t h i s  value then the c e n t r a l  l i n e s  o f  each 

group should c o n s is t  o f  a l t e r n a t i n g  s e t s  o f  th ree  and fou r l i n e s .

F u r th e r ,  a t  l e a s t  25 main l i n e s  have been d e tec te d  in  each of the

th re e  g roups . This e l im in a te s  the p o s s i b i l i t y  th a t  the  1 .7  and 3 .4  gauss 

s p l i t t i n g s  stem from two p a i r s  o f  two equ iv a len t  methyl groups, s ince  

t h i s  could  give only 19 l i n e s .  The au th o rs  suggest th a t  the  most 

l i k e l y  a l t e r n a t i v e  i s  t h a t  th e re  i s  one s e t  o f  s ix  eq u iv a len t  p ro tons  

from tv/o e q u iv a le n t  methyl groups, and one s e t  o f  twelve from four 

e q u iv a le n t  methyl groups. This would give 31 l i n e s  with about the  

c o r r e c t  r a t i o  o f  i n t e n s i t i e s .  The o u te r  l i n e s  would be extremely 

weak r e l a t i v e  to  the  c e n t re  and probably l o s t  in  the background n o is e .



Hulme and Symons p o s tu la te d  th a t  the most probable r a d ic a l

i s  the  hexamethylbenzyl r a d i c a l  c a t io n  ( I ) .  This p o s tu la te  was

/ based on the  sp e c tro sc o p ic  evidence p resen ted  in  the proceeding

13parag rap h ,  and on the  f a c t  e s ta b l i s h e d  by o th e r  works , th a t  

p ro to n a te d  hexamethylbenzene in  su lp h u r ic  ac id  can r e a d i ly  t r a n s f e r  

a methyl group to  give the heptamethylbenzene ion  ( I I ) .

CH. CH

(I)

CHs

M,Cv3 x
H3C -

> -

Ion ( I I )  can then lo s e  a pro ton  to  give ( I I I ) .

CM

c r iCH

CH.
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O xidation  o f  ( I I )  o r  ( i l l )  could give ( I ) ,  w h i ls t  an eq u i l ib r iu m  

between ( I I ) and ( I I I )  could provide a ro u te  to  exchange with 

d e u te r io s u lp h u r ic  a c id  (D^SO^) a t  the  methylene group o n ly ,  provided 

o x id a t io n  i s  r a p id  compared with the  r a t e  o f m igration  o f  the  

methyl group in  ( I I ) .  Consequently a reasonab le  assignment o f 

the  two sm all coupling  co n s ta n ts  would then b e :1 .?  gauss to  the 

two a l i p h a t i c  methyl groups and 3«4 gauss to  the  r in g  m ethyls.

The a u th o rs  in d ic a te d  th a t  o th e r  combinations o f  the  s ix  methyl 

groups a re  a lso  p o s s ib le .

F in a l ly  the  a u th o rs  commented on the  s t a b i l i t y  o f  r a d ic a l  ( I )  

in  c o n t r a s t  w ith the  marked i n s t a b i l i t y  of the H.M.B, r a d ic a l  c a t io n .  

The s t r u c t u r a l l y  s im i la r  r a d i c a l  (IV) i s  a t a u t orner o f the H.M.B, 

r a d i c a l  c a t io n ,  and the  f a c t  th a t  no t r a c e  o f  t h i s  r a d i c a l  was
5

d e te c te d  shows th a t  e i t h e r  the symmetrical c a t io n  i s  favoured, or 

t h a t  the  p rocess  o f  decay of the  H.M.B, c a t io n  invo lves  t h i s  ion  

a s  an in te rm e d ia te .

CMCM

iiv)



2B. Singer and L ew is 's  I n v e s t ig a t io n  o f  Reactions and Hexamethylbenzene .

A s im i la r  in v e s t ig a t io n  by. S inger and Lewis ^ was pub lished  in

1965 .

2B.1 S in ger  and Lewis confirmed th a t although-H.M.B. does no t r ea ct  

im m ediately w ith  8̂% s u lp h u r ic  a c id  i t  does undergo a slow rearrangement 

to  form a s t a b l e  r a d i c a l  which i s  no t the  simple H.M.B. c a t io n .

The u l t r a - v i o l e t  -  v i s ib l e  ab so rp t io n  s p e c t r a  ob ta ined  from

H.M.B,. in  co n ce n tra te d  su lp h u ric  a c id  showed i n i t i a l  bands a t  393ni|i

and 280m|.i. which were a t t r i b u t e d  to  the  p ro tona ted  H.M.B. r a d ic a l  c a t io n  (IV).

As time p rog ressed  the  s o lu t io n  o f  H.M.B. in  98% su lp h u r ic  ac id  

tu rned  red  and developed new bands a t  520rn;i and 334mq. These bands 

in c re a s e d  in  i n t e n s i t y  with time and in d ic a te d  the  form ation o f  a second 

s p e c ie s ,  v/hich was presumed to  be a f re e  r a d ic a l  in  the su lp h u r ic  

a c id  s o lu t io n .

The same e . p . r .  spectrum observed by Hulme and Symons, was a lso  

o b ta in ed  by S inger and Lewis, com prising the th ree  groups o f  l i n e s  

s e p a ra te d  by 3*40 g au ss ,  w ith h e ig h ts  in  the r a t i o  1 :2:1  and the 

in d iv id u a l  l i n e s  w ith in  each group spaced 1 .68  gauss a p a r t .  Singer and Lewis 

p l o t t e d  curves  showing the i n t e n s i t y  d i s t r i b u t i o n  fo r  18 and 36 e q u iv a len t  

p ro to n s  w ith  a coupling  co n s tan t  o f  1*68 gauss . I t  i s  apparen t th a t  

the  decrease  in  i n t e n s i t i e s  fo r  both assignments i s  much more rap id  

than fo r  the experim enta l l i n e s ,  A curve r e p re s e n t in g  the i n t e n s i t y  

d i s t r i b u t i o n  fo r  a r a d i c a l  co n ta in in g  twelve pro tons with a hyperfine  

coupling  o f  3*36 gauss and s ix  protons with a hyperfine  coupling o f

I .6 8  gauss g ives  good agreement 'with the experim ental d i s t r i b u t i o n .

This assignm ent p r e d ic t s  31 l i n e s  in  each group, a lthough the a u th o rs  

observed only  21 l i n e s .
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The d e v ia t io n  o f  the th re e  major groups o f l i n e s  from the

expected  1 :2:1  r a t i o  was accounted fo r  in  terms o f  the v a r ia t io n  in

l in ev /id th s  between the o u te r  groups which a re  approxim ately 10 -  ZQffo

wider than the  c e n t r a l  groups. F u r th e r ,  these  l in ew id th s  v a r ia t io n s

sugges t  th a t  th e re  may be r e s t r i c t e d  r o ta t io n  in v o lv in g  the  two

14pro to n s  which give r i s e  to  the la rg e  s p l i t t i n g  , Such an e f f e c t  

would be expected  to  e x h ib i t  a tem perature dependence. At 34^0 the 

r a t i o  o f  the  am plitudes  fo r  the th ree  groups of l i n e s  were w ith in  

13/0 o f  the  expected  1:2:1 d i s t r i b u t i o n .  F u r th e r , a decrease  in  the 

v i s c o s i t y  o f  the  s o lu t io n  brought about by a d d i t io n  o f  t r i f l u o r o a c e t i c  

a c id  le d  to  a decrease  in  the widths o f  tlie o u te r  groups of l i n e s .

S inger  and Lewis then used the  coupling co n s ta n ts  12H, = 3*36,

6H, a^ = 1*68 and 2H, a^ = 3*40 gauss in  a s im u la tio n  o f  the  spectrum 

w ith  a computer and confirmed t h i s  assignment by comparison with the 

experim en ta l curves ob ta in ed  a t  23^0, Assignment o f coupling  co n s tan ts  

to  groups o f  12, 6 and 2 eq u iv a le n t  p ro tons  shows th a t  the  observed 

r a d i c a l  c o n ta in s  two more p ro tons  than the o r ig in a l  H.M.B.

The prolonged r e a c t io n  of H.M.B, was c a r r i e d  out u s ing  D^SO  ̂

in  p la ce  o f  su lp h u r ic  a c id ,  in  o rd e r  to  determine whether the a d d i t io n a l  

p ro tons  came from the s o lv e n t .  The r e s u l t a n t  e . p . r .  spectrum was 

the  same a s  th a t  observed by Hulme and Symons in  which the 3*40 gauss 

t r i p l e t  was no lo n g e r  v i s i b l e .  S inger and Lewis observed 37 equa lly  

spaced l i n e s  with a s e p a ra t io n  o f  0*84 gauss. The spectrum became 

c o n s i s te n t  w i th ' t h e  e a r l i e r  assignment only i f  the two pro tons  which 

g ive r i s e  to  the 3*40 gauss s p l i t t i n g  a re  rep la ced  by deu te rons .

This assignm ent was a l s o  confirmed by comparing a computer s im u la tio n  

o f  the  spectrum v/ith the  experim ental t r a c e .
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S inger  and Lewis in d ic a te d  th a t  the most l i k e l y  exp lana tion

of the  s p e c t r a l  r e s u l t s  i s  th a t  the  two a d d i t io n a l  p ro tons  in  the

H.M.B. r a d i c a l  a ro se  d i r e c t l y  from the  su lp h u r ic  a c id  s o lv e n t .  In

view o f  the  known ease o f  rearrangem ent o f  methylbenzenes in  su lp h u r ic  
15a c id  , they  a l s o  suggested  the p o s s i b i l i t y  th a t  thèse  two pro tons  

r e s u l t e d  from in te rm o le c u la r  methyl a d d i t io n  r e a c t io n s .  . In o rd e r  to 

d i s t i n g u i s h  between th e se  a l t e r n a t i v e s .  S inger and Lewis a ttem pted  

to  p repare  the  H.M.B. r a d i c a l  s p e c ie s  in  media which do no t con ta in  

exchangeable p ro to n s .

'Two a p r o t i c  re a g e n ts  which have been employed as  e le c t ro n  

a c c e p to r s  fo r  th,e p re p a ra t io n  o f  arom atic  r a d i c a l  c a t io n s  a re  iod ine
T 7 *7

and antimony p e n ta c h lo r id e  . The spectrum r e s u l t i n g  from a 3 % lO’̂ '^H. 

s o lu t io n  o f  H.M.B. in  io d in e  a t  125°C co n s is te d  o f  a t  l e a s t  23 equa l ly  

spaced l i n e s  w ith  a s e p a ra t io n  o f  about 1 .7  gauss and a l in e w id th  of 

approx im ate ly  1 .0  gauss .  The spectrum was incom ple te ly  re so lv ed  b u t ,  

n e v e r t h e l e s s , i t  was compared with two com puter-sim ulated s p e c t r a ,  wi.th 

and w ithout the  5*40 gauss s p l i t t i n g  from the  two methylene p ro to n s .

The a u th o rs  concluded th a t  a b e t t e r  f i t  was ob ta ined  in  terms o f  12-6-2 

p ro ton  assignm ent a s  b e fo re .  F u r th e r ,  when a d i l u t e  s o lu t io n  o f H.M.B, 

in  CD^Clg was t r e a t e d  with antimony p e n ta c h lo r id e ,  the sample e x h ib i te d  

an e . p . r .  s ig n a l  i d e n t i c a l  w ith  th a t  fo r  H.M.B. in  su lp h u r ic  a c id .

As a r e s u l t  o f  these  experim ents S inger and Lev/is concluded th a t  a l l  

20 p ro to n s  in  the  H.M.B, r a d i c a l  a r i s e  from H.M.B. m olecules, and, s ince  

only  two o f  the  p ro tons  exchange with deuterium in  D^SO^, th a t  two 

p ro tons  must be bound d i f f e r e n t l y  from the remaining l8  p ro to n s .

The g - f a c t o r  fo r  the  r a d i c a l  formed from H.M.B. in  98?̂  s u lp h u r ic  

a c id  was 2.0024 + .0001 and t h i s  value e l im in a ted  the p o s s i b i l i t y  th a t  

the  H.M.B, r a d ic a l  i s  a quinone ca t io n  s im i la r  to  th a t  formed by
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o x id a t io n  o f  p-xy lene in  su lp h u r ic  ac id  potassium p ersu lpha te  

s o lu t i o n ,  s in ce  oxygen-con ta in ing  f re e  r a d ic a l s  g e n e ra l ly  have 

co n s id e ra b ly  h ig h e r  g -v a lu es  in  the  range between 2 . 00^4 to  2 .004?. 

The g -va lue  ob ta ined  fo r  the  H.M.B. r a d ic a l  in  molten iod ine  had 

a high value o f  2 .0057  and was c o n s is te n t  with o th e r  o b se rv a tio n s  

made by the a u th o rs  in  so lv en t  systems o f  molten io d in e ,  and i t  

was suggested  t h a t  the  la rg e  s p in - o r b i t  coupling  co n s tan t  o f  

io d in e  may be re sp o n s ib le  fo r  the la rg e  p o s i t iv e  g - s h i f t s  when 

molten io d in e  i s  used as  a s o lv e n t .

2Bo2 N uclear Magnetic Resonance (n .m .r . )  Study. -  Rearrangement

r e a c t io n s  o f  tnethylbenzenes in  s tro n g  a c id s ,  c a l le d  the  Jacobsen

19.15r e a c t i o n ,  a re  known  ̂ and the mechanism has been p o s tu la te d  as

2 0 »in v o lv in g  f r e e - r a d i c a l  in te rm e d ia te s  * N.M.R. s tu d ie s  have a lso

dem onstrated  chemical exchange and rearrangem ent r e a c t io n s  o f  H.M.B,

21 22 15in  the  p resence o f  s t ro n g  a c id s  * ’

In  o rd e r  to  o b ta in  more evidence fo r  rearrangem ent r e a c t io n s  

o f  H.M.B, in  o x id iz in g  media, S inger and Lewis s tu d ie d  the  n .m .r ,  

s p e c t r a  o f  H.M.B. in  s u lp h u r ic  ac id  and in  antimony p e n ta c h lo r id e /  

methylene c h lo r id e  system s. This work confirmed th a t  rearrangem ent 

and exchange r e a c t io n s  o f  H.M.B. occur.

In 98/  su lp h u r ic  ac id  a t  25^0, only a  s in g le  broad l i n e  a t  

2 ,3 5  p .p .m . v/as observed , and was a t t r i b u t e d  to ion (V I),  which 

undergoes ra p id

CH

CH j
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pro ton  exchange with the  s o lv e n t .  In 98^ d e u te r io s u lp h u r ic  ac id  

no methyl resonance was d e te c te d ,  a lthough  a  peak a t t r i b u t e d . t o  

the  p resence o f  su lp h u r ic  a c id  was observed to  grow as  the  H.M.B. 

went in to  s o lu t i o n ,  thus  dem onstra ting  the presence o f so lv e n t  -  

H.M.B. exchange r e a c t io n s  which involve e i t h e r  the  r a d i c a l  o r  the  

p ro to n a te d  ion  (V I),

Treatment o f  H.M.B, w ith SbCl^/CH^Cl^ a t  room tem pera tu re ,  

a f t e r  f i l t r a t i o n ,  y ie ld e d  a so lu t io n  whose n .m .r .  spectrum con ta ined  

f iv e  p ro ton  peaks with chemical s h i f t s  between 1 .9  and 3.1 p.p.m.. 

