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T J J 2 C T R O N  SPIN HTSONANCE SPTCTRA AND INDO CALCIJT,ATION 
O F  THE C Y C Z , O O C T A T R I E N Y I J  RADICAL 

A.R.  XcIntf?sh,  D . R .  Gee, and J.K.S. Wan 

Department o f  Chemistry,  Q u e e n ' s  U n i v e r s i t y  
Kings ton ,  O n t a r i o ,  Canada 

C y c l o o c t a t e t r a e n e  CdHt3,  e l t houqh  a v e r v  r e a c t i v e  compound, 
1 i s  remarkably r e s i s t a n t  t o  gamma i r r a d i a t i o n  . Liqu id  phase 

r a d i o l y s i  s at h igh  dose' *, 30-50 Mrad, vi e l d s  hvdrogen,  

a c e t y l e n e ,  benzene and sorre po1yrnerj.c m a t e r i a l .  Such r a d i a t i o n  

r e s i s t a n c e  i s  r a t h e r  s u r p r i s i n g  s i n c e  gaseous  C8H8 r e a d i l y  

undergoes  photo i  somer i sa t  i o n  t o  s t v r e n e  and photodecomposi t ion  
3.4 t o  g i v e  benzene and a c e t y l e n e  . More r e c e n t  photochemical  

s t u d i e s  a t  lower t e m p e r a t u r e s  a l s o  r e p o r t  b icyc lo-4 .2 .O-oc ta-  

2 ,L+,7- t r iene5  and semibu l lva l ene  6 

F,.s.r. s p e c t r a  a s s i g n e d  t o  t h e  C 8 H 8  r a d i c a l  a n i o n  have 

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

been r e p o r t e d  when C8H8 i s  reduced  :tn a l k a l i  metal  t e t r a h y d r o -  

f u r a n  s o l u t i o n s  a t  173 K . The d i s t r i b u t i o n  of t h e  unpa i r ed  

e l e c t r o n  i s  symmetr ical  and t h e  s p e c t r a  c o n s i s t  of n i n e  l i n e s  
7 

each  s e p a r a t e d  by 3.209 G, s u g g e s t i n 5  a Dlanar conf igu ra t , i on  . 
P a r a l l e l  s t u d i e s  on a l k y l  s u b s t i t u t e d  C8H8 and c y c l o o c t a t e t -  

0 7  

c3 
- 

raene-1-dy have a l s o  been r e p o r t e d .  

Recen t ly  Wood and Lloyd'' have found t h a t  s p e c i f i c a l l y  

i n c o r p o r a t e d  a d d i t i v e s  i n  an  adamantane s o l i d  m a t r i x  can be 

s e l e c t i v e l y  damaged by i o n i z i n s  r a d i a t i o n  t o  y i e l d  paramagnet ic  

Copyright ': 1971 by Marcel Dekker, Inc. NO PART of this work may be reproduced or utilized in any 
form or by any meons, electronic or mechanical, including xerography, photocopying, microfilm, and re- 
cording, or by any information storage and retrieval system,, without the written permission of the publisher. 
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A .  3. McINTOSH, D. R. GEE, AND J. K. S .  WAN 

s p e c i e s  w i t h  i s o t r o p i c  e . s . r .  s p e c t r a .  Usin5 t h i s  t e c h n i q u e ,  

we have observed  t h e  i s o t r o p i c  e .s . r .  s p e c t r a  o f  a v a r i e t y  

o f  a l k y l  s u b s t i t u t e d  c v c l o a l k e n v l  r a d i c a l s  by  y - i r r a d i a t i o n  

of  t h e  p a r e n t  o l e f i n s  doped i n  a n  adamantane m a t r i x .  T h i s  

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

s p e c t r a  which a r e  due t o  t h e  t r a p p e d  c y c l o o c t a t e t r a e n P  an ion  

r a d i c a l  C 8 H g  and t h e  n e u t r a l  c y c l o o c t a t r i e n y l  r a d i c a l  C ' H  

when c y c l o o c t a t e t r a e n e  doped i n  an  adamantane ma t r ix  i s  

y - i r r a d i a t e d .  S p e c t r a l  p a r a m e t e r s  f o r  C H a re  o b t a i n e d  by 

computer s i m u l a t i o n  and t h e  a s s i q m e n t  o f  a p l a n a r  s t r u c t u r e  

t o  t h e  r a d i c a l  i s  s u b s t a n t i a t e d  by a n  I N D O  c a l c u l a t i o n .  The 

r a d i o l v s i s  of t h i s  sys tem t h u s  a p p e a r s  q u i t e  d i f f e r e n t  from 

t h o s e  w i t h  cyc lomonoolef ins .  While t h e  cyc lomonoolef ins  do 

11 

- 
8 9'  

8 9  

11. no t  t r a p  e l e c t r o n s  t o  g i v e  r a d i c a l  a n i o n s  i n  t h e  m a t r i x  , 

c y c l o o c t a t e t r a e n e  is  found t o  be an e f f i c i e n t  e l e c t r o n  

scavenge r  i n  t h e  s o l i d  m a t r i x .  

