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ISOLATION AND CHARACTERIZATION OF THE DIMERS FORMED IN THE
FREE-RADICAL AND ANIONIC INITIATED POLYMERIZATION OF

ALPHA-METHYLSTYRENE

Kevin S .  Bosman, M.A.

Western Michigan U n iv e r s i ty ,  1986

A lpha-m ethylstyrene  was polymerized near i t s  c e i l i n g  tem p era­

t u r e  u s i n g  two d i f f e r e n t  i n i t i a t o r s .  F i r s t ,  sodium was used as an 

a n io n ic  i n i t i a t o r ,  prim arily  in  an e f f o r t  to  provide an experim ental  

l i n k  j o i n i n g  th e  work of S-L Ou w ith  th a t  o f  K o lo b le ls k i  and P in e s .  

The s t r u c tu r e  o f  the sodium I n i t i a t e d  product was d e ter m in ed  t o  be

1 , 3 - d ip h e n y l - l -m e th y lc y c lo p e n t a n e ,  a dimer o f  “-m e th y ls ty r en e ,  thus  

prov id in g  the d e s ir e d  l i n k .  Second, t e r t ia r y - b u t y lp e r o x id e  was used  

a s  a f r e e - r a d i c a l  i n i t i a t o r  under s im i la r  r e a c t io n  c o n d i t io n s ,  and 

the product was compared with  that from the a n io n ic  r e a c t io n .

The product o f  the f r e e - r a d ic a l  i n i t i a t e d  po lym erization  has an 

u n d ete r m in e d  s t r u c t u r e ,  a l th o u g h  th e  d a ta  a r e  I n d i c a t i v e  o f  a. 

c o m b in a t io n  o f  a - m e t h y l s t y r e n e  w ith  the breakdown products o f  the. 

i n i t i a t o r .  Compared w i t h  th e  p ro d u ct  o f  th e  sodium  i n i t i a t e d  

r e a c t i o n ,  as w e l l  as w ith  the products o f  s e v e r a l  other  polym eriza­

t io n s  reported  in  the l i t e r a t u r e ,  t h i s  p r o d u c t  i s  n o t  d im e r ic  i n  

n a tu re .  This i s  m anifested  in  the mass spectrum , where t h i s  product 

has a unique major peak a t  162 d a l to n s .  Other unexpected peaks a r e  

a t  2 2 0 ,  2 0 5 ,  and 194 d a l t o n s ,  a g a i n ,  m ajor p eak s  unique to  t h i s  

product.
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CHAPTER I

INTRODUCTION

Polymers have been u t i l i z e d  by humanity th roughout  h i s t o r y ,  but  

i t  was n o t  u n t i l  1839 t h a t  t h e  s c i e n c e  of  p o ly m e r  chem is t ry  was 

born .  In t h a t  y e a r ,  C ha r le s  Goodyear ( 1 )  a c c i d e n t a l l y  d i s c o v e r e d  

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

r e s u l t e d  i n  a marked improvement in  the v e r s a t i l i t y  and u s e f u l n e s s  

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

methods f o r  the  p r e p a r a t i o n  of rubber  and o t h e r  polymers  h a s  l e d  t o  

many new p roducts  and a p p l i c a t i o n s .

In  t h e  c o u r s e  of  t h e  d e v e lo p m e n t  o f  t h e s e  s y n t h e s e s ,  i t  has 

been observed  t h a t  t h e r e  a r e  two g e n e r i c  t y p e s  o f  p o l y m e r i z a t i o n  

s to i c h o m e t r y . These two types  of p o ly m e r iz a t io n  a r e  c a l l e d  a d d i t i o n  

and c o n d e n sa t io n  p o l y m e r i z a t i o n .  The mechan ism  o f  c o n d e n s a t i o n  

p o l y m e r i z a t i o n  n o r m a l l y  r e s u l t s  in  the  g e n e r a t i o n  of s m a l l ,  s imple 