These peaks a re  very s im i la r  to  those r e p o r te d  fo r  th e  methyl groups 

in  the  H.M.B, c a t io n  (VI) and ion (VII)

CH

CH

The resonance a t  1 .9  p .p .m . i s  a t t r i b u t e d  to  arjjkliphatic

o u t -o f -p la n e  methyl group and the remaining peaks to  arom atic  methyl

g roups . The la rg e  downfield s h i f t s  observed fo r  these  groups show
21t h a t  the  H.M.B. sp e c ie s  in  SbCl^/CH^Cl^ a re  p o s i t iv e  io n s .  F in a l ly  

the  presence  o f  an arom atic  proton peak and the chemical s h i f t s  fo r  

the  methyl p ro tons  show the  occurrence o f dém éthyla tion and methyl 

rearrangem ent r e a c t io n .

2B.3 C onclusions drawn by S inger and Lewis -  From t h e i r  ex ten s iv e  

experim ents  the  a u th o rs  concluded th a t  the f re e  r a d ic a l  formed from
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H.M.B, in  98% su lp h u r ic  a c id  has the s t r u c tu r e  (V I I I ) .  This 

s t r u c t u r e  could r e a d i ly  r e s u l t  from the  lo s s  o f  a hydrogen atom 

from th e  heptamethylbenzoniura ion (IX ), o r from one e le c t ro n  

o x id a t io n  o f  the conjugate  base (X)

H3 C CMs

Î
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F u r th e r ,  (V III)  would be expected to  be s ta b le  in  s o lu t io n  in  view 

o f  the  s t a b i l i t y  o f  (IX) and (X), The evidence fo r  s t r u c t u r e  (V III)  

(which i s  c o in c id e n t  w ith Hulme and Symons’s s t r u c tu r e  ( I )  ) may be 

summarized a s  fo llow s .

(1) The la rg e  s p l i t t i n g  o f  5*40 gauss can be a ss igned  to

the  two methylene pro tons s ince  a la rg e  sp in  d e n s i ty  would

be expected  a t  the  ad jacen t  carbon. This i s  f u r th e r  

supported  by the  D^SO^ s e le c t iv e  exchange r e s u l t s ,  and 

the  tem peratu re  dependence o f  the spectrum a s s o c ia te d  

w ith  h indered  r o t a t i o n  o f  a methylene group about a  bond 

w ith co n s id e ra b le  double bond c h a ra c te r ,

(2) The sm all s p l i t t i n g  o f 1.68 gauss a t t r i b u t a b l e  to the

s ix  e q u iv a le n t  p ro tons  in  the  a l i p h a t i c  methyl groups i s

c o n s i s te n t  with th a t  observed fo r  methyl s u b s t i tu e n t s  in
23

r e l a t e d  a l i p h a t i c  f ree  r a d ic a l s  «
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(3) The twelve pro ton  s p l i t t i n g  o f  3*36 gauss would

th u s  be .ass igned  to  the  four v in y l  methyl groups.

S inger  and Lewis s t a t e d  th a t  i t  i s  no t obvious th a t  a l l  four

methyl groups should give r i s e  to  the  same s p l i t t i n g ,  e s p e c ia l ly

s in ce  m olecu lar o r b i t a l  c a l c u la t io n s  in d ic a te  th a t  much h igher

sp in  d e n s i t i e s  would be expected a t  the 1-p o s i t io n  r a th e r  than

th e  2 -p o s i t io n  in  r a d ic a l  (V I I I ) ,  Tlie most convincing evidence fo r

the  equ ivalence  o f  the  four v in y l  methyl groups in  (V III)  comes from 

13von D o erin g 's  o b se rv a tio n  of i d e n t i c a l  n .m .r .  chemical s h i f t s  

fo r  the  p ro tons  in  the  v in y l  methyl groups o f  the c lo s e ly  r e l a t e d  

hydrocarbon (X).

2C. C a r te r  and Vincow’s In v e s t ig a t io n  o f  Reactions o f  Hexamethylbenzene, 

C a r te r  and Vincow ^ d is so lv ed  hexamethylbenzene in  20% oleum 

in  s u f f i c i e n t  q u a n t i ty  to  o b ta in  a b lood-red  s o lu t io n .  A f te r  h e a t in g  

t h i s  s o lu t io n  u n t i l  bubbles o f  gas appeared , and then qu ick ly  coo ling

to  room te m p era tu re ,  an e . p . r .  spectrum c o n s is t in g  o f  13 evenly spaced
(

l i n e s  was observed . This spectrum was cen te red  a t  g=2.00266 + ,00002 

w ith  a s p l i t t i n g  between the  hyperfine  l i n e s  o f 6 ,33 ± .01 gauss .  — - 

This  i s  in  good agreement w ith the value o f  6,43 ± ,03 gauss re p o r te d  

fo r  the  13 l i n e  spectrum a r i s i n g  from u l t r a - v i o l e t  r a d ia t io n  o f 

hexamethylbenzene in  concen tra ted  su lp h u r ic  ac id  by Hulme and Symons 

C a r te r  and Vincow a l s o  a t t r i b u t e d  t h i s  spectrum to  the  H.M.B, c a t io n ,  

on the  b a s i s  o f  the fo llow ing  evidence,

(1) The spectrum c o n s i s t s  o f  an odd number (13) of

evenly spaced l i n e s  with r e l a t i v e  i n t e n s i t i e s  matching 

those  expected fo r  a group o f  l8  equ iv a len t  p ro to n s .
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(2) The magnitude o f  the  hyperf ine  s p l i t t i n g  and the

g -value  i s  in  agreement with those rep o r te d  by 

Hulme and Symons ^ fo r  the  H.M .B.cation,

(3) A sample o f  u l t r a - v i o l e t  i r r a d i a t e d  H.M.B, i n  a 

r i g i d  b o r ic  ac id  g la s s  possess  a very s im i la r  e . p . r .  

spectrum to th a t  observed in  s o lu t io n .  The g-value  

i s  the  same and the hyperf ine  s p l i t t i n g  o f  6 .6?  gauss 

i s  only  about 2% l a r g e r .  P revious i n v e s t ig a t io n s  by 

the  au th o rs  le ad  them to expect th a t  i l lu m in a t io n  o f  

an arom atic  hydrocarbon in  a b o r ic  a c id  m a tr ix  le a d s  

to  the form ation o f  the r a d i c a l  c a t io n

C a r te r  and Vincow a lso  d iscussed  a s im i la r  s e r i e s  o f  r e s u l t s  

fo r  the  e . p . r .  spectrum a t t r i b u t e d  to the r a d i c a l  c a t io n  o f  hexaethylbenzene, 

2D. Hulme and Symons In v e s t ig a t io n  o f  R eactions o f  o th e r  p o ly a lk y la te d  

arom atic  Hydrocarbons,

Hulme and Symons s tu d ie d  the r e a c t io n s  o f  pentamethylbenzene ^ 

(P.M.B.) and 2 ,3 * 3 ^  -  te tram ethy lbenzene (durene)- w ith s u lp h u r ic  

a c id  s in ce  they have low f i r s t  i o n i s a t io n  p o t e n t i a l s ,

2D.1 Pentamethylbenzene -  Attempts to  produce the r a d i c a l  c a t io n  

o f  P.M.B. in  98% s u lp h u r ic  a c id  in  a s im i la r  way to  hexamethylbenzene 

were u n su c c e ss fu l . .

P h o to ly s is  o f  a so lu t io n  o f  P.M.B. in  98% s u lp h u r ic  ac id  

im m ediately  y ie ld e d  an e . p . r .  spectrum with an odd numbered s e t  o f  

l i n e s  s e p a ra te d  by 6 ,3  gauss . This spectrum was s h o r t  l i v e d  and 

e x a c t ly  analagous to  the c a t io n  o f  H.M.B, The assignment o f  the 

spectrum to  the  P.M.B. c a t io n  would re q u ire  th a t  the s p l i t t i n g  between
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symmetric and antisym m etric  o r b i t a l s  was very sm a l l ,  and th a t  both 

o r b i t a l s  were eq u a l ly  popula ted . These c o n d it io n s  would le a d  to  

e q u a l i ty  o f  a l l  f iv e  methyl groups. This would give r i s e  to  16 l i n e s  

and the odd number o f  l i n e s  observed could be accounted fo r  only 

i f  thé  p ro ton  s p l i t t i n g  was i d e n t i c a l  w ith th a t  o f  the  methyl p ro to n s .

Tills would give r i s e  to  17 l i n e s .  Exact e q u a l i ty  i s  u n l ik e ly  and the 

a u th o rs  sugges ted  th a t  the  spectrum arose  from a t r a c e  im purity  o f  

H.M.B. formed by rearrangem ent o f  a sm all q u a n t i ty  o f  P.M.B.

Prolonged p h o to ly s is  (2 ~ 3 minutes) led  to  the  o b se rv a tio n

o f  an e . p . r ,  spectrum which was a t t r i b u t e d  to  the  d ip ro to n a ted  

duroquinone c a t io n  formed by slow d is p ro p o r t io n a t io n  o f P.M.B,

A r a d ic a l  having an e . p . r .  spectrum in  accordance with 

t h a t  expected  fo r  the  c a t io n  o f  pentamethylbenzene was ob ta ined  by 

d i s s o lu t i o n  o f  hexamethylbenzene in  concen tra ted  o le a .  The spectrum 

was ana ly sed  in  terms o f  two s e t s  o f  e q u iv a len t  methyl groups which 

gave r i s e  to  two n e a r ly  equal s e p te t s  with hyperf ine  coupling  co n s tan ts  

o f  10 .3  and 10.83 gauss .  A f u r th e r  weakly i n t e r a c t i n g  methyl group 

gave r i s e  to  a q u a r te t  w ith a s p l i t t i n g  o f 0.3& gauss ,  bu t no s p l i t t i n g  

from the  r in g  p ro ton  could be d e te c te d .  The a u th o rs  found d i f f i c u l t y  

i n  un d ers tan d in g  the  very small in t e r a c t i o n  with the r in g  proton in  

view o f  the  c l e a r ly  re so lved  q u a r te t  from the f i f t h  methyl group, as  

w ell a s  the  f a c t  t h a t  the  ion  i s  r e a d i ly  o b ta in ab le  from H.M.B. They 

suggested  th a t  the  r a d i c a l  i s  no t (XI) (R = H) but (XI) (R = COOH or SO^H)

s in c e  in  a l l  cases  R i s  p re d ic te d  to  l i e  a t  a node in  the  o r b i t a l  of

the  unpa ired  e le c t ro n
CH
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CM
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The lack  o f  equ ivalence o f the  two s e t s  o f  methyl groups 

i s  q u i te  comparable w ith t h a t  found fo r  the  2 ,6  and 3 ,5  r in g  

p ro tons  o f  the  to luene  anion '

I f  P.M.B. was l e f t  to  s tand  in  98^  s u lp h u r ic  a c id ,  the 

r e s u l t a n t  s o lu t io n  became dark red  and y ie ld ed  the  same e . p . r .  

spectrum as  was ob ta ined  from H.M.B, and desc r ib ed  e a r l i e r .

This was exp la ined  in  terras o f  in te rm o le c u la r  methyl group m igration  

bu t no mechanism was proposed.

2D.2 Durene •» S u lphuric  ac id  slow ly d isso lved  durene to y ie ld  a 

p a ie  s traw -ye llow  s o lu t io n  which did  no t give r i s e  to  a d e te c ta b le  

e . p . r .  spectrum . Exposure to  u l t r a - v i o l e t  l i g h t  gave the  d ip ro to n a ted  

duroquinone c a t io n  in  high y ie ld .  This same spectrum was ob ta ined  

by the  a d d i t io n  o f  potassium p e rsu lp h a te  to the  i n i t i a l  s o lu t io n .

The spectrum e x h i b i t s  a l in e w id th  a l t e r n a t io n  and a complete

28i n t e r p r e t a t i o n  has been given by Bolton and C arring ton  “ . Tlie 

e s s e n t i a l  f e a tu re  o f  Bolton and C a r r in g to n ’s i n t e r p r e t a t i o n  i s  th a t  

the  t o t a l  s p l i t t i n g  from a l l  a lk y l  groups i s  c o n s ta n t .  I f  the r a t e  

o f  c i s - t r a n s  in te rc o n v e rs io n  i s  slow, the  e . p . r .  spectrum must be 

a simple s u p e rp o s i t io n  o f  the  two corresponding s p e c t r a .  At high 

r a te s ,  o f  in te rc o n v e r s io n  ( i . e .  w h e n '^ (a v e ra g e  l i f e t i m e )  

w here416U) i s  the  hyp erf in e  s p l i t t i n g  in  c . p . s . )  an average spectrum • 

should  be seen . However, when t r a n s i t  ions  from the two

isom ers  le ad  to  a l t e r n a t i v e  sharp  and narrow l i n e s  in  the  tim e-averaged 

spectrum .

In  d i l u t e  o le a  p h o to ly s is  gave no r a d i c a l s .  For more 

c o n ce n tra te d  o le a  ( > 3C; )̂ p h o to ly s is  gave a spectrum c o n s is t in g  o f
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a s in g le  odd numbered s e t  o f  l i n e s ,  w ith  a hyperf ine  s p l i t t i n g  

o f  11.0  ±. 0 .2  g a u s s , cen te red  a t  g = 2,002? f  .0001. Hulme and Symons 

d e te c te d  only eleven  l i n e s  with c e r t a i n t y ,  but the i n t e n s i t i e s  o f  

th e se  l i n e s  compared favourab ly  with the  expected 15 .l i n e  spectrum , 

e x h ib i t i n g  a b inom ial i n t e n s i t y  d i s t r i b u t i o n .  As with the  spectrum 

a t t r i b u t e d  to  the H.M.B. c a t io n ,  the l i n e s  were broad and could not 

be re s o lv e d  in to  f u r th e r  components. The spectrum a l so  showed 

a d d i t i o n a l  f e a tu r e s  due to  the duroquinone c a t io n .

I d e n t i f i c a t i o n  o f  the sp ec ie s  which gave r i s e  to the  

e . p . r .  spectrum as  the  r a d ic a l  c a t io n  o f  durene was based on the 

fo llow ing  ev idence .

( l )  The spectrum was s im ple , c o n s i s t in g  o f j u s t  one 

p ro ton  hyp erf in e  s p l i t t i n g .  The e leven observed 

hyp erf in e  l i n e s  had t h e i r  r e l a t i v e  i n t e n s i t i e s  

c lo se  to  those  expected fo r  13 l i n e s .  The durene 

r a d i c a l  c a t io n  should have twelve eq u iv a le n t  p ro tons  

coup ling  s t ro n g ly  with the unpaired  e l e c t r o n ,  provided 

th a t  the  degeneracy o f  the symmetric and an tisym m etric  

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

the io n ,  i n  such a manner th a t  the  an tisym m etric  l e v e l  

i s  uppermost.

Since by h y p erco n ju g a tio n , methyl groups can he lp  

f i l l  the ’h o l e ’ in  the  T f - s y s te m , i t  may be expected 

th a t  the  an tisym m etric  l e v e l  would be h a l f  f i l l e d  and 

have a node pass ing  through the  two r in g  p ro to n s ,  

provided  the  o r b i t a l  s p l i t t i n g  i s  s u f f i c i e n t l y  l a r g e ,
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e.

e,

a

h yperf ine  coupling  to  these  two pro tons  would 

no t be d e te c te d .