A t y p i c a l  e . s . r .  spec t rum observed  a f t e r  C8H8 doped i n t o  

an adamantane ma t r ix  was i r r a d i a t e d  i s  shown i n  F i g .  1. The 

spec t rum was o b t a i n e d  a t  room t e m p e r a t u r e  a t  a microwave 

a t t e n u a t i o n  o f  20 dh .  The d i f f e r e n c e  i n  t h e  i n t e n s i t i e s  and 

l i n e  w i d t h s  between t h e  c e n t r a l  and o u t e r  l i n e s  of t h e  spec t rum 

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

paramagnet ic  s p e c i e s .  I n c r e a s i n g  t h e  microwave power by 

dec reas ine ;  t h e  a t t e n u a t i o n  o f  t h e  k l y s t r o n  t o  3 dh changed t h e  

spec t rum t o  t h e  one shown i n  Firf .  2a ,  i n  which one o f  t h e  

pa ramagne t i c  s p e c i e s  h a s  a p p a r e n t l y  been s a t u r a t e d .  

I n s p e c t i o n  of F i g .  2a r e v e a l s  a p a t t e r n  o f  n i n e  l i n e s  w i t h  

a s p l i t t i n y  of 3 .21 S a u s s  and t h e i r  i n t e n s i t i e s  a re  

218 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
3
2
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



CY CLOOCTATRIENY L RADICAL 

FIG.  1 

The e . s . r .  spectrum o f  r a d i c a l s  f rom y - i r r a d i a t i o n  i n  adaman- 
t a n e  o f  c y c l o o c t a t e t r a e n e ,  recorded  a t  room t empera tu re  and 
l o w  microwave power. 

approximate ly  b inomia l .  The s a t u r a t i o n  p r o p e r t i e s  of  t h i s  

s p e c i e s  must be such t h a t  t h e  s p i n - L a t t i c e  r e l a x a t i o n  t i m e  i s  

r e l a t i v e l y  s h o r t .  Such p r o p e r t i e s  tare found i n  a n i o n  o r  
1 2  c a t i o n  r a d i c a l s  w i t h  o r b i t a l l y  d e g e n e r a t e  ground s t a t e  . 

The observed  s p l i t t i n g  c o n s t a n t  of 3 . 2 1  g a u s s  a g r e e s  w i t h  

t h e  l i t e r a t u r e  ass ignment  o f  t h e  r a d i c a l  an ion  C 8 H i  ’. 
r a d i c a l  c a t i o n  C 8 H g  h a s  been r e c e n t l y  r e p o r t e d  t o  e x h i b i t  

e i g h t  e q u i v a l e n t  p r o t o n s  w i t h  a s p l i t t i n g  c o n s t a n t  of 1 . 5  G . 
While t h e  p l a n a r  s t r u c t u r e  o f  C g H i  has been e s t a b l i s h e d  , 

The 
+ 

1 3  

7 

Dessau13 proposed a nonplanar  s t r u c t u r e  f o r  C8H8 based on t h e  

t h e o r e t i c a l  p r e d i c t i o n  by Dewar  e t  all‘. 

a nonplanar  C8H8 could  l e a d  t o  e i g h t  i n c i d e n t a l l y  e q u i v a l e n t  

p r o t o n s  i n  h y p e r f i n e  s p l i t t i n g ,  we c a r r i e d  o u t  h e r e  an  TNDO 

c a l c u l a t i o n  o f  t h e  p r o t o n  s p l i t t i n s s  u s i n g  t h e  bond l e n g t h s  

+ 

To de termine  whether 
+ 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
3
2
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



A .  R.  McINTOSH,  D. R .  GEE, AND J. K. S. WAN 

1 3 0  

H 

1 

> 

, 2 5 G  , 
H > 

FIG.  2 

The e.s.r. spectra of radicals f r o m  y-irradiation in adamantane 
of cyclooctatetraene; ( a )  recorded at room temperature and high 
microwave power; ( b )  recorded at 8 5 O C  and low microwave power. 
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CYCLOOCTATRIENYL RADICAL 

and a n g l e s  r e p o r t e d  b y  T r a e t t e b e r g ” .  

for t h e  nonplanar  CgH8 w i t h  o p p o s i t e  carbon-carbon double  

bonds t a k e n  a s  p a r a l l e l ,  t h e  p r o t o n  h y p e r f i n e  s p l i t t i n g  was 

+2.1 G f o r  a l l  e i g h t  p r o t o n s .  T h i s  v a l u e  compares f a v o u r a b l y  

w i t h  t h e  expe r imen ta l  v a l u e  of 1 . 5  G . It  a p p e a r s  r e a s o n a b l e  

t h a t  t h e  nonplanar  CgH8 could  e x h i b i t  a n i n e - l i n e  p a t t e r n  

spec t rum b u t  w i t h  s p l i t t i n g  l e s s  t h a n  t h a t  o f  t h e  p l a n a r  

an ion .  The expe r imen ta l  spec t rum i n  F ig .  2a i s  t h e r e f o r e  

a s s i g n e d  t o  CgHg . 