molecules  such as  wate r  or  hydrogen c h l o r i d e  a s  b y p r o d u c t s  of  t h e  

p o l y m e r i z a t i o n .  Condensa t ion p o ly m e r iz a t io n s  y i e l d  s h o r t e r  polymer 

cha ins  than do a d d i t i o n  p o l y m e r i z a t i o n s ,  and g e n e r a l l y  r e q u i r e  a 

l o n g e r  t im e  t o  go t o  com p le t ion .  Add i t ion  p o ly m e r iz a t io n s  r e q u i r e  

the  i npu t  of s u f f i c i e n t  e n e r g y  t o  weaken a i r -bond s y s t e m  t o  t h e  

p o i n t  where  e l e c t r o n s  may be e i t h e r  donated t o  a n o th e r  m olecu le ,  or 

accep ted  from a n o t h e r  m o l e c u l e .  T h i s  may be f a c i l i t a t e d  by t h e  

d i r e c t  a p p l i c a t i o n  o f  e n e r g y  a s  by i r r a d i a t i n g  w i t h  l i g h t ,  or
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t h r o u g h  t h e  a d d i t i o n  o f  an i n i t i a t o r  o r  c a t a l y s t  a s  an e l e c t r o n  

source  or  s i n k .  T h i s  e n e r g y  a c t i v a t e s  t h e  m o l e c u l e  a t  s p e c i f i c  

s i t e s ,  and  a s  any o f  t h e  a c t i v e  s i t e s  can  a t t a c k  a t  any i n a c t i v e  

s i t e ,  the  cha in  grows very r a p i d l y  and tends  to  be composed of  many 

more monomer u n i t s  than  t h a t  r e s u l t i n g  from a c o n de nsa t ion  polymer­

i z a t i o n .  Add i t io n  polymers tend to  be more b r a n c h e d  t h a n  c o n d e n ­

s a t i o n  p o l y m e r s ,  a l s o  as  a r e s u l t  of  the  many a c t i v e  s i t e s  p r e s e n t  

in  the  p o l y m e r iz a t i o n  p r o c e s s .  Polymers r e s u l t i n g  from t h e  con d e n ­

s a t i o n  o f ,  f o r  example,  formaldehyde and phenol  and those  r e s u l t i n g  

from the  a d d i t i o n  o f , e . g . ,  s t y r e n e  to  i t s e l f  a re  ve ry  v e r s a t i l e  and 

i m p o r t a n t .  The c o m m e r c i a l  v a l u e  o f  p h e n o l i c  r e s i n s  o r  o f  poly­

s ty r e n e  r e s i n s  r e s i d e  i n  t h e i r  r e l a t i v e  e a s e  o f  m a n u f a c t u r e ,  low 

c o s t ,  and chemical  and thermal  s t a b i l i t y .

A lpha -m e thy l s ty rene  (AMS) i s  v e r y  s i m i l a r  t o  s t y r e n e  s t r u c ­

t u r a l l y  (See F igu re  1) ;  but  i t  i s  much more d i f f i c u l t  t o  po lym e r iz e ,  

and under many c o n d i t i o n s  a l l  but  i m p o s s i b l e .  AMS p o l y m e r s ,  when 

made, a r e  g e n e r a l l y  lower i n  m ole cu la r  we ight  and l a c k  the  thermal  

s t a b i l i t y  c h a r a c t e r i s t i c  o f  p o l y s t y r e n e .  O f t e n  t h e s e  AMS p o ly m e r s  

have no c o m m e r c i a l  v a l u e  a s  a r e s u l t .  N o n e t h e l e s s ,  polymers  and 

copolymers of  AMS a re  commerc ial ly  a v a i l a b l e ,  a l t h o u g h  t h e  d i f f i ­

c u l t y  i n  p o l y m e r i z i n g  AMS makes i t  an i d e a l  r e s e a r c h  t o o l  f o r  the 

e x p l o r a t i o n  o f  t h e  m echan ism s  o f  p o l y m e r i z a t i o n  r e a c t i o n s .  The 

c o m p a r i s o n  o f  AMS r e a c t i o n s  to  s ty r e n e  r e a c t i o n s  i s  no t  l i m i t e d  to  

an a r e a  of  p o l y m e r i z a t i o n  as  e v i d e n c e d  by t h e  r e c e n t  l i t e r a t u r e  