_L %

XUL
Antisymmetric

$
%

Symmetric

Antibonding

Bonding

Spin d e n s i t i e s  a s s o c ia te d  w ith  
bonding and an tibond ing  o r b i t a l s  
fo r  hexamethylbensene and durene.

(2) The h y p erf in e  coupling co n s tan t  o f  11.0 gauss i s  in  

accordance with e x p e c ta t io n .  The very sm all value 

(•< 0 ,2  gauss) fo r  the  hyperf ine  s p l i t t i n g  o f the two 

r in g  p ro tons  i s  unexpected. I t  has been suggested

t h a t  t h i s  may be the  r e s u l t  o f  a f o r tu i to u s  c a n c e l l a t io n  

o f  two e f f e c t s ,  one g iv ing  r i s e  to  a small nega t ive  

sp in  d e n s i ty ,  and the o th e r  a small p o s i t iv e  sp in  

d e n s i ty .  The former would r e s u l t  from co n f ig u ra t io n  

i n t e r a c t io n  with ex c i ted  s t a t e s  and the  l a t t e r  could 

be the  r e s u l t  o f  a v ib ro n ic  coupling ,

(3) The g -value  i s  th a t  expected fo r  the  simple c a t io n  o f  

an arom atic  hydrocarbon and i s  c l e a r ly  d i f f e r e n t  from

• th a t  fo r  an ox id ised  sp e c ie s .
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2E, Summary<.

The r e s u l t s  o f  a l l  the  e . p . r ,  i n v e s t ig a t io n s  desc r ib ed  in  

the  p roceed ing  s e c t io n s  may be summarised a s  fo llow s ,

2E,1 Hexamethylbenzene d is s o lv e s  slowly in  98% su lp h u r ic  ac id  

presumably as  the  p ro to n a ted  sp e c ie s  which r e a c t s  f u r th e r  as  

fo l lo w s .

(a) On p h o to ly s i s  with u l t r a - v i o l e t  l i g h t  i t  g ives  the 

H.M.B, r a d i c a l  c a t io n .

(b) On prolonged s tan d in g  i t  i s  converted  to  a sp ec ie s  

which i s  b e l ie v e d  to  be the  4-methylene -  -  

hexamethylcyclohexa -  2 ,5  “ diene r a d i c a l  c a t io n ,  as a 

r e s u l t  o f in te rm o le c u la r  methyl group m ig ra tio n s .

ÇHî
CHj H^C

P^Jânaecl

"'‘‘Tr
HjC

CHj. H -Û -M

y  A  , c h 3

(c) Treatment o f H.M.B. w ith 60̂ o oleum appears  to  lead , to  

the  form ation o f  the  P.M.B. r a d ic a l  c a t io n .
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2E.2 Pentamethylbenzene in  98% s u lp h u r ic  a c id  behaves as  fo llow s .

(a) Exposure to  u l t r a - v i o l e t  l i g h t  does no t y ie ld  

the  expected P.M.B. r a d ic a l  c a t io n ,  bu t a weak 

spectrum a t t r i b u t e d  to  the  H.M.B. r a d ic a l  ca t io n  

r e s u l t i n g  from in te rm o le c u la r  methyl exchange

i s  observed .

(b) Prolonged exposure to u l t r a - v i o l e t  l i g h t  le a d s  

to  the  form ation o f  the  d ip ro to n a ted  duroquinone 

r a d i c a l  c a t io n  v ia  a  d is p ro p o r t io n a t io n  r e a c t io n .

(c)  Prolonged s tan d in g  in  the  absence o f  u l t r a - v i o l e t  

l i g h t  le a d s  to  the  same sp ec ie s  a s  was re p o r te d  

fo r  H.M.B.

2E.3 Durene d is s o lv e s  very slowly in  9̂ % su lp h u r ic  a c id  and the  

s o lu t io n  behaves as  fo llow s ,

(a) Exposure to  u l t r a - v i o l e t  l i g h t  y ie ld s  no i n i t i a l  

e . p . r .  spectrum a t t r i b u t a b l e  to  the r a d i c a l  c a t io n .

(b) Prolonged exposure le a d s  to  the  form ation o f  the  

w ell c h a ra c te r i s e d  d ip ro to n a ted  duroquinone 

r a d i c a l  c a t io n .

(c) In the absence of u l t r a - v i o l e t  l i g h t ,  no e . p . r .  

spectrum i s  observed.

(d) Treatment o f  durene with GO/o o le a  le ad s  to  the  

form ation o f  the  r a d ic a l  ca t io n  o f  durene, whereas 

d i l u t e  o le a  give no f re e  r a d ic a l s  d e te c ta b le  by e .p .r*
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F u r th e r  c o n s id e ra t io n  o f  the  experiments and o b se rv a tio n s  

d esc r ib e d  in  se c t io n  2 , le ad s  to  the fo llow ing  p o s tu la te s .

(1) Since H.M.B., P.M.B,, and durene a l l  have low 

f i r s t  i o n i s a t io n  p o te n t i a l s  and d is so lv e  slowly 

in  98% su lp h u r ic  a c id ,  i t  appears  reasonab le

to  expect th a t  in  the absence o f  oxygen a l l  

should  form r a d ic a l  c a t io n s  w ith  s im i la r  r a t e s  

o f  fo rm ation ,

(2) In o le a  the se  arom atic  hydrocarbons a re  under 

id e a l  su lphona ting  c o n d i t io n s  and in  consequence 

i t  would be reasonable to expect e l e c t r o p h i l i c  

a t t a c k ,  p r e f e r e n t i a l l y  a t  an u n s u b s t i tu t e d  r in g  

p o s i t io n  le ad in g  to  the  form ation o f su lphonated  

r a d i c a l  cation s of the  r e le v a n t  a rom atic  hydrocarbons

(3 ) I f  the  p o s tu la te d  s t r u c tu r e  ( I )  i s  accep ted  

( s e c t io n  2A) then two i n t e r e s t i n g  q u es t io n s  a r i s e ,  

the  f i r s t  concerning the la rg e  hyperf ine  coupling  

to  the  s ix  a l i p h a t i c  methyl p ro tons  and the  second 

the  equ ivalence o f the  four rem aining methyl groups. 

These e f f e c t s  may be accounted fo r  to  some e x te n t

in  terms o f  a strong hypercon jugative  i n t e r a c t i o n .

(4) P revious in v e s t ig a t io n s  o f  the Jacobsen rearrangem ent 

which i s  thought to  be involved  in  the form ation o f 

the  4-methylene -  1 , 1 , 2 , 3 , 3 , 6  -  hexam ethylcylohexa-2 ,3- 

dienc r a d i c a l  c a t io n ,  in d ic a te  th a t  i t  i s  the  presence
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o f  an -  SO^K group which promotes the  rearrangem ent. I f  t h i s  i s  

c o r r e c t ,  then co n s id e r in g  the degenerac ies  involved  in  the  i n t e r p r e t a t i o n  

o f  th e  spectrum a t t r i b u t e d  to  the  c a t io n  (V I I I ) ,  and the d i f f i c u l t y  

in  acco u n tin g  fo r  th e  va lues  o f  the  hyperfine  s p l i t t i n g  in v o lv ed ,  

i t  would be p o s s ib le  to  propose o th e r  models which f i t  the  observed 

• e . p . r ,  spectrum .
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R esu lts  and D iscussion  

The p o ly a lk y la te d  arom atic  hydrocarbons which have been 

in v e s t ig a t e d  in  t h i s  work have low f i r s t  i o n i s a t io n  p o t e n t i a l s  

and very  s im i l a r  chemical p r o p e r t i e s ;  consequen tly  in  the  absence 

o f  oxygen i t  i s  to  be expected  th a t  a l l  th re e  compounds would 

undergo very s im i la r  r e a c t io n s  w ith  98% su lp h u r ic  a c id  in  both 

the  p resence  and absence o f  u l t r a - v i o l e t  r a d i a t i o n .  The 

p rev io u s  work c a r r i e d  out in  t h i s  f i e l d  and reviewed e a r l i e r  

would in d i c a te  th a t  t h i s  ex p ec ta t io n  i s  no t n e c e s s a r i ly  c o r r e c t .

'As a r e s u l t  o f  te c h n o lo g ic a l  advances in  in s tru m e n ta t io n  

and c a v i ty  design  and development, a r e in v e s t i g a t io n  o f  some o f  

th e se  r e a c t io n s  has le d  to  some new o b se rv a t io n s  as  well a s  to the 

co n f irm a tio n  o f  e a r l i e r  p o s tu la t e s .

3A» Immediate R eaction  o f  Hexamethylbenzene with 98% s u lp h u r ic  ac id  

and d id e u te r io s u lp h u r ic  a c i d .

I n i t i a l  d i s s o lu t i o n  o f  hexamethylbenzene (H.M.B.) in  98% 

s u lp h u r ic  a c id  promptly y ie ld e d  a very weak e . p . r .  s ig n a l .  T h is ' 

spectrum ( i )  was cen te red  a t  g = 2,0026 + ,0001. Only f iv e  l i n e s  

w ith  a h y p erf in e  s p l i t t i n g  o f  6 ,3 6  gauss were v i s i b l e  above the 

n o ise  l e v e l .  I r r a d i a t i o n  o f  t h i s  sample with u l t r a - v i o l e t  l i g h t  

l e d  to  a d ram atic  in c re a s e  in  the i n t e n s i t y  o f these  l i n e s  

(spectrum  ( i i )  ) so t h a t  t h i r t e e n  l i n e s  were now v i s i b l e  with the 

same g -va lue  and hyp erf in e  s p l i t t i n g  co n s ta n t .  The r e l a t i v e  

i n t e n s i t i e s  o f  the se  l i n e s  d id  no t f i t  the expected binom ial 

d i s t r i b u t i o n  o f  i n t e n s i t i e s  fo r  twelve e q u iv a len t  p ro tons  but 

gave a  b e s t  f i t  to  e ig h teen  e q u iv a len t  p ro tons .  (Table 1)



Table 1

Comparison o f  r e l a t i v e  i n t e n s i t i e s  o f  

s p e c t r a l  l i n e s  w ith those c a lc u la te d  fo r  

a b inom ial d i s t r i b u t i o n  fo r  18 l i n e s .
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Line
(c e n t r e )

1 2 3 4 5 6

E x p m t l . . 
R atio 5 8 .5 5 2 .8 3 8 .2 22 10 3 .5 1

T h e o re t ic a l
R atio 60 .0 5 3 .9 3 9 .2 22.8 1 0 .7 3.75 1

This would a r i s e  i f  the  methyl groups o f  the hexamethylbenzene 

were a l l  e q u iv a le n t  and consequently  the most l i k e l y  sp e c ie s  formed 

under th e se  c o n d i t io n s  would be the r a d ic a l  c a t io n  o f hexamethylbenzene 

This  r e s u l t  i s  in  concordance with the o b se rv a tio n s  and conclusions  

dravm by Hulme and Symons a s  d iscussed  e a r l i e r .

The experiment was repea ted  us ing  d id e u te r io s u lp h u r ic  a c id ,  

p r im a r i ly  a s  p a r t  o f  a more im portan t r e a c t io n  to  be d iscussed  

l a t e r ,  but a l so  to  serve  a s  an in d ic a t io n  th a t  t h i s  i n i t i a l  r e a c t io n  

was a simple p rocess  in v o lv in g  no movement o f the  methyl groups 

du ring  which p ro to n /d eu te ro n  exchange with the so lv e n t  could take 

p la c e .  This was confirmed s ince  the r e s u l t a n t  e . p . r .  spectrum 

( i i i )  was i d e n t i c a l  in  a l l  a sp ec ts  to  spectrum ( i i )  ob ta ined  e a r l i e r .  

However the s p e c t r a l  i n t e n s i t y  appeared to be h ig h e r ,  e i t h e r  because 

hexamethylbenzene was more r e a d i ly  so lub le  in  d id e u te r io s u lp h u r ic  ac id  

than  su lp h u r ic  ac id  under the same phys ica l  c o n d i t io n s ,  or because
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Spectrum ( i i i )

!
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secondary  r e a c t io n s  o f  the hexamethylbenzene r a d i c a l  were slower 

because they  involved  the movement of the la r g e r  deuterium  atom, 

th u s  le a d in g  to  a s l i g h t l y  h ighe r  s teady  s t a t e  co n ce n tra t io n  of 

the  H.M.B, r a d ic a l  c a t io n .

55* Pentamethylbenzene with 98^  s u lp h u r ic  a c id  and d id e u te r io s u lp h u r ic

a c i d .

Pentamethylbenzene (P.M.B.) d is so lv ed  in  98^  su lp h u r ic  ac id  

more slow ly than H.M.B. The r e s u l t a n t  s traw  yellow s o lu t io n  y ie ld e d  

e . p . r ,  spectrum ( iv )  on i n i t i a l  exposure to u l t r a - v i o l e t  l i g h t .

Th is  weak spectrum comprised only eleven v i s i b l e ,  eq u a l ly  spaced 

l i n e s  vdth a hyperf ine  s p l i t t i n g  o f  6.36  gauss and was cen te red  

a t  g = 2 .0026  + ,0001,- The spectrum e x h ib i te d  an ap p re c ia b le  

decay during  the time taken to  scan from low f i e l d  to high f i e l d  

w ithou t passage e f f e c t s .  In o rd e r  to e s t im a te  the l i n e  i n t e n s i t i e s  

i t  was necessa ry  to  allow  fo r  t h i s  r a te  o f  decay which was assumed 

to  be ex p o n en tia l  r a th e r  than l i n e a r .  A f te r  t h i s  allowance was made 

the  i n t e n s i t y  d i s t r i b u t i o n  o f these  l i n e s  gave a  b e s t  f i t  to  the  

expec ted  binom ial d i s t r i b u t i o n  fo r  e igh teen  eq u iv a le n t  p ro to n s .  

’F u r th e r ,  even before  t h i s  decay had been allowed f o r ,  the i n t e n s i t y  

d i s t r i b u t i o n ,  w h i ls t  no t obviously  co in c id in g  with any p a r t i c u l a r  

number o f  e q u iv a le n t  p ro to n s ,  v/as c lo s e s t  to  the  d i s t r i b u t i o n  

expected  fo r  e ig h teen  eq u iv a len t  p ro tons .

The ex p er im en ta l ,  p ro je c te d ,  and th e o r e t i c a l  d i s t r i b u t i o n s  

a re  l i s t e d  in  t a b le  2 .



Table 2

Comparison o f r e l a t i v e  i n t e n s i t i e s  of 

s p e c t r a l  l i n e s  with those c a lc u la te d  fo r  

a binom ial d i s t r i b u t i o n  fo r  18 l i n e s .
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Line No. 0
(cen tre)

1 2 .3 . 4 5

Expmtl.
I n t e n s i t y  P a tio 13.2 12.00 9 .5 5 .7 5 2.75 1

P ro je c te d  
I n t e n s i t y  Ratio 15 .4 13 .9 10.26 6.02 2 .7 8 1

T h e o re t ic a l  
I n t e n s i t y  Ratib 16 .0 14,3 10.4 6 .03 2 .8 1

This spectrum w a s 'sh o r t  l iv e d  and ex a c t ly  analogous to  t h a t

ob ta in ed  from H.M.B, and a t t r i b u t e d  to the r a d ic a l  c a t io n  o f  H.M.B.