Assuming D2d symmetry 
+ 

1 3  
+ 

When t h e  sample t e m p e r a t u r e  was p r o g r e s s i v e l y  r a i s e d  

w i t h i n  t h e  microwave c a v i t y ,  t h e  i n t , e n s i t y  of t h e  spec t rum i n  

F i g .  2a r eco rded  a t  h i g h  microwave power g r a d u a l l y  dec reased  

and had d imin i shed  markedly a t  8 5 ’ C .  

o f  t h e  microwave power t o  t h e  h igh  klystron a t t e n u a t i o n  of  

15 db gave a new spectrurr, shown i n  F ig .  2b. An i d e n t i c a l  

spec t rum w a s  o b t a i n e d  f rom computer s u b t r a c t i o n  o f  t h a t  of 

F i e .  2a from t h e  o r i g i n a l  spec t rum of Fig .  1. It  appeared  

c l e a r  however t h a t  t h e r e  was s t i l l  a minor component due t o  

C H p r e s e n t  i n  F ig .  2b, b u t  t h e  o t h e r  major  r a d i c a l s  were 

r e l a t i v e l y  l e s s  s t a b l e  t h a n  CgHi a t  h igh  t e m p e r a t u r e .  

A t  t h a t  p o i n t  r e d u c t i o n  

- 
t 3 8  

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

spec t rum i n  F ig .  2b, we have cons ide red  some o f  t h e  r e l a t i v e l y  

s t a b l e  r a d i c a l s  such  a s  CgH 

was performed on v a r i o u s  g e o m e t r i c a l  models f o r  t h e  cyc lo -  

O c t a t r i e n Y l  (CgH9) r a d i c a l .  

s p l i t t i n g s  were t h e n  compared w i t h  t h e  e x p e r i m e n t a l  spec t rum.  

These c a l c u l a t i o n s  are  summarized i n  Tab le  1. A d e s c r i p t i o n  

of  t h e  models employed i s  now g i v e n  where,  f o r  t h e  most p a r t ,  

A ser ies  of  INDO c a l c u l a t i o n s  9‘ 

The ca l -cu la ted  p r o t o n  h y p e r f i n e  
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A .  R .  McINTOSH, D. R .  GEE, AND J. K. S. WAN 

TABLE 1 

Proton Hyperfine S p l i t t i n g s  f o r  C H from I N D O  C a l c u l a t i o n s  
8 9  

Models Experiment a1 
I I1 I11 Values 

60 -- 0 30 
0 Angle B 

Proton S p l i t t i n g  
(gauss  1 

a 
H1 ( C H 2 )  +37.5 -+26.4 +23 * 5 2 1  .o 

aH2 ( C H 2 )  

aH3 

+ 3 7 * 5  f 7.3 + 1.1 10.5 

-11.3 - 7.4 - 3.0 7.4 

aHk + 5.e f 9.3 +15.5 9.3 

aH5 -10.3 - 9.9 - 9.0 9.9 

aH6 + 6 . 8  + 6.5 + 6.2 6 .5  

a 
t'7 -10.3 - 9.9 - 9.0 9.9 

a 
H8 + 5 . 8  + 9.3 +15.5 9 .3  

aH9 -11.3 - 7.4 - 7.0 7.4 

t h e  CgHg models a r e  p l a n a r .  Model I w a s  completely p l a n a r  

with a r e g u l a r  octagon of  e i g h t  carbon atoms f o r  which t h e  

assumed carbon-carbon bond d i s t a n c e  w a s  t aken  a s  1.34 A .  