( 2 , 3 ) .
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a-M ethylstyrene  Styrene

Figure 1. Comparison o f  a -M ethylstyrene and Styrene.

*
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CHAPTER II

HISTORICAL BACKGROUND 

The Early Workers

Although AMS I s  now known to  p o ly m e r iz e  w i t h  d i f f i c u l t y ,  th e  

a c q u i s i t i o n  o f  t h a t  know ledge  came through the many a tte m p ts  that  

were made to  polym erize th e  s u b s t a n c e .  L ike  many o t h e r  a d d i t i o n  

polymers, AMS r eq u ires  a c a t a l y s t  or i n i t i a t o r  to  commence po lym eri­

z a t io n .

There a r e  th ree  types of i n i t i a t o r s  commonly used f o r  chem ical  

i n i t i a t i o n  o f  a d d i t i o n  p o l y m e r i z a t i o n .  C a t i o n i c  p o l y m e r i z a t i o n  

p r o c e e d s  th r o u g h  th e  g e n e r a t i o n  o f  a c a r b o c a t i o n  on a monomer 

m olecule  th a t  subsequently  adds a c r o s s  th e  d o u b le  bond i n  a n o t h e r  

monomer m o l e c u l e .  A n io n ic  p o ly m e r iz a t io n  p r o c e e d s  t h r o u g h  th e  

g en era tio n  o f  a carbanion on a monomer m o le c u le  t h a t  s u b s e q u e n t l y  

a c t s  as  a n u c l e o p h i l e  in  o p e n in g  up th e  d o u b le  bond i n  a n o th e r  

monomer m o le c u le .  F r e e -r a d ic a l  i n i t i a t i o n  i s  s i m i l a r  t o  a n i o n i c  

p o l y m e r i z a t i o n  in  t h a t  th e  f r e e  r a d i c a l  g e n e r a t e d  on a monomer 

m olecule  a l s o  a c t s  as a n u c le o p h i le .  T h is  n u c l e o p h i l i c  c h a r a c t e r  

m ig r a t e s  a lo n g  th e  c h a i n ,  as  d oes  th e  e l e c t r o p h i l i c  c e n te r  from 

c a t i o n i c  i n i t i a t i o n ,  as the polymer chain in c r e a s e s  in  l e n g t h .

The e a r l i e s t  w ork ers  o f t e n  used  s e v e r a l  o f  t h e s e  c a t a l y t i c  

system s i n  t h e i r  attem pts to  polym erize AMS, and th e  e a r l i e s t  work

A
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r e l e v a n t  t o  the  p r e s e n t  work appeared In  1929 ( 4 ) .  In  t h a t  r e p o r t ,  

S taud inge r  and Breusch d i s c u s s e d  s e v e r a l  suc h  t e c h n i q u e s  f o r  t h e  

p o ly m e r iz a t io n  of  AMS.

The i n i t i a t o r s  u s e d  in  S ta ud inge r  and B r e u s c h ' s  work inc luded  

v a r io u s  meta l  c h l o r i d e s ,  " F l o r i d a - e r d e "  ( a  b e n t o n i t e  c l a y ) ,  h e a t ,  

and u l t r a v i o l e t  l i g h t .  T h e i r  work y i e l d e d  no h igh  polymers ,  and the  

only sub s ta n c e  to i n i t i a t e  po lym er  c h a i n s  h a v i n g  more t h a n  t h r e e  

monomer u n i t s  i n  l e n g t h  was S n C l^ .  The m a j o r  p r o d u c t s  found  by 