The spectrum could only be ass igned  to  the  P.M.B. r a d i c a l  c a t io n

i f  the  s p l i t t i n g  between the symmetric and antisym m etric  o r b i t a l s

was very sm a l l ,  and both o r b i t a l s  equa lly  popu la ted , thus  le ad in g

to  e q u a l i ty  o f  a l l  f iv e  methyl groups. This would only give r i s e  to

s ix te e n  l i n e s ,  and the  odd number observed could only be accounted

fo r  i f  the  rem aining proton s p l i t t i n g  was i d e n t i c a l  to  the methyl

p ro to n s ,  which would then give rise to  seventeen l i n e s .  Exact e q u a l i ty

5would be u n l ik e ly ,  as  was suggested by Hulme and Symons . F u r th e r  

the observed and projected i n t e n s i t y  distribution does not agree with 

t h a t  expected  fo r  seventeen lines, but b e t t e r  f i t s  n in e teen  l i n e s .

The a t t r i b u t i o n  o f  spectrum ( iv )  as  arising from H.M.B. i s  

consistent w ith the  mass spectrum obta ined  from the p u r i f i e d  P.M.B. 

s in c e  th e re  i s  a very small pa ren t ion peak at mass I 68 which
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corresponds  to  II.MoB. Consequently the i n i t i a l  spectrum i s  

a t t r i b u t e d  to  a t r a c e  im purity  o f  H.M.B. in  the r e c r y s t a l l i z e d  

P.M.B. r a th e r  than the  H.M.B. a r i s i n g  as  a r e s u l t  o f  a  rearrangem ent

o f  the  p ro to n a ted  pentamethylbenzene in  su lp h u r ic  a c id  s o lu t io n
26  - 

a s  proposed by Hulme . Rearrangement of P.M.B. to  g ive H.M.B.

on the time s c a le  o f the  experiment le a d in g  to  these r e s u l t s  i s

u n l ik e ly  in  the l i g h t  o f r e s u l t s  ob ta ined  from the  experim ents

d esc r ib e d  in  s e c t io n  4D.

Prolonged p h o to ly s is  o f  pentamethylbenzene in  989o su lp h u r ic  

a c id  le a d s  to  the  form ation o f  spectrum (v ) .  This spectrum , cen te red  

a t  g = 2 ,0034  + «0001 e x h ib i t s  a hyperfine  s t r u c tu r e  c o n s i s t in g  o f  

t h i r t e e n  groups o f  t r i p l e t s  w ith  a  hyperf ine  s p l i t t i n g  o f  2 .0 6  gauss 

and 2 .7 0  gauss r e s p e c t iv e ly  with a  marked l in e w id th  e f f e c t  a t  room 

te m p éra tu re .  This spectrum i s  i d e n t i c a l  w ith the  spectrum ob ta ined  

by p h o to ly s i s  o f duroquinone in  98^ s u lp h u r ic  a c id  which c o n s i s t s  o f  

t h i r t e e n  main l i n e s  w ith  a sp ea ra t io n  o f  2 .0 6  gauss ,  a r i s i n g  from the 

twelve e q u iv a le n t  methyl p ro to n s .  Each o f  these  l i n e s  i s  f u r th e r  

s p l i t  i n t o  a t r i p l e t  with a s p l i t t i n g  o f  2 .7 0  gauss by the  hydroxyl 

p ro to n s .  Consequently spectrum (v) formed by prolonged p h o to ly s is  

o f  pentamethylbenzene i s  a t t r i b u t e d  to  the  r a d ic a l  c a t io n  o f  

d ip ro to n a te d  duroquinone formed by the slow d is p ro p o r t io n a t io n  o f  the 

P.M.B, This r e s u l t  i s  in  concordance with th a t  ob ta ined  by Hulme

Pentamethylbenzene d is so lv ed  in  98% d id e u te r io s u lp h u r ic  a c id  

as  i s  d e sc r ib e d  in  s e c t io n  4 c ,  gave r i s e  to  an e . p . r .  spectrum which 

was i d e n t i c a l  in  a l l  r e s p e c t s  to  th a t  ob ta ined  when P.M.B. was
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d is s o lv e d  in  98?̂  s u lp h u r ic  a c id  and as  i s  to  be expec ted , •

confirmed th a t  th e re  was no observab le  p ro to n /d eu te ro n  exchange.
O

Prolonged p h o ^ ly s is  o f  the  P .M .B ,/d id e u te r io su lp h u r ic  a c id

system le d  to  the  form ation o f  spectrum ( v i ) ,  w h ich .ex h ib i ted  a

27marked a l t e r n a t i n g  l in e w id th  e f f e c t  . This spectrum i s  the same 

as  spectrum (v ) ,  except th a t  the  t r i p l e t  s t r u c t u r e  o f  the  -OH pro tons 

i s  r ep la ced  by a much sm a lle r  q u in te t  s t r u c t u r e ,  v/ith a hyperf ine  • 

s p l i t t i n g  o f  0 .4  gauss .  This q u in te t  s t r u c t u r e  a r i s e s  from the 

two -OD groups, which r e s u l t  from exchange w ith  the  d id e u te r io s u lp h u r ic  

a c id  s o lv e n t .

3 0 » Durene ( 2 ,3 ,5 ,6  -  te tram ethy lbenzene) w ith 98/  su lp h u r ic  ac id  

and d id e u te r io s u l r h u r i c  a c id ,

Durene d is so lv e d  in  98^  su lp h u r ic  ac id  much more slowly 

than  e i t h e r  H.M.B. o r  P.M.B, The r e s u l t i n g  s o lu t io n  was a pa le  

s traw -y e llo w  co lour and on i n i t i a l  exposure to  u l t r a - v i o l e t  l i g h t  

gave r i s e  to  spectrum ( v i i ) .  This e . p . r ,  spectrum was very weak 

and only  n ine  tim es were observed w ith  a hyperf ine  s p l i t t i n g  o f 

10.2 gauss .  The spectrum v/as cen te red  a t  g = 2.0028 4 ,0001.

Superimposed on t h i s  spectrum were a s e r i e s  o f  l i n e s  where i n t e n s i t i e s  

s t e a d i l y  in c re a s e d  with t im e . These l i n e s  were cen te red  downfield 

from the  prompt s ig n a l .  The i n t e n s i t y  d i s t r i b u t i o n  o f  the c e n t r a l  

seven l i n e s  from the  prompt s ig n a l  gave a b e s t  f i t  to the expected 

b inom ial d i s t r i b u t i o n  o f  t h i r t e e n  l i n e s  as  shown in  t a b le  3*



Comparison o f r e l a t i v e  i n t e n s i t i e s  

o f  s p e c t r a l  l i n e s  observed w ith  those 

c a lc u la te d  fo r  a binom ial d i s t r i b u t i o n  

fo r  13 l i n e s .

5 9

Line No. 0
(c e n t r e )

1 2 3

Expmtl.
I n t e n s i ty  Ratio 4 3 .4 , 2 .0 1

T h e o re t ic a l  
I n t e n s i ty  Ratio 4 .2 3 .6 2 .2 1

The e . p . r .  spectrum i s  a t t r i b u t e d  to the  form ation o f  the  r a d i c a l

c a t io n  o f  2 ,3 ,5 ,6  -  te t ram e th y lb en z en e , in  which the  p ro tons  in

the  1 ,4 -p o s i t io n s  show no re s o lv a b le  hyperf ine  s p l i t t i n g .  This i s

f e a s i b l e  provided th a t  the  degeneracy of the symmetric and

an tisym m etric  o r b i t a l s  i s  s u f f i c i e n t l y  l i f t e d  by the symmetry o f

th e  io n ,  in  such a way th a t  the antisym m etric  l e v e l  i s  u p p e r m o s t , ( F ig .24),

Since by h y p e rco n ju g a tio n ,  methyl groups can he lp  compensate fo r  the

e l e c t r o n  d e f ic ie n c y  in  the *7 T -sy s tem , i t  may be expected th a t  the

an tisym m etr ic  l e v e l  would be h a l f  f i l l e d  and to  have a node pass ing

through  the  two r in g  p ro to n s .  Provided the  o r b i t a l  s p l i t t i n g  i s

s u f f i c i e n t l y  l a r g e ,  hyperf in e  coupling  to  the 1 ,4 -p ro to n s  would not

be d e te c te d .  An a l t e r n a t i v e  e x p lan a tio n  fo r  apparent la c k  o f

sp in  d e n s i ty  a t  the 1 ,4 p o s i t io n s  in v o lv es  the  fo r tu i to u s  c a n c e l l a t io n

o f  two e f f e c t s ,  one giving r i s e  to  a sm all nega t ive  sp in  d e n s i ty ,

and the  o th e r  a sm all p o s i t i v e  sp in  d e n s i ty  (see s e c t io n  2D ,2).
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I'Yirther evidence in  support o f  the durene r a d i c a l  c a t io n  i s  

the  s im p l i c i ty  o f  the  prompt spectrum and i t s  a c c o u n ta b i l i ty  

in  terms o f  a s in g le  hyperf ine  s p l i t t i n g .  Although only seven 

l i n e s  were c l e a r ly  observed the  r e l a t i v e  i n t e n s i t i e s  f i t  a 

t h i r t e e n  l i n e  spectrum, which a r i s e s  from twelve eq u iv a len t  p ro tons 

from the  methyl groups. The spectrum i s  cen te red  a t  g = 2.0028 

which i s  in  the  same reg ion  a s  o th e r  a rom atic  hydrocarbons, and i s  

q u i te  - d i f f e r e n t  from th a t  fo r  an ox id ized  s p e c ie s .

Prolonged exposure o f  durene in  9?)% su lp h u r ic  a c id  to  

u l t r a - v i o l e t  l i g h t  le d  to  the form ation o f spectrum ( v i i i )  which 

was cen te red  a t  g = 2.00^4 + ,0001. This spectrum e x h ib i te d  a 

h y p e r f in e  p a t te rn  o f  t h i r t e e n  groups o f t r i p l e t s  w ith hyperf ine  

s p l i t t i n g s  o f  2 .06 and 2.70 gauss r e s p e c t iv e ly .  This spectrum was 

i d e n t i c a l  in  a l l  r e s p e c t s  v/ith spectrum (v) and i s  a t t r i b u t e d  to  

the  r a d i c a l  c a t io n  o f d ip ro to n a ted  duroquinone. F u r th e r ,  under 

low r e s o lu t io n  c o n d i t io n s ,  t h i s  spectrum co incided  with those 

l i n e s  observed superimposed on spectrum ( v i i ) .

The r e a c t io n  of durene with d id e u te r io s u lp h u r ic  a c id  in  the 

presence o f  u l t r a - v i o l e t  l i g h t  le d  to  the form ation o f  a spectrum 

i d e n t i c a l  w ith  spectrum ( v i i )  except th a t  the  superimposed downfield 

l i n e s  were modulation broadened. Continued exposure to u l t r a - v i o l e t  

l i g h t  le d  to  the  form ation of spectrum ( ix )  which was id e n t i c a l  with 

spectrum (v i )  and was d iscu ssed  e a r l i e r  in  s e c t io n  3B i s  a t t r i b u t e d  

to  the  d id e u te ra te d  duroquinone r a d i c a l  c a t io n .
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3D. K in e t ic  study  o f  the  r a te  o f  formation o f  the r a d ic a l  c a t io n  

o f  Hexamethylbenzene»

Hexamethylbenzene d is s o lv e s  slowly in  9%% s u lp h u r ic  ac id  

consequen tly  the  de te rm in a tio n  of the  i n i t i a l  c o n c e n tra t io n  o f  

H.M.B* in  a known volume o f  su lp h u r ic  ac id  i s  no t r e a d i ly  

a t t a i n a b l e .  I t  has been shown th a t  H.M.B, d is s o lv e s  in  98^ s u lp h u r ic
7

a c id  to  form the  p ro tona ted  sp e c ie s  . The c o n c e n tra t io n  o f  t h i s  

p ro to n a te d  sp e c ie s  waS c a lc u la te d  accord ing  to  the  procedure descr ibed  

in  s e c t io n  4D.1. The assumption i s  made th a t  100% of th e  d is so lv ed .  

H.M.B, forms the  p ro tona ted  s p e c ie s  H.M.B.^ The r e s u l t  o f  fo llow ingT*that procedure led to the d is s o lu t io n  of  0,0035^of H.M.B, in 

4,8rnls o f  sulphuric acid.

The r a t e  o f  formation o f  the r a d ic a l  c a t io n  from the  p ro tona ted  

hexamethylbenzene by p h o to ly s is  was followed accord ing  to  the  method 

d e sc r ib e d  in  s e c t io n  4D.2, The genera l  form o f  t h i s  t r a c e  i s  

i l l u s t r a t e d  in  graph ( i ) .  The i n t e n s i t y  change in  the s ig n a l  l e v e l  

i s  p ro p o r t io n a l  to the  c o n c e n tra t io n  o f  the r a d ic a l  c a t io n  formed, 

th u s  the t r a c e  i l l u s t r a t e d  in  graph ( i )  r e p re s e n ts  the  r a t e  o f  change 

in  c o n c e n tra t io n  o f the  H.M.B. r a d ic a l  ca t ion  with t im e , in  the  

presence  and absence o f  u l t r a - v i o l e t  l i g h t .

I f  the r e a c t io n  i s  f i r s t  o rder  thon the r a t e  c o n s tan t  fo r  

the  form ation  o f  the r a d ic a l  c a t io n  may be expressed  as

L ,  equation  7
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where i s  the  c o n c e n tra t io n  o f  p ro tona ted  hexamethylbenzene 

( H . M . B . a t  a time t" ,

I n t e g r a t io n  o f  equation  ? g ives  equation  8 where OL i s  the 

i n i t i a l  c o n c e n tra t io n  o f  H.M.B.^ and X  i s  the decrease  in  

c o n c e n tra t io n  o f  H.M.B.^ due to  r e a c t io n  up to  a time ^  .

^  - A —  z . -  k i  t equation  8

.When h a l f  o f  the has undergone r e a c t io n ,

and the t im e ,  re q u ire d  fo r  t h i s  to  occur fo llow s from equation  9 ,

^  j; ^  equation  9

The time taken fo r  the i n i t i a l  co n c e n tra t io n  to  change by one

h a l f  was measured from the upward curve o f the  t r a c e  ob ta ined  a t

29^C ( s im i la r  to  graph i ) .  I t  i s  found th a t  the time taken fo r  the

change in  c o n c e n tra t io n  a ,  to  ^/2  , i s  equal to  the time fo r  the

change in  c o n c e n tra t io n  ^ /2  to  ^ /4  and ^ /4  to  ^ / 8 . Thus the

form ation  o f  the  r a d i c a l  c a t io n  o f  hexamethylbenzene from the

p ro to n a ted  hexamethylbenzene in  s u lp h u r ic  ac id  by p h o to ly s i s ,  proceeds

by a f i r s t  o rd e r  r e a c t io n .  The value ob ta ined  fo r  a t  25°C was

6 s e c s ,  and s u b s t i t u t i o n  o f  t h i s  value in  equation  9 g ives  a  s p e c i f i c
-1

r a t e  c o n s tan t  fo r  the  r e a c t io n  o f  0.116 sec •

The p h o to ly s i s  experiment was repea ted  under v a r ia b le  tem perature 

c o n d i t io n s  accord ing  to  the  procedure o u t l in e d  in  s e c t io n  4 û ,2 ,  4d .3«



65.