For Model I, t h e  two hydrogen atoms bonded t o  t h e  same carbon 

atom were pe rpend icu la r  t o  t h e  plane of t h e  molecule wi th  

t h e  H-C-H a n g l e  between them taken a s  109.47O. Models I1 

and 111 were s l i g h t  v a r i a t i o n s  on a puckered t r i a n g l e  of  

0 
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CYCLOOCTATRIENYL RADICAL 

t h r e e  carbon atoms i n c l i n e d  a t  v a r y i n =  a n g l e s  t o  t h e  a a i n  

p l a n e  of t h e  molecule .  I n  f a c t ,  o n l y  t h e  methylene carbon 

atom i n  each  case  was t a k e n  out  o f  t h e  p l a n e  of t h e  mol.ecule, 

t h e  o t h e r  a tomic  p o s i t i o n s  in each  model beino; i d e n t i c a l  

w i th  t h o s e  o f  Model I .  The a n g l e  o f  i n c l i n a t i o n  CY of  t h e  

puckered t r i a n g l e  r e l a t i v e  t o  t h e  main molecu la r  p l ane  f o r  

Models T I  and 111, was t a k e n  r e s p e c t i v e l y  a s  30' and 60'. 

A l s o  t h e  a n g l e s  between t h e  carbon and hydroqen atoms 

s u b s t i t u t e d  a t  t h e  methylene carbon i n  Plodels I1 and I11 

w e r e  t aken  a s  109.47°. 

Computer s i m u l a t e d  s p e c t r a  a s  p r e d i c t e d  by  t h e  t h e o r e t -  

ical h y p e r f i n e  s p l i 5 t i n P ; s  l i s t e d  i n  Table  7 i n d i c a t e  t h a t  

Model I1 could  account  f o r  most o f  t h e  f e a t u r e s  i n  t h e  e x p e r i -  

menta l  spec t rum i n  E'iq. 2b .  A b e t t e r  f i t  to t h e  expe r imen ta l  

spec t rum could  be o h t a i n e d  when t h e  methylene p r o t o n  s p l i t t i n g s  

were a d j u s t e d  by some a v e r a g i n g  t o  t h e  e x p e r i m e n t a l  v a l u e s .  

S ince  an  expe r imen ta l  spec t rum o f  pu re  C8H9 r a d i c a l s  

could  n o t  be o b t a i n e d  even a t  higher- t e m p e r a t u r e s  and low 

microwave power, a computer prop;ram was used  t o  s i m u l a t e  

composi te  s p e c t r a  of a mix tu re  of Cr3Hg and C8H8 i n  v a r i o u s  

p r o p o r t i o n s .  'The s imula t ed  spectra were g i v e n  L o r e n t z i a n  

- 

- 
l i n e  w i d t h s  o f  1.0 G and 1 .7  G f o r  C H and C H 

and t h e  c e n t r e  o f  t h e  C H component w a s  s h i f t e d  1.0 G t o  

h i g h e r  f i e l d  r e l a t i v e  t o  t h a t  of t h e  C H The "exper imenta l"  

h y p e r f i n e  s p l i t t i n g s  of CgH 9 

i n  a l l  s imu la t ed  s p e c t r a .  Thus,  F ig .  3a i s  t h e  computed 

r e s p e c t i v e l y ,  $ 9  8 8  

8 8  

8 9' 
a s  l i s t e d  i n  T a b l e  1 were used  

spec t rum of pu re  CgHg r a d i c a l s  and Fiq. 3b g i v e s  t h e  s i m u l a t e d  

composi te  spec t rum of a mix tu re  o f  C ' H  and C ~ H ~  i n  a 2 t o  1 8 9  

2 2 3  
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A .  R.  McINTOSH, D. R .  GEE, AND J. K. S .  WAN 

Computer simulated s p e c t r a  
mixture of 2 t o  1 C ' H  and 8 9  

FIG.  3 

fo r :  ( a )  C H r a d i c a l s ;  ( b )  a 
CgHi. 8 9  

mole r a t i o .  It is  observed t h a t  F i % .  3b f i t s  reasonab ly  we l l  

with t h e  experimental  spectrum a t  8 5 O C  i n  Fig.  2b. 

r easonab le  t o  conclude t h a t  t h e  s p e c t r a  shown i n  Fig.  1 and 

F ig .  2b arise from a mixture of t rapped C8H8 r a d i c a l  a n i o n s  

and C H r a d i c a l s .  The conjugated C8Hg r a d i c a l  i s  found t o  

be p l a n a r  with t h e  two methylene p ro tons  locked i n  a f i x e d  

o r i e n t a t i o n  r e l a t i v e  t o  t h e  remainder of  t h e  molecule. 

It seems 

- 

8 9  

Cyc looc ta t e t r aene  doped i n  t h e  adamnntane m a t r i x  probably 

s e r v e s  as  an e l e c t r o n  scavenger l e a d i n g  t o  s t a b l e  C8H8 r a d i c a l  

anion:  

- 

+ - 
C10H16 (adamantane -C10H16 f e 

e + C8H8 -C8Hg 
I - 
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CYCLOOCTATRIENYL RADICAL 

I t  i s  no t  c e r t a i n  how t h e  r a d i c a l  c H i s  produced,  a s  t h e r e  

a r e  a numher o f  p o s s i b l e  mechanisms. 
$1 9 
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