S taud inge r  and Breusch were the  dimers  of  AMS. They c o n c lu d e d  t h a t  

t h e r e  were  a t  l e a s t  two d i m e r i c  s t r u c t u r e s  formed,  and t h a t  each 

s t r u c t u r e  had two s t e r e o i s o m e r s  ,J^,l_b,2a^,Zb. The c y c l i c  s t r u c t u r e ,  

2 ,  p r o p o s e d  by S t a u d i n g e r  and Breusch had been proposed in  1902 by 

Klages in  a s tudy  of  the  s y n t h e s i s  of AMS ( 5 ) .

Klages p repa red  the  dimer o f  AMS by two d i s t i n c t  p r o c e d u r e s .  

One p r o c e d u r e  was t h e  Grignard r e a c t i o n  of  benzy lm ethy lke tone  wi th  

magnesium i sopropy lbenzene  i o d i d e ,  and t h e  o t h e r  i n v o l v e d  h e a t i n g  

2 -p h en y l -2 -p ro p a n o l  i n  the  p resence  of  85% H^PO^. In bo th  c a se s  the  

d im e r  K l a g e s  r e p o r t e d  was a s o l i d  m e l t i n g  a t  5 5 - 5 6 °  C. K la ge s  

sugges ted  t h a t  the  s t r u c t u r e  o f  the  dimer was e i t h e r  1 , 2- d i m e t h y l -  

1 , 2 - d i p h e n y l c y c l o b u t a n e  ,2^, o r  t e t r a m e t h y l d i p h e n y l e t h a n e  ( 2 , 3 - d i -  

m e t h y l - 2  , 3 - d i p h e n y l b u t a n e  , j 3 , . Klages was unab le  to  c o n c l u s i v e l y  

e s t a b l i s h  e i t h e r  s t r u c t u r e ,  but  he d id  r e p o r t  a t h i r d  s t r u c t u r e  as  

the byproduct  of  the  s y n t h e s i s  of  AMS from 2 -pheny1 -2 -p ropano l .  This 

s t r u c t u r e ,  2 ,5 -d ip h e n y l -2 - h e x e n e  ,_1, was the  on ly  s t r u c t u r e  r e p o r t e d  

by T i f f e n e a u  ( 6 ) i n  1907 a f t e r  a t t e m p t i n g  t o  d u p l i c a t e  K l a g e s '  

d i m e r i z a t i o n s .
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S t a u d i n g e r  and B r e u s c h ' s  (1 9 2 9 )  work d e m o n s t r a t e d  t h a t  the 

d imer found  by K l a g e s  most  l i k e l y  i n c o r p o r a t e d  t h e  c y c l o b u t a n e  

s t r u c t u r e ;  i n  so  d o i n g ,  t h e y  a l s o  showed t h a t  K l a g e s '  c on fus ion  

about  the  d i j n e r i c  s t r u c t u r e  was j u s t i f i e d  by o b s e r v i n g  t h a t  t h e  

c y c l o b u t a n e  r i n g  was p r o n e  to  open up under  o x i d a t i v e  c o n d i t i o n s .  

The r e a c t i o n  c a t a l y z e d  by SnC.1̂ , was the  on ly  one to  y i e l d  a p p r e c i ­

ab le  amounts of the  v a r i o u s  o l ig o m e rs ,  and a l l  those  o l i g o m e r s  were 

l e s s  t h a n  e i g h t  monomer u n i t s  i n  l e n g t h .  These polymers  inco rpo ­

r a t e d  the  c yc lobu tane  s t r u c t u r e ,  and t h e  d im er  a c c o u n t e d  f o r  o v e r  