Graph ( i )

I



66.

The résulta o f  the variable temperature study are summarized 

in table 4.

Table 4

K ine t ic  r e s u l t s  fo r  formation

of  H.M.B, r a d ic a l  c a t io n .

s e c s . ”1k^ sec los^Q Temp,(T) 
°K

1/T X 1&3

18 .0385 - 1 ,4i46 273 3*664

12 .0577 -1 .2 3 8 5 283 3 .5 3 5

8,4 \O825 -1 .0 8 3 6 293 3.413

6 ,0 .1155 -0 .9 3 7 5 298 3 .355

4.8 ,1444 - 0.8403 303 3 .3 0

A rrhenius f i r s t  po in ted  out th a t  the v a r i a t io n  o f  r a te  co n s tan ts  

w ith  tem perature  can be rep re sen ted  by an equation  s im i la r  to  th a t  

used fo r  eq u i l ib r iu m  c o n s ta n ts ,  namely,

Jj'n k ~dr ~

equation  10

In  equation  10 i s  the re a c t io n  r a t e  c o n s ta n t ,  T the  ab so lu te  

te m p era tu re ,  R the gas co n s tan t  in  c a lo r ie s  and the energy of 

a c t i v a t i o n .

I n te g r a t io n  o f  equation  10 between the l i m i t s  k=k^ a t  T=T  ̂ and 

k=k2 a t  T=T^ g ives  equation  11 ,

equation  11
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I f  a graph i s  p lo t t e d  o f log^^k a g a in s t  T/T t h i s  should 

be s t r a i g h t  l i n e  i f  the  A rrhenius eq u a t io n ,  equation  10 i s  c o r re c t  

F u r th e r  the  s lope o f  the l i n e  y ie ld s  to  the a c t iv a t io n  energy E 

fo r  the r e a c t io n  a s  denoted in  equation  12.

s lope  = -  2 ^  = ■ equation  12

The r e s u l t s  p resen ted  in  table 4 were used to  p lo t  graph 

( i i )  o f  log^^k^ a g a in s t  V t x  10"^  . The a c t iv a t io n  energy (E^ ) 

fo r  the form ation o f  the r a d ic a l  ca t io n  o f  hexamethylbenzene 

(H .M .B .) ' i s  c a lc u la te d  from the s lope o f  graph ( i i )  by s u b s t i t u t i o n  

in  equa tion  12. The value o f  E^ ob ta ined  in  t h i s  way fo r  the 

r e a c t io n .

(H.M.B.)H+ _ + hi) -------- >  (H.M.B.)+ _ + H-so lv  so lv

i s  7*9 + 0*8 k c a l ,  mole ^ . The accuracy with which the  tem perature

v/as c o n t ro l le d  during  the experiment (±1^C) and the accuracy in

measuring the t(j v a lu e s ,  re p re s e n t  a re a s  o f  experim ental e r r o r

i n  t h i s  k in e t i c  s tudy .

The r a t e  o f  decay o f  the (H.M.B.)^ to  the p ro tona ted  ion

a f t e r  i r r a d i a t i o n  i s  stopped a lso  follows a f i r s t  o rder  r a t e  p rocess

w ith a tf. value o f  11.4 se c s .
%

In view of the in c re a se  in  i n t e n s i ty  o f  the r a d ic a l  c a t io n  formed 

by p h o to ly s i s  o f H.M.B. in  d id e u te r io su lp h u r ic  ac id  compared with 

s u l n h u r i c 'a c i d ,  the  r a t e  cons tan t fo r  the re a c t io n  a t  23°C in
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d id e u te r io s u lp h u r ic  ac id  was a l so  measured. The formation 

o f  the  r a d ic a l  in  d id e u te r io s u lp h u r ic  a c id  i s  observed to fo llow  

a f i r s t  o rd e r  r a t e  p ro cess .  The s u b s t i tu t io n  o f  the measured 

value o f  1.2 se c s ,  in  equation  9 y ie ld s  a value o f  O.38  sec~^ fo r  

the  s p e c i f i c  r a t e  cons tan t in  d id e u te r io s u lp h u r ic  ac id  a t  23° .

The r a t e  o f  decay o f  (H.M.B, )"*"* in  d id e u te r io s u lp h u r ic  ac id  was 

a l s o  f i r s t  o rder  w ith  a value o f  6 s e c s ,  and a r a t e  co n s tan t

of 0.12 sec~^ at 23°,

The d i f f e re n c e s  in  r a t e  o f form ation and r a t e  o f  decay fo r  

the  su lp h u r ic  ac id  and d id e u te r io s u lp h u r ic  a c id  so lv e n t  systems 

may be exp la ined  i f  d id e u te r io s u lp h u r ic  ac id  i s  considered  to 

re p re s e n t  a more r i g i d  so lv en t  m atrix  than su lp h u r ic  a c id .  I f  

t h i s  i s  c o r r e c t  then c o l l i s i o n a l  d e a c t iv a t io n  would be expected 

to  be more predominant in  the  su lp h u r ic  ac id  system than in  the 

d id e u te r io s u lp h u r ic  acid. Thus the r a t e  o f  r a d ic a l  form ation 

should  be slower in  su lp h u r ic  a c id ,  and the s teady  s t a t e  

c o n c e n tra t io n s  should a lso  be lower than those observed fo r  the  

d id e u te r io s u lp h u r ic  a c id  system. F u r th e r ,  the r a t e  of decay compared 

with the r a t e  o f  form ation should be slower fo r  the d id e u te r io s u lp h u r ic  

a c id  system than fo r  the su lp h u r ic  a c id .

3E. Rearrangement r e a c t io n  o f  H.M.B, in  su lp h u r ic  ac id  and 

d id e u te r io s u lp h u r ic  a c i d ,

Hexamethylbenzene slowly d is s o lv e s  in  su lp h u r ic  ac id  to  give 

a s traw  yellow solution which darkens on s tan d in g  a t  ambient 

te m p era tu re .  A f te r  a period o f  approxim ately s ix  hours the
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r e s u l t i n g  dark red  s o lu t io n  e x h ib i t s  an e . p . r .  spectrum. The 

c h a r a c t e r i s t i c s  o f  - th is  spectrum were i d e n t i c a l  w ith those d iscussed  

in  s e c t io n s  2A, 2B comprising a bas ic  1:2:1 t r i p l e t  w ith  a p o s tu la te d  

31 l i n e s  in  each group, o f  which only 23 l in e s '  had been c l e a r ly  

i d e n t i f i e d  by e a r l i e r  i n v e s t ig a t o r s .

C le a r ly , to  e s t a b l i s h  experim en ta lly  the  t o t a l  number o f  

hyp erf in e  l i n e s  would r e q u ire  high s e n s i t i v i t y ,  as the  i n t e n s i t y  

r a t i o  between the c e n t r a l  and wing l i n e s  i s  o f  the o rd e r  o f  2000:1. 

Consequently th e se  r e a c t io n s  were c a r r i e d  out in  the E-237 mircrowave 

c a v i ty  d escr ibed  in  s e c t io n  4M. witli the  s o lu t io n  in  an abnormally 

wide th in  f l a t  c e l l .  This experim ental arrangement in c re a sed  

the s ig n a l  to  no ise  r a t i o  by 1*9 fo r  these  measurements, and le d  

to  the o bse rva tion  o f  spectrum (x ) .  This spectrum re v e a le d ,  a f t e r  

a m p l i f i c a t io n  o f  the w ings, the expected 31 l i n e s  w ith a hyperf ine  

s p l i t t i n g  o f  1.64 t  0.01 gauss . The major t r i p l e t  s p l i t t i n g  was 

3*40 i  0.01 gauss. This confirmed the t h e o r e t i c a l  p o s tu la te s  

made e a r l i e r .

Before a t tem p t in g  to  a s s ig n  the s p l i t t i n g s  to  p a r t i c u l a r  

pro ton  groups, o r a t tem p t in g  to  p o s tu la te  the  s t r u c tu r e  o f the 

r a d i c a l  sp ec ie s  formed, the experiment was rep ea ted  using  

d id e u te r lo s u lp h u r ic  ac id  in  p lace  o f  su lp h u r ic  a c id  as  was described  

in  s e c t io n  4E, This y ie ld e d  e . p . r .  spectrum ( x i ) . In th i s  

spectrum the  5,40 gauss t r i p l e t  i s  no longer v i s ib l e  , but i s  

re p la c e d  by a  s p l i t t i n g  o f  0 ,83  gauss. The remainder o f  the spectrum 

i s  unchanged, thus  e s t a b l i s h in g  th a t  only the two s tro n g ly  

i n t e r a c t i n g  p ro tons a re  r e a d i ly  exchanged with so lven t  p ro tons .
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These r e s u l t s  a re  p e r f e c t ly  c o n s is te n t  with those ob ta ined  by 

Hulme and Symons and by S inger and Lewis.

3E.1 Assignment based on Chemical grouns -  In  a t tem p tin g  to

a s s ig n  these  coupling  co n s ta n ts  and to p o s tu la te  the  s t r u c tu r e

of the  r a d ic a l  i t  becomes c l e a r  th a t  the evidence a v a i lab e  i s

not e n t i r e l y  co n c lu s iv e .  A l te rn a t iv e  s t r u c t u r e s  appear to  f i t

the  s p e c t r a l  in fo rm a tion  in  view o f  the  degenerac ies  involved

and a s  a r e s u l t  o f  c o n s id e ra t io n  of o th e r  chemical and sp ec tro sco p ic

evidence .

The s t r u c t u r e  and s p e c t r a l  assignment proposed by 

Hulme and Symons and independen tly  by S inger and Lewis i s  rep re sen ted  

by (X II) .

CH

The t r i p l e t  s p l i t t i n g  o f  3 ,4  gauss i s  a s s o c ia te d  with the 

-CHg p ro tons  with 1 ,7 gauss a s s o c ia te d  with the methyl p ro tons  

a t  the  1 - r in g  p o s i t io n  and 3 .4  gauss a t t r i b u t e d  to the 2 ,3 ;5 ,&  -  r in g  

methyl group p ro to n s .
31I t  has been shown from cryoscopic measurements , t h a t  

H.M.B. r e a c t s  with 98^ su lp h u r ic  a c id  a t  room tem perature to  y ie ld  

the t r i s u lp h o n a te d  product in  which the methyl groups have been
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replaced by sulphlnic acid groups. This reaction is succesful

under the conditions for cryoscopy because the concentration

of reacting hexamethylbenzene is small compared with the quantity

of sulphuric acid. Consequently dilution of the. acid by the water

produced during the reaction has little effect on the overall acid

concentrationj and therefore sulphonation can proceed beyond

monosulphonation. Vdiilst the concentration of H.M.B. in sulphuric

acid is higher in the e.p.r. investigations, it is not as high as

in a normal preparative sulphonation reaction. Consequently it

is reasonable to expect at least monosubstitution by the sulphonic

acid group in the reaction under investigation.

Singer and Lewis postulated a Jacobsen rearrangement for
8the reaction of H.M.B. under investigation . Tlie Jacobsen

rearrangement is initiated by the presence of a sulphonic acid 
15group 0 Thus from a chemical standpoint the presence of a 

sulphonic acid group in the,intermediate under investigation appears 

to be feasible, and structure (XVI) is therefore proposed.

CH

CH

H

( x w )

This structure would have the following spectral 

assignments if it were to account for the e.p.r, spectrum
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Graph ( i i i )
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observed.

(1) The triplet splitting of gauss must be 

associated with the two methylene protons.

(2) The methyl groups in the 2,3,5,6-ring positions 

can no longer be equivalent because of the 

presence of the -SO^H group.

(3 ) Applying the non-equivalence postuled in (2) 

above leads seven lines from the 3,3-methyl

groups split four lines from the 2-methyl

'■ group, further split by four lines from the 

^-methyl group further split by four lines from 

the 1-methyl group. If the splittings between 

these lines are related in the order 1 : 

respectively with a smallest splitting of 1«7 gauss, 

then that relationship leads to a superposition of 

lines giving a total of 31 lines.

Application of the above relative splittings and 

intensities leads to the histogram illustrated in graph (iii). The

line intensities compare well with those observed experimentally.

This is to be expected in view of the high degeneracy involved 

in this assignments.

If the intermediate is a sulphonated species then it should
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be possible to isolate it as structure (XIV)

CM

This isolation andidentification v/as carried out as 

indicated in section -+F. The isolated end product was believed 

to be the correct species since it yielded a very weak, prompt, 

e.p,r. signal when dissolved in 9Syo sulphuric acid. This spectrum 

is identical to that obtained after prolonged reaction of H.M.B. 

with 98/0 sulphuric acid. The presence a sulphonic acid group 

was investigated by the following methods,

(a) Lassaigne's sodium fusion test for sulphur 

with sodium nitroprusside according to the 

procedure described in section 4E indicated 

that there v/as no sulphur present in the product 

isolated. The test worked successfully on a 

sample of prehnitene sulphonic acid yielding

a positive result.

(b) It has been shown by infa-red spectroscopy that 

sulphonic acids give the following bands in
32the infra-red region
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8 = 0 in  su lphonic  a c id s ;

assym

Covalent

symm

denotes frequency in  cm-1

1200

13̂ 1-0 cm  ̂ j S trong ,

)
)

1100 cm 1 ) medium to  
broad l i n e s

Io n ic
(hydrated)

assym

symm

1220 1150 cm- 1

1120 1030 cm—1

Traces o f  water induce almost complete io n i s a t io n 2 8 .

R - S O 7 H  . +  H _ 0
3 2

0-H in  su lphonic a c id s ;

Covalent

(Anhydrous)

Ion ic

R-SO
3

+ HO

2900 cm-1

2400 cm- 1

s tro n g  and broad 

weaker and broad

2600 cm •1 ) 
)

2230 cm-1 ) very broad 
)

1680 cm-1  )

Although maxima o f  the 8=0 bands a re  a t  about the  same 

f req u en c ie s  in  hydrated  a c id s  as  in  s a l t s  o f  the  s p e c ie s ,  

they may be d is t in g u is h e d  s ince  the tv/o 8=0 bands from 

a broad a b so rp tio n  block in  a c id s  with two maxima.

S a l t s  show tv/o se p a ra te  bands. The 0-H s t r u c t u r e  in  

hydrated  a c id s  appear a s  a very broad band.
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The in fo rm ation  above was used in  i n t e r p r e t i n g  

the i n f r a  red s p e c tr a  obta ined-from  the i s o la te d  

p roduc t .  The s p e c tr a  showed no band th a t  was 

c o n s i s t e n t ly  a t t r i b u t a b l e  to the presence of 

a su lphonic  ac id  group*

As a r e s u l t  o f  t h i s  in v e s t ig a t io n  th e re  i s  no evidence 

fo r  the  presence o f  a su lphonic  a c id  group in  the  in te rm ed ia te  

i s o l a t e d  accord ing  to  the  procedure o u t l in e d  in  s e c t io n  4P*.

I f  the  e . p . r .  spectrum r e s u l t i n g  from the  prolonged 

r e a c t io n  of H.M.B. w ith  98^ su lp h u r ic  ac id  could be s im p l i f ie d  

then  the r e s u l t a n t  i n t e r p r e t a t i o n  would be l e s s  open to  q u es t io n .

One way to  achieve t h i s  s im p l i f i c a t io n ,  assuming a s im i la r  

rearrangem ent r e a c t io n  o ccu rs ,  i s  to  s y n th e s ise  a molecule in  

which some o f  the methyl groups a re  s u b s t i tu t e d  by groups th a t  

could no t give r i s e  to  any hyperfine  s p l i t t i n g .  Such a s u b s t i tu e n t  

would have to  have approxim ately  the same in d u c t iv e  and e lec tro m er ic  

e f f e c t s  as  the methyl group, and not a l t e r  the r e a c t i v i t y  o f the  

arom atic  system. A s u b s t i tu e n t  th a t  f i t s  the requ irem ents  i s  the 

t  -  b u ty l  group in  which the in t e r a c t i o n  w ith  the  unpaired  e le c t ro n  

in  the  *Tf -system i s  extrem ely sm all .  C lea r ly  the p r o b a b i l i ty  

o f  observ ing  any hyperf ine  s p l i t t i n g  from the p ro tons  o f  the 

t  --‘b u ty l  group i s  almost ze ro .  Consequently the s y n th e s is  o f  

1 ,4 -d i - t - b u ty l -2 ,3 ;3 ;6 - te t r a m e th y lb e n z e n e  was a ttem pted  accord ing  

to  the  method desc r ib ed  in  s e c t io n  4F.

The product o f  the r e a c t io n s  d escr ibed  in  s e c t io n  4 j  v/as 

taken  and i t s  n .m .r ,  spectrum showed a s in g le  peak a t  2 .3 3  p .p .m .
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Thus i t  appears  th a t  a l l  o f  the methyl groups a re  e q u iv a le n t ,  

and t h i s  i s  not what would be expected i f  the d ich lorodurene  had 

been t - b u ty la t e d  a t  the 1 ,4 -p o s i t io n s .  The n .m .r ,  peak corresponded 

very c lo se ly  to  the  s t a r t i n g  m a te r ia l ,  despite- the d i f f e r e n t  p h y s ica l  

and chemical p r o p e r t i e s .  F u r th e r ,  the product re a c te d  w ith  98% 

s u lp h u r ic  ac id  to  y ie ld  an e . p . r ,  spectrum of  t h i r t e e n  groups of 

t r i p l e t s ,  w ith  s p l i t t i n g  co n s tan ts  2 ,0 6  gauss and 2 .7 0  gauss 

r e s p e c t iv e ly .  C lea r ly  the e . p . r ,  spectrum i s  i d e n t i c a l  w ith spectrum 

( v i i i )  and i s  a t t r i b u t e d  to  the d ip ro to n a ted  duroquinone r a d ic a l  

c a t io n .

The i n f r a  red  spectrum o f  a n u jo l  mull o f  the  product

showed l i t t l e  d i f f e re n c e  between t h i s  product and the  s t a r t i n g
-1m a te r i a l ,  w ith the  excep tion  o f  a small band a t  1?20 era 

a t t r i b u t a b l e  to  G

I t  appears  from these  r e s u l t s ,  t h a t  the  t - b u t y l a t i o n  v ia  

a G rignard  reagen t had no t proceeded as  expected . The fo llow ing  

pathway i s  suggested  from the r e s u l t s .

a
+ (CHAC-Mg- ■>

H e t K

HO C.M

.C(CWj),p
. C H 3

CH3

^ 3
( c i O j
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F u rth e r  a t te m p ts  to s y n th e s is e  the 1 ,^ - s u b s t i tu t e d  

t e tram ethylbenzene were made, bu t none was s u c c e s s fu l .

C le a r ly  i t  appears  th a t  t h i s  approach to  the problem of 

mak.Liig a unique assignment to  the  Species g iv in g  r i s e  to  spectrum (x) 

i s  no t a f r u i t f u l  approach fo r  t h i s  system.

3E.2 Assignment based on E.P.R. evidence -  Optimum r e s o lu t io n  

was ob ta ined  a t  40°C and the spectrum (:d .i)  was observed . In t h i s  

spectrum each o f  the  o r ig i n a l  93 l i n e s  w ith a l in ew id th  o f 

approxim ate ly  120mg. peak to  peak, i s  f u r th e r  re so lv ed  in to  an 

a l t e r n a t i n g  t r i p l e t  and a q u a r te t  w ith  a l in ew id th  o f  approxim ately  

23mgc peak to  peak and a hyperf ine  s p l i t t i n g  o f  64mg, This 

o b se rv a t io n  i s  c o n s is te n t  w ith  the  i n t e r p r e t a t i o n  o f  the  e . p . r .  

spectrum in  terms o f  a major t r i p l e t  s p l i t t i n g  from the

CHg, a.  ̂ -  3*4 gauss ,  twelve e q u iv a len t  p ro tons  from the 

2 >3 >5>6 r in g  methyl groups, = 3«34 gauss ,  and s ix  e q u iv a len t  

p ro tons  from the two methyl groups a t  the  1- p o s i t io n  o f  the  r in g ,  

a^ = 1.64 g au ss . The a l t e r n a t i n g  t r i p l e t / q u a r t e t  w ith a s p l i t t i n g  

o f  64mg. a r i s e s  from the near degeneracy o f the two s e t s  o f methyl 

groups such th a t  2a^ = a^ = 64mg. In t h i s  way a l l  o f  the l i n e s  in  

the  - e . p . r .  spectrum a re  accounted fo r  a l so  t h e i r  r e l a t i v e  i n t e n s i t i e s .  

This r e s u l t  confirms the presence o f  two methyl groups in  the 1 - r in g  

p o s i t i o n ,  and the  absence o f a su lphonic ac id  group. Consequently 

the s t r u c t u r e  o f  the  r a d ic a l  in te rm ed ia te  i s  most l i k e l y  to  be (X II) .

CH
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This In te rm ed ia te  by removal o f  an e l e c t r o n ,  gj.ves s t r u c tu r e  

(X I I I ) .

C H s

. 0

CM,

CM

C H &

These s t r u c t u r e s  a re  i d e n t i c a l  to those  proposed by 

Hulme and Symons, and S inger and Lev/is.

I f  the  4~methylene~1, 1 , 2 ,3$5s6~hexamethylcyclohexa”2 ,5 -d ien e  

s t r u c t u r e  (X III)  r e p re s e n ts  the  s ta b le  product by lo s s  o f  an e le c t ro n  

from the r a d i c a l  (X I I ) ,  i t  should be p o ss ib le  to  reform the r a d ic a l  

by d is s o lv in g  (X I I I ) in  3̂ % s u lp h u r ic  a c id .  A prompt e . p . r .  s ig n a l  

which has the  same c h a r a c t e r i s t i c s  as  the spectrum ob ta ined  a f t e r  

prolonged r e a c t io n  o f  H.M.B, w ith  3̂ % s u lp h u r ic  a c id  should be 

o b ta in e d .  4~methylene~1, 1 ,2 ;3 ;3 ,&-hexamethylcyclohexa-2 ,3“diene 

was th e re fo re  sy n th e s ise d  ( s e c t io n  4 J ) ,  and was i d e n t i f i e d  by i t s  

n .m .r .  spectrum in  carbon t e t r a c h l o r i d e ,  (spectrum x i i i ) .  The 

fo llow ing  assignm ents  o f  the n .m .r ,  a b so rp t io n s  were made.

(1) The peak a t  4?1c /s  downfield from te t r a m e th y ls i la n e

(T.M.S.) corresponds in  p o s i t io n  to  th a t  in d ic a te d  

34fo r  v in y l  hydrogen

(2) The peak a t  1?8c/s  downfield from T.M.S. 

corresponds to  the  four v in y l  methyl groups 

in  s t r u c t u r e ( X I I I ).
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opeetrum (xiii)
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Spectrum (x iv)
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Spectrum (xv)
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Spectrum (xvi)
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(3) The peak a t  108c/s downfield from T.M.S. '

i s  c o n s is te n t  w ith the presence o f the

gem inatic dim ethyl group, a l though  the

exact p o s i t io n  of such peaks i s  s t ro n g ly

■ • 35dependent on the c o n d i t io n s  o f  measurement ,

A p o r t io n  o f  the  product was a lso  used to  o b ta in  i t s  mass 

spectrum which i s  shown in  spectrum (x iv )  and corresponded to  

the  expected mass o f 176 fo r  the p roduc t.  A sm all peak was a lso  

observed a t  mass 162 which was not t o t a l l y  a t t r i b u t a b l e  to the 

c rack ing  p a t t e r n  from the s t r u c tu r e  (X I I I ) ,  This peak was 

a t t r i b u t e d  to  the  presence o f  a t r a c e  o f  hexamethylbenzene s t a r t i n g  

m a te r ia l  by comparison’with the mass spectrum ob ta ined  from H.M.B. 

(spectrum (x v ) .

This r e c r y s t a l l i z e d  A -m ethy lene-l , 1 , 2 , 3 , 3 , 8-hexamethylcyclohexa-

2 ,3 -d iene  was d is so lv ed  in  98^ su lp h u r ic  ac id  as  i s  descr ibed  in  

s e c t io n  4K.. In  the presence o f  u l t r a - v i o l e t  l i g h t  t h i s  sample 

y ie ld e d  spectrum (xv i)  which may be i n t e r p r e te d  as  the  sum of two 

s p e c t r a ;  one a r i s i n g  from the  4-methylene s p e c ie s ,  and the  o th e r  

from the H.M.B, im p u r ity .  The r a t i o  o f the r e l a t i v e  i n t e n s i t i e s  

o f  these  two s p e c tra  compare v/ell with the  percentage o f  

hexamethylbenzene im purity  shown to  be p resen t  by the mass spectrum,' 

This spectrum a t t r i b u t e d  to the 4-methylene sp ec ie s  i s  i d e n t i c a l  

in  g -va lue  and f in e  s t r u c tu r e  to  th a t  spectrum which i s  ob ta ined  

under r e l a t i v e l y  high modulation co n d it io n s  from the prolonged • 

r e a c t io n  o f  hexamethylbenzene with su lp h u r ic  a c id .  Furtherm ore, 

spectrum (xv) cannot be a t t r i b u t e d  to  a rearrangement product o f



90,

the  hexamethylbenzene im purity  fo r  the  fo llow ing  reasons :

(1) The e . p . r .  s ig n a l  observed was a prompt 

s ig n a l  formed w ith in  a ma:d.mum o f  f iv e  minutes 

from the time o f  i n i t i a l  s o lv a t io n  in  $8^ 

su lp h u r ic  a c id .  During t h i s  time 

hexamethylbenzene showed no rearranged  product 

d e te c ta b le  by e . p . r ,  and in  the  presence o f 

u l t r a - v i o l e t  l i g h t  formed, only the  H.M.B. 

r a d ic a l  c a t io n .

(2) The hexamethylbenzene spectrum followed the 

same f i r s t  o rd e r  r e a c t io n  with re sp e c t  to  

the formation o f  H.M.B, r a d ic a l  c a t io n  in

the  presence and absence o f  u l t r a - v i o l e t  l i g h t ,  

with no d e te c ta b le  i n t e n s i t y  change during  the 

time o f  the  experimenti I f  the  spectrum 

a t t r i b u t e d  to  the 4-methylene sp e c ie s  r e s u l t e d  

from rearranged  H.M.B. , the s ig n a l  i n t e n s i t y  

from the H.M.B, c a t io n  would be expected to 

decrease  with  time as  a r e s u l t  o f  th a t  

rearrangem ent,

3ÏÏ.3 Conclusion -  As a r e s u l t  o f  the experiments le ad in g  to  the 

in fo rm ation  d iscussed  in  s e c t io n  3E, the  sp e c ie s  th a t  i s  most 

l i k e l y  to give r i s e  to  s p e c t r a  ( x ) , ( x i i ) ,  and (x v i ) ,  i s  (X II) .

This s t r u c t u r e  i s  s t a b l i z e d  in  the manner in d ic a te d  in  s e c t io n  2E.1.
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3F. Summary,

As a r e s u l t  o f  the i n v e s t ig a t io n s  d iscu ssed  in  t h i s  work 

the  fo llow ing  s ta tem en ts  may be made.

(1) Hexamethylbenzene and durene d is s o lv e d - in  98^ 

s u lp h u r ic  a c id  to  form the  p ro tona ted  sp ec ie s  

which on exposure to u l t r a - v i o l e t  l i g h t  forms 

by a f i r s t  o rd e r  r e a c t io n  the  r e l a t e d  r a d ic a l  

c a t io n .  In  the  case o f durene t h i s  sp ec ie s  i s  

sh o r t  l iv e d  and r e a d i ly  undergoes o x id a tio n  to  

form the s t a b l e  d ip ro to n a ted  duroquinone 

r a d ic a l  c a t io n ,

(2 ) Pentamethylbenzene d is so lv ed  in  98^  su lp h u r ic  

a c id ,  presumably as  the p ro tona ted  s p e c ie s .

This undergoes a d is p ro p o r t io n a t io n  r e a c t io n  to  

y ie ld  to the  d ip ro to n a ted  duroquinone r a d ic a l  

c a t io n  when exposed to  u l t r a - v i o l e t  l i g h t .

(3 ) Prolonged re a c t io n  o f hexamethylbenzene with 

98 (̂ su lp h u r ic  ac id  le ad s  to  the form ation o f

the sp e c ie s  to which s t r u c t u r e  (XII) i s  a t t r i b u t e d .  

This s p e c ie s  i s  be l iev ed  to  be formed as  a r e s u l t  

o f Jacobsen rearrangem ent o f hexamethylbenzene.

(4) The r a d i c a l  c a t io n  (XII) i s  a l so  formed ra p id ly

by exposure of a s o lu t io n  o f  4 -m ethy lene -1 , 1 ,2 ,3 j3 »8* 

hexam ethylcylcohexa-2 ,3 -d iene  in  98/6 s u lp h u r ic  ac id  

to  u l t r a - v i o l e t  l i g h t .
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(3 ) In view of the r e s u l t s  observed in  t h i s

work and by o th e r  in v e s t ig a t o r s  the fo llow ing 

mechanism i s  p o s tu la te d  fo r  the r e a c t io n s  o f  

hexamethylbenzene w ith 98^  su lp h u r ic  a c id .
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Experim en ta l.

4A. M a te r i a l s .

Hexamethylbenzene (H.M.B.) Koch L igh t)  m.p.l63°C) was

shown to  be pure by gas chromatography and n u c lea r  magnetic

resonance spectroscopy (n .m .r . )

Pentamethylbenzene (P.M.B.) (Koch L igh t)  and durene

(2 ;3 ,3 ,G -te tram eth y lb en zen e)  (B.D.H.) were r e c r y s t a l l i z e d  from g l a c i a l

a c e t i c  a c id .  The pentamethylbenzene (P.M.B.) y ie ld e d  c o lo u r le s s

c r y s t a l s ,  m.p. 34°Ü. Durene y ie ld e d  c o lo u r le s s  p l a t e s ,  nup. 79°C.

Both samples were shown to  be pure by gas chromatography, a lthough

th e re  may have been an im purity  (0.6%) obscured by the ’t a i l ’ o f

the  so lv en t  peak. The n .m .r .  s p e c tra  were in  accord with those

expected fo r  pure P.M.B, and durene.

"A nalar” grade 93% su lp h u r ic  ac id  (B.D.H,) and 20% oleum

were used w ithout p u r i f i c a t i o n .  The s p e c i f i c  g ra v i ty  o f  the

s u lp h u r ic  ac id  was checked before  the k in e t i c  measurements.

4B. E .P.R, Measurements.

E lec tro n  paramagnetic resonance measurements v/ere made in

a Varian E-12 spec trom ete r  o p e ra t in g  a t  about 9,300MHz with e i t h e r

10KHz or lOOKHz modulation f re q u e n c ie s .  Tv/o types  o f microwave

re so n an t c a v i t i e s  were used, E-231, and E-237, both a re  resonan t 
AOin  the  TS^^^ mode " and have a plane o f zero e l e c t r i c  f i e l d  v ec to r  

to  f a c i l i t a t e  measurements in  high d i e l e c t r i c  s o lv e n ts .  Samples 

w ith a high d i e l e c t r i c  lo s s  re q u ire  the use o f a th in  f l a t  quar tz  

c e l l  which i s  in s e r t e d  in to  the microwave c a v i ty  such th a t  the plane 

o f  the sample i s  co in c id en t  with the plane of zero e l e c t r i c  f i e l d
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v e c to r  o f the microwave c a v i ty .  In t h i s  p o s i t io n  the  sample 

plane i s  p a r a l l e l  to  the  e x te rn a l  magnetic f i e l d  d i r e c t io n .

The E-231 and E-237 c a v i t i e s  both allow  the passage

o f  v i s ib l e  and u l t r a - v i o l e t  l i g h t  to  i r r a d i a t e  the sample through

a 50% tran sm iss io n  g r id  on the  f ro n t  face o f  the c a v i ty .

The sample tem perature  was v a r ie d  by use o f the Varian

E-237  v a r ia b le  tem perature  acc esso ry .  The tem perature  i s  va r ied

by p ass in g  a stream of  n i t ro g e n  gas over th e  sample tube . The 

gas i s  cooled by passage through a c o i l  immersed in  l i q u id  

n i t ro g e n  and warmed to  the d e s ire d  tem perature by pass ing  over 

a h e a t in g  elem ent. The tem perature o f  the  gas i s  measured j u s t  

below the sample w ith  a platinum  r e s i s ta n c e  thermometer and i s  

re g u la te d  to  w ith in  in  the range 0° to  100° . The sample i s  

the rm ally  i s o la t e d  from the microwave c a v i ty  by a q u a r tz  dewar 

i n s e r t  which f i t s  thi-ough the access  p o r ts  o f the microwave 

c a v i ty .

High s e n s i t i v i t y  e . p . r .  measurements were made 

u t i l i z i n g  the E-237 c a v i ty .  This c a v i ty  i s  d escr ibed  in  d e t a i l  

i n  s e c t io n  4M.

High r e s o lu t io n  measurements were made in  the s tandard  

E-231 c a v i ty  using  10KH% modulation frequency with very low 

am plitude (20 to  32mg.) to  avoid  modulation broadening. These 

measurements a l s o  r e q u i re  the  use o f  low microwave power l e v e l s ,  

30  to  60dB. a t te n u a t io n  on a 200mw sou rce ,  to  avoid  s a tu r a t io n  

o f  the  sp in  system.
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EcP.H, Measurements on II.M.B., Durene on i n i t i a l .

d i s s o lu t io n  in  98^  s u lp h u r ic  ac id  and d id e u te r io s i i lp h u r ic  a c id ,  

Hexarnethylbenzene (0»006 -  0 *007gms) was shaken with 

98/0 su lp h u r ic  ac id  (^mls) fo r  about 1 m inute, and was then l e f t  

to  s tan d  fo r  a f u r th e r  4 m inutes. The golden yellow so lu t io n  was 

then decanted o f f  and about 1rnlc was p ip e t te d  in to  a .th in  f l a t  

q u a r tz  e . p . r .  c e l l  which had been p re v io u s ly  checked fo r  background, 

e .p . r *  s ig n a l s  when f i l l e d  with 98/ü su lp h u r ic  a c id  both  in  the 

absence and presence o f  u l t r a - v i o l e t  l i g h t .  This gave r i s e  to 

a very weak e . p . r .  spectrum (spectrum ( i )  ) .  P h o to ly s is  o f  t h i s  

sample gave r i s e  to  a dram atic  enhancement in  s ig n a l  i n t e n s i t y  -  

spectrum ( i i ) .  This e f f e c t  was com pletely  r e v e r s ib l e  with r e s p e c t  

to  the  a l t e r n a t e  presence and absence o f  the  u l t r a - v i o l e t  l i g h t .

Hexamethylbenzene (0 «003gms) was then added to  99?» atomic 

p u r i ty  98^ d id e u te r io s u lp h u r ic  a c id  (2mls) under the same co n d i t io n s  

a s  were p rev io u s ly  descr ibed  and on i r r a d i a t i o n  with u l t r a - v i o l e t  

l i g h t  y ie ld e d  e . p . r .  spectrum ( i i i ) .

Pentarnethylbenzene (0»0C6gms) was added to  98^ su lp h u r ic  

a c id  (^mls) under the co n d i t io n s  desc r ibed  e a r l i e r  and on exposure 

to  u l t r a - v i o l e t  l i g h t  y ie ld e d  e . p . r ,  spectrum ( iv )  i n i t i a l l y  and 

spectrum (v) a f t e r  prolonged exposure. The mass spectrum of P.M.B. 

was taken to  check i t s  p u r i t y ,

Pentarnethylbenzene (O.OOpgms) was added to  99^ atomic 

p u r i t y  98/0 d id e u te r io s u lp h u r ic  ac id  (2mls) under the same co n d it io n s  

a s  were p rev ious ly  d esc r ib ed  and on i r r a d i a t i o n  with u l t r a - v i o l e t  

l i g h t  y ie ld e d  spectrum ( v i ) .  Durene (0*006 was added to 9S%
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su lp h u r ic  ac id  (fjmls) under the  co n d i t io n s  descr ibed  e a r l i e r

and on exposure to u l t r a - v i o l e t  l i g h t  y ie ld e d  e . p . r .  spectrum ( v i i )

i n i t i a l l y  and spectrum ( v i i i )  a f t e r  prolonged exposure.

Durene (O.OO^gms) was added to  99/) atomic p u r i ty  

98% d id e u te r io s u lp h u r ic  a c id  (2rnls) under the  co n d i t io n s  p rev ious ly  

d esc r ibed  and on i r r a d i a t i o n  with u l t r a - v i o l e t  l i g h t  y ie ld  

spectrum ( i v ) ,

4D. D eterm ination o f  I n i t i a l  co n ce n tra t io n  o f  H.M.B. in  98?̂  su lp h u r ic

ac id  and k in e t i c s  o f  the  r e a c t io n  H.M.B. -------------------- *

4d,1 a Icnown weight (V/^) o f hexamethylbenenze was p laced  in  a 

s in te r e d  g la s s  Buchner funnel which had p rev io u s ly  been d r ie d  to  

c o n s tan t  w eight, ( ) .  To t h i s  was added 98% su lp h u r ic  ac id  (5mls). 

This was then l e f t  to  r e a c t  with the  H.M.B. a t  room tem perature 

fo r  4 m inutes, and during  t h i s  time a c e r t a in  amount o f the  H.M.B. 

went in to  s o lu t io n .  The r e s u l t i n g  s traw  yellow mixture was then 

f i l t e r e d  a t  the  pump, i n i t i a l l y  in  a i r ,  and l a t e r  under an i n e r t  

atmosphere o f  argon. The l iq u o r  was c o l le c te d  in  a p rev io u s ly  

weighed Buchner f l a s k  (W^) and the weight o f  the  f l a s k  con ta in ing  

H.M.B, d is so lv ed  in  98^ su lp h u r ic  a c id  was recorded  ( ) .  The 

funnel co n ta in in g  the  und isso lved  H.M.B, and a c e r t a in  amount o f  

r e s id u a l  98^ su lp h u r ic  a c id  v;as then c a r e fu l ly  washed with 

d i s t i l l e d  w ate r ,  and d r ie d  to cons tan t weight (W^). Thus : -

-  ,1'/̂  = Weight o f  und isso lved  H.M.B. (W^)

-  Ŵ  -  Weight o f  H.M.B. d is so lv ed  in  su lp h u r ic  ac id  (W^)

Wĵ  -  Ŵ  = Weight o f  su lp h u r ic  ac id  and d is so lv ed  in  H.M.B, (g)

Wg Wy = Weight o f  su lp h u r ic  ac id  used as  so lv en t  (W^)
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Consequently s ince  the s p e c i f i c  g ra v i ty  (S p .G r .) o f  the 

su lphuric  ac id  was measured e a r l i e r ,  /S p .G r .  gave the  volume 

o f  s u lp h u r ic  acid, a c tu a l l y  used. In con junction  with , t h i s  

y ie ld e d  the c o n c e n tra t io n  o f  hexamethylbenzene as  the p ro tonated  

sp e c ie s  in  9S% su lphur ic  a c id .

4d .2  This s o lu t io n  was p laced  in  the th in  f l a t  q u a r tz  c e l l  and 

was i n s e r t e d  in  the  E-237 c a v i ty .  The sample was then i r r a d i a t e d  

with u l t r a - v i o l e t  l i g h t  and the magnetic f i e l d  was a d ju s te d  such 

th a t  the reco rd e r  pen s a t  on top o f  the c e n t r a l  l i n e  o f  the 

r e s u l t a n t  e . p . r .  spectrum. The f i e l d  sweep of the ins trum en t was 

then switched o f f  and when the  r a d i a t i o n  was subsequently  removed 

the recorder p lo t te d  the  decrease  in  i n t e n s i t y  o f the t r a n s i t io n  

with tim e. The sample was re-exposed  to the u l t r a - v i o l e t  l i g h t  

and the  i n t e n s i t y  in c re a se  was p lo t te d  with t im e, as  was shown 

in  graph ( i ) .  These measurements were c a r r i e d  out a t  ambient 

tem perature  ( ‘̂ 25°C).

4D,3 This experiment was repeated a t  variou s  tem pera tu res  in  

the  range O^C to 40°C as  d escr ibed  in  s e c t io n  4B, The r e s u l t s  

a re  p resen ted  in  ta b le  4 ,  from which the  a c t iv a t io n  energy fo r  

the -reac tion  was c a lc u la te d .

4E. Prolonged r e a c t io n  o f  H.M.B, with su lp h u r ic  ac id  and 

d id e u te r io s u lp h u r ic  a c i d .

A s o lu t io n  o f  hexamethylbenzene in  9S% s u lp h u r ic  ac id  

( was prepared  as  in d ic a te d  in  s e c t io n  4C, and was

allowed to  s tand  a t  ambient tem perature (approx. 2$°C) fo r  about 

6 h rs .  This s o lu t io n  was then placed in  a th in  f l a t  c e l l  in  the 

E-237 c a v ity  to  a t t a i n  the maximum s e n s i t i v i t y ,  and the r e su lta n t
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e . p . r .  spectrum was recorded  (spectrum (x) ) .

This experiment was repea ted  using  a s o lu t io n  o f  

hexamethylbenzene in  99 / atomic p u r i ty  d id e u te r io s u lp h u r ic  

ac id  and a f t e r  s tan d in g  fo r  a  period  o f 6 hours the  r e s u l t a n t  

e . p . r .  spectrum was recorded  (spectrum (x i)  ) ,

As an a l t e r n a t i v e  to  le av in g  the s o lu t io n  to  s tand  for  

a period  o f  6 to  18 h r s . ,  i t  was found th a t  i f  the  f r e s h ly  prepared 

s o lu t io n  was heated  on a water bath  a t  about 80°C fo r  approxim ately  

fou r minutes and then cooled to room tem perature the deep red 

s o lu t io n  y ie lded , the  same e . p . r .  spectrum as  spectrum (x ) .

4F. I s o l a t i o n  and i d e n t i f i c a t i o n  o f  the  s ta b le  in te rm e d ia te  of 

the  H.M.B. Rearrangement.

To e s t a b l i s h  whether or not the  e . p . r .  spectrum 

r e s u l t i n g  from prolonged re a c t io n  o f  H.M.B. w ith s u lp h u r ic  ac id  

invo lved  su lphona tion  the fo llow ing  a ttem pt was made a t  i s o l a t i n g  

and id e n t i f y in g  t h i s  s ta b le  in te rm ed ia te  as  a s p e c ie s  c o n ta in in g  

an -SO^H, group.

Hexamethylbenzene (0 ' 99gms) was d is so lv ed  in  98/  su lp h u r ic  

a c id  (20m ls) ,  The r e s u l t a n t  p a r t ia l  so lu t io n  was heated  on a 

w ater bath a t  80^C fo r  8 m inutes , poured on i c e  (^Ogrns) and s t i r r e d  

f o r  a few m inutes. This y ie ld e d  a greenish-brown p r e c ip i t a te  

which was separated by f i l t r a t i o n .  The r e s u l t a n t  orange-ye llow  

acqueous f i l t r a t e  was b e l iev ed  to  be a s o lu t io n  of  p rehn itene  

su lphonic  a c id .  The p r e c i p i t a t e  was washed w ith isopen tane  and 

shaken with ace tone ,  g iv ing  a dark green s o lu t io n  and a re s id u e
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which y ie ld e d  no e . p . r .  spectrum e i t h e r  i t s e l f  or on trea tm ent 

w ith 98/  su lp h u r ic  a c id .  A f te r  evapora tion  o f  the acetone the 

r e s u l t a n t  dark green p r e c i p i t a t e  y ie ld e d  a prompt e . p . r .  s ig n a l  

i n  98/  s u lp h u r ic  a c id .  This p r e c i p i t a t e  could s t i l l  con ta in  a 

t r a c e  o f  H.M.B. Consequently the green p r e c i p i t a t e  was taken 

up in  co n cen tra ted  h yd roch lo r ic  a c id  (lOmls) and f i l t e r e d  

tlirough a s in te r e d  g la s s  fu n n e l .  The re s id u e  a f t e r  d ry ing  liad 

m.p. 162^0, This m elting  p o in t  was not sharp  (160° -  l63^C) and 

was probably  due to  impure H.M.B. The ac id  f r a c t io n  was then 

e x t ra c te d  with isopen tane  and the  so lv en t  evaporated  to y ie ld  

an almost c o lo u r le s s  r e s id u e .  This re s id u e  gave an o range-red  

s o lu t io n  on trea tm en t with 98/  s u lp h u r ic  ac id  and y ie ld e d  a very 

weak e . p . r .  spectrum which appeared to  be i d e n t i c a l  w ith th a t  

ob ta ined  under modulation broadened co n d i t io n s  a f t e r  prolonged 

s tan d in g  o f  H.M.B. in  98/  su lp h u r ic  a c id .

In o rder  i d e n t i f y  the presence o f  an -SO^H group in  the 

product i s o l a t e d  p rev io u s ly  the fo llow ing  experim ents were c a r r ie d  

o u t ; -

(a) Lassaigne sodium fus ion  t e s t  fo r  su lphu r .  This t e s t  

y ie ld e d  a c o n s is te n t  nega t ive  r e s u l t ,  w h i ls t  a blank 

on p rehn itene  su lphonic  ac id  y ie ld ed  a p o s i t iv e  r e s u l t .  

. (b) I n f r a - r e d  spectroscopy of su lphonic  a c id s .  I n f r a - r e d  

s p e c t r a  were taken on a n u jo l  mull and on s o lu t io n s  

in  carbon t e t r a c h l o r id e  and chloroform . The r e s u l t a n t  

s p e c t r a  were compared with so lv en t  b lanks and showed 

no evidence o f  bands c o n s i s te n t ly  a t t r i b u t a b l e  to  a 

• su lphonic  ac id  group.
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4G. Attempted s im th e s is  o f  1 ,4 -d i - t - b u ty l -2 ,3 ,5 ,6 - te t r a m e th y lb e n 2 e n e .

To a id  the i n t e r p r e t a t i o n  o f  the  e . p . r .  spectrum (x) the 

s y n th e s is  o f  1 ;4 -d i - t -b u ty l -2 ,3 ;5 ;6 ~ te t r a m e th y lb e n z e n e  from durene 

was a t tem p ted .

(a) P re p a ra t io n  o f  d ic h lo ro d u ren e ,

CM

CM
I a t

Durene (2.7gms) was d is so lv ed  in  carbon t e t r a c h l o r id e  

(50mls) and was poured in to  a th reeneck  f l a s k .  To t h i s  was added 

■' some f e r r i c  ch lo r id e  (D'^gms) as  a c a t a l y s t .  C hlorine gas was then 

bubbled through t h i s  s t i r r e d  s o lu t io n  a t  room tem p era tu re ,  a n d '  

samples were taken a f t e r  1 hour, and 2:J hours ; the r e a c t io n  being 

stopped a f t e r  2^ hours .

N.M.R, s p e c t r a  taken during  the course o f  the  re a c t io n  

showed th a t  a f t e r  1 hours th e re  was no arom atic  peak and j u s t  a 

s in g le  methyl peak. The gain was in c re a sed  by a f a c to r  o f  100 

and as  a r e s u l t  a small sromatic proton peak was d is t in g u is h e d  

a long  with a double t a t  4*5 p .p .m . A fter  2^ hours ,  one o f  the 

peaks a t  the 4*3 p .p .m . reg ion  had in c reased  w h i ls t  the  o th e r  

decreased .  Thus i t  appears  th a t  the  c h lo r in a t io n  o f  the 1,4 r in g
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p o s i t io n s  was complete a f t e r  about \  hours .  A fte r  t h i s  time, 

d e s p i te  the low tem perature  and a halogen c a r r i e r  as  a c a t a l y s t ,  

c h lo r in a t io n  o f  the methyl group s u b s t i tu e n t s  on the r in g  occurs 

to  give -CH^Cl . However, t h i s  s id e  re a c t io n  occurred  only to 

the  e x te n t  o f  approxim ately  3 /̂  o f  the t o t a l  r e a c t io n  a f t e r  2 hours.

The flow o f  c h lo r in e  was stopped and the  s o lu t io n  in  

carbon t e t r a c h l o r id e  was washed with two p o r t io n s  o f  d i s t i l l e d  

w ater (lOOmls each) to remove any f e r r i c  c h lo r id e .  The washed 

CClj  ̂ s o lu t io n  was then evaporated to  dryness under vacuum. The 

r e s u l t a n t  ye llow ish  white product was r e c r y s t a l l i z e d  from hot 

d ie th y l  e t h e r ,  to  y ie ld  white need les  whose n .m .r .  spectrum 

corresponded to  th a t  expected from 1 ,4 -d ich lo ro d u ren e .  The need les  

gave a m elting p o in t  o f  l 88°( li t , '^^ rn .p .  189^) .

(b) P rep a ra t io n  o f  t-butylmagnesium c h lo r id e .

(CH C a, f  Mg (CH ) C-----Mg — Cl

2

t -B u ty l  ch lo r id e  ( I 3mls) was added to  some dry d ie th y l  e th e r  

(23mls) and t h i s  r e s u l t a n t  mixture was added to  c lean  magnesium 

(l.Ogms) a t  such a r a t e  th a t  the s o lu t io n  re f lu x e d  gently.When a l l  

o f  the t - b u t y l  c h lo r id e /d i e th y l  e th e r  s o lu t io n  had been added a small 

io d in e  c r y s t a l  was added and the r e a c ta n ts  hea ted  very g en t ly  in  o rder  

to  m ain ta in  r e f lu x  u n t i l  the  r e a c t io n  ceased.
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(c) P rep a ra t io n  o f  1 , 4 - d i - t - bu ty l - 2 ,3 ,5 ,6 .

te tram e th y lb en so n e ,

a
CH

CH
4“ I  “ •

H.C CH
H

C H

To the  f r e s h ly  p repared  Grignard reagen t was added an 

e th e r e a l  s o lu t io n  o f  d ich lo ro d u ren e .  (C-'iO gnis in  mis d ie th y l  

e t h e r ) .  The r e s u l t a n t  s o lu t io n  was then re f lu x e d  fo r  J  hour, allowed 

to  co o l ,  hydrolysed with d i l u t e  h y d ro ch lo r ic  a c id  and e x t ra c te d  with 

c a rb o n te t r a c h lo r id e • Evaporation of the so lv en t  a t  room tem perature 

gave yellow p la te s ( m .p ,111^). The n«m.r* spectrum o f  t h i s  product 

in  c a rb o n te t r a c h lo r id e  in d ic a te d  a s in g le  peak a t  2 .35  p .p .m .;  and 

consequently  i t  appeared th a t  a l l  o f  the methyl groups were e q u iv a le n t .  

This i s  not what would be expected i f  t - b u t y l a t i o n  had occurred  a t  the 

1 ;4 -p o s i t io n s .  This n .m .r .  peak .corresponded very c lo s e ly  to  the 

s t a r t i n g  m a te r ia l ,  but the  product had d i f f e r e n t  phys ica l  and chemical 

p r o p e r t i e s .  F u r th e r  the yellow p la te s  on stcmding in  98^ su lp h u r ic  

a c id  y ie ld e d  an e . p . r ,  spectrum o f  t h i r t e e n  groups o f  t r i p l e t s ;  

the s p l i t t i n g  co n s tan ts  being  2*06 gauss and 2 “70 gauss r e s p e c t iv e ly .  

This i n f r a  red  spectrum o f  a m%gol-mull o f  the product showed very 

l i t t l e  d i f f e re n c e  between the s t a r t i n g  m a te r ia l  and f i n a l  product 

except fo r  a sna il  C = 0  band a t  1720cm \  Tlius i t  would appear th a t  

the  t - b u t y l a t i o n  had not proceeded as  expected .
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Further attempts were made to synthesise the 1,4-substituted 

tetramethylbenzerie by V/urtz-Fittig reactions, but none of these 

attempts were succesful.

4H* Prolonged r e a c t io n s  of H.M.B, w ith su lp h u r ic  ac id  a t  

va r io u s  te m p e ra tu re s .

The experiment d esc r ib ed  in  s e c t io n  4D was repea ted  a t  

va r io u s  tem pera tu res  accord ing  to  s e c t io n  48. However, the 

experim ental param eters  were now ad ju s ted  in  o rder  to  optimize the 

r e s o lu t io n .  This le d  to e.p.r. spectrum ( x i i )  which was ob ta ined  

a t  40°C, a f t e r  c a r e fu l  ad justm ent of the in s tru m e n ta l  param eters .

4jc Preparation and P u r i f i c a t io n  o f  4-methylene-1,1,2,3,5,6- 

hexamethylcyclohexa-?- ,5-diene.

Hexamethylbenzene (l.20gms) v/as d is so lv ed  in  to luene  

(30mlG) and was poured in to  a th re e  necked f l a s k  f i t t e d  with a 

s t i r r e r ,  r e f lu x  condenser with an HGl gas t r a p ,  and an i n l e t  pipe 

fo r  bubbling metliyl ch lo r id e  gas below the to luene  s u r fa c e .  To 

t h i s  s o lu t io n  v/as added some f in e ly  ground anhydrous aluminium 

t r i c h l o r i d e  (2.0gms). This s o lu t io n  was heated  on a water bath a t  

a so lu t io n  tem perature  o f  85 '^C fo r  2-J hours ,  while methyl chloride 

gas v/as bubbled through the v ig o rous ly  stirred solution, with the 

e v o lu tio n  o f  hydrogen c h lo r id e .  The resultant so lu t io n  which 

con ta ined  a dark red  o i l  was allowed to  cool and the  red  o i l  v/as 

s e p a ra ted  o f f ,  and c r y s t a l l i z e d  a f t e r  a fev/ moments. This m a te r ia l  

was then shaken with isopen tane  and the pentance f r a c t io n  was 

d isca rd e d .  The remaining f r a c t io n  v/as hydrolysed with ice cold
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w ater and then e x t ra c te d  with isopen tance .  The combined 

isopen tance  s o lu t io n s  were tlien e x t ra c te d  with a t o t a l  o f 

10~15mls o f  concen tra ted  h yd roch lo r ic  a c id .  The ac id  

e x t r a c t s  were then poured on ic e  w ater and n e u t ra l iz e d  with 

sodium carbona te .  This n e u t ra l iz e d  s o lu t io n  was e x t ra c te d  with 

isopen tane  and d r ie d  (Na^SO,^). This d r ie d  pentane s o lu t io n  was 

then d i s t i l l e d  gen tly  under vacuum to  remove the g r e a te r  p o r t io n  

o f  isopen tane  and was then l e f t  to  s tand  to c r y s t a l l i z e  slowly 

under n i t ro g e n .  This y ie ld e d  c o lo u r le s s  c r y s t a l l i n e  p la te s  with 

a m.p. o f  46^0 and an n .m .r .  spectrum (spectrum ( x i i i )  ) which 

corresponds to  th a t  expected fo r  the  pure p ro d u c t ,  4-m ethylene- 

1 ,1 ,2 , 3 )5  j6*“hexamethylcyclohexa“2 , 5~diene.

The mass spectrum o f  a p o r t io n  of the product was taken 

on a Varian -  M.A.T. CH? mass spec trom ete r  and compared with th a t  

o f hexamethylbenzene. This comparative a n a ly s i s  in d ic a te d  th a t  the 

product o f  the  above re a c t io n  con ta ined  approxim ately  5 «5f- o f 

unchanged hexamethylbenzene.

4K. E.P.R. i n v e s t ig a t io n  o f  the  r e a c t io n  o f  4-m othylene-1 ;1 ,2 ,3 ,5 ,& " 

hexam ethy lcycloheya-2 ,3 -d iene with 98 /̂  s u lp h u r ic  a c id .

The product o f  the r e a c t io n  d escr ibed  in  s e c t io n  4J was 

d is so lv ed  immediately in  98/0 s u lp h u r ic  ac id  to  give a dark red 

s o lu t io n .  A p o r t io n  o f  t h i s  s o lu t io n  was p laced  in  th in  f l a t  

q u a r tz  c e l l  and was p o s i t io n e d  in  an E-237 microwave resonan t 

c a v i ty .  This sample y ie ld e d  prompt e . p . r .  s p e c t r a  ( s p e c t r a  (x iv )  

and (xv) ) which re p re se n te d  a s u p e rp o s i t io n  o f  two sp e c ie s .
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The i n t e n s i t i e s  o f  the l i n e s  a s s o c ia te d  with each o f  these  ' 

s p e c ie s  were summed and the r a t i o  v/as compared w ith  r a t i o  of 

the hexamethylbenzene im purity  shown to be p re s e n t  in  the 

4 -m ethy lene -1 , 1 , 2 ,3,5»& -hexam ethylcyclohexa-2 ,5-diene p re p a ra t io n  

by the mass spectrum.

4L. U l t r a - v i o l e t  I r r a d i a t i o n  System design and development.

In o rd e r  to  provide a convenient gene ra l  purpose source 

o f  u l t r a - v i o l e t  l i g h t ,  w ith o p t ic s  s u i t a b le  fo r  use with an e . p . r ,  

s p ec tro m e te r ,  i t  v/as decided to  design  and produce such a system 

which could be r e a d i ly  m anufactured.

The concept of the  system was to  use a newly developed 

compact mercury a rc  lamp. This type o f  lamp behaves o p t i c a l l y  

a s  a p o in t  so u rce ,  and was r e a d i ly  a v a i la b le  from Engelhard Hanovia Ltd, 

This l i g h t  source was then made the cen tre  o f  an o p t i c a l  system 

designed to t r a p  as  much l i g h t  as  p o s s ib le ,  and p r o je c t  an evenly 

i l lu m in a te d  d isc  o f  l i g h t  to  the  c a v i ty .  The a re a  o f  the d is c  covering 

the  a c t iv e  sample re g io n .  Thus a su rface  a lum in ised  s i l i c o n  oxide 

coated  s p h e r ic a l  m ir ro r  was placed behind the source such th a t  l i g h t  

t r a v e l l i n g  away from the sample d i r e c t io n  was r e f l e c t e d  back to  a 

focus a t  the p o in t  sou rce .  This l i g h t  and the  r a d i a t i o n  from the 

source were then c o l le c te d  by a high q u a l i ty  s y n th e t ic  fused 

q u a r tz  le n s  which had a b e r r a t io n s  in troduced  in to  i t  in  o rder  to  

produce a reasonab ly  evenly i l lu m in a te d  d isc  o f  l i g h t  a t  the cen tre  

o f  the  microwave resonan t c a v i ty .  The qua r tz  used had a high 

water con ten t  in  o rd e r  to  absorb a la rg e  percentage of the  i n f r a - r e d  

r a d ia t io n  em itted  by the  source thus minimising the therm al d r i f t  

o f  the  microwave frequency by h e a t in g .
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A cons tan t  c u r re n t  power supply was subsequently  developed

to  d r iv e  the lamp and complete the  system.

4M. E-237 Cavity Design and Function .

The E-237 microwave reso n an t c av i ty  which was employed in

a number o f measurements i s  a la rg e  access  r e c ta n g u la r  c a v i ty

30resonan t in  the T E ^ m o d e  .

Microwave theory  in d i c a te s  th a t  th e re  i s  no l i m i t a t i o n  

to  the  width o f a r e c ta n g u la r  mode microwave resonan t c a v i ty ;  

only  i . ts  le n g th  and h e ig h t  govern the  resonan t mode and frequency 

assuming a co n s tan t  lo ad .  Thus by in c re a s in g  the wdith o f  the  

c a v i ty  the s iz e  o f  the  access  s ta c k s  may a lso  be in c re a se d .  

Furthermore ,because the  su rface  to  volume r a t i o  has in c re a se d  

the  Q f a c to r  o f  the c av i ty  has in c re a sed  to approxim ately  8,000. 

However. the d isadvan tages  l i e  in  the  f a c t  th a t  th e re  i s  now 

a p p re c ia b le  'bulge* o f  the microwave f i e l d  a t  the s ta c k s  and a 

lo s s  o f microwave power up the  s ta c k s .  However d e s p i te  these  

d isadvan tages  i t  was p o s s ib le  to in c re a se  the  sample s iz e  fo r  

h igh  d i e l e c t r i c  samples thus  in c re a s in g  the s e n s i t i v i t y  o f the 

e . p . r .  system by a f a c to r  o f  1*90 a t  room tem perature  fo r  a la rg e  

number o f  samples.

There was, however, a decrease  in  the maximum value o f  

the  modulation am plitude and a l s o  in  the  maximum value o f  the 

microwave f i e l d  a t t a in a b le  a t  the sample. N everthe less  these  

f a c to r s  d id  no t p re s e n t  any l i m i t a t i o n s  to the experiments 

d esc r ib ed  in  t h i s  work.
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