70% o f  t h e  t o t a l  y i e l d .  Only p a r t  of  the  dimer could  be c r y s t a l ­

l i z e d ,  and t h a t  p a r t  was assumed to  posses s  the  t r a n s - cyc lo bu tane  

s t r u c t u r e  ,2_b. The c r y s t a l l i n e  p o r t i o n  had a v e r y  sha rp  m e l t ing  

p o i n t  a b o u t  80°  h i g h e r  t h a n  t h e  amorphous  r em a inde r ,  and was 1.1 

t i m e s  as  d e n s e .  The c r y s t a l l i n e  p o r t i o n  was a l s o  shown t o  be 

s a t u r a t e d  t h r o u g h  i t s  r e s i s t a n c e  to  bromine a t t a c k .  The amorphous 

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

t a n e ,2 ! a ,  s t r u c t u r e  and the  s t r u c t u r e  T i f f e n e a u  f a v o r e d ,  the  u n s a tu ­

r a t e d  2 ,5 - d i p h e n y l - 2 - h e x e n e , J_.

Two y e a r s  l a t e r ,  i n  1931 ,  Bergmann and h i s  c o w o r k e r s  ( 7 )  

d u p l i c a t e d  the  work of  Klages ( 5) and of  S taud inge r  and B r e u s c h ( ' 4 ) .  

The work o f  B e rg m a n n ' s  group l ed  to  the  p ro p o sa l  of  two a d d i t i o n a l  

d i m e r i c  s t r u c t u r e s  ,j4 and _5. The s t r u c t u r e  they  proposed f o r  the  

u n s a t u r a t e d  d i m e r ,  J5, i s  s l i g h t l y  d i f f e r e n t  from t h a t  proposed by 

T i f f e n e a u ,  1, and they  a l s o  sugges ted  a mechanism f o r  i t s  f o rm a t io n .
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B e r g m a n n ' s  g r o u p  u s e d  AlClg as a p o l y m e r iz a t io n  i n i t i a t o r  f o r  

AMS f o r  the  f i r s t  t im e ,  but  they  found t h a t  the  r e s u l t s  were a l m o s t  

i n d i s t i n g u i s h a b l e  f rom t h o s e  o b t a i n e d  when u s i n g  S n C l^ .  As an 

a l t e r n a t i v e  to  the  cyc lobu tane  s t r u c t u r e ,  t h e y  s u g g e s t e d  t h a t  t h e  

d im er  p o s s e s s e d  an i n d a n e  s t r u c t u r e ,  l\_. As p roof  of  the  d i m e r ' s  

s t r u c t u r e ,  they  deve loped  two d i r e c t ,  unambiguous s y n th e s e s  l e a d in g  

to the  indane  s t r u c t u r e .

W hile  r u n n i n g  t h e  m e t a l  c h l o r i d e  i n i t i a t e d  p o l y m e r iz a t io n  a t  

room t e m p e r a t u r e ,  B e r g m a n n ' s  g r o u p  ( 7 )  found  t h a t  t h e  y i e l d s  o f  

d i m e r s  a p p r o a c h e d  90% o f  t h e  i n i t i a l  AMS c h a r g e .  When they  ran  

po ly m e r iz a t io n s  u s ing  sodium meta l  as  the  i n i t i a t o r ,  t he  t o t a l  y i e l d  

and t h a t  o f  the  dimer i n  p a r t i c u l a r ,  was much l e s s .  The dimers  t h a t  

were observed a f t e r  sodium i n i t i a t i o n  were g e n e r a l l y  u n s a t u r a t e d  i n  

s t r u c t u r e ,  b u t  two o f  them ,  w h i l e  c h e m i c a l l y  s i m i l a r ,  r e m a in e d  

undete rmined .  F u r th e r  e f f o r t s  led  to  t h e  p r o p o s a l  o f  a mechanism 

f o r  t h e  f o r m a t i o n  o f  t h e  u n s a t u r a t e d  d im e r  v i a  the  r e a c t i o n  of  a 

sodium s a l t  of  AMS wi th  a co r re spond ing  a c i d .  I t  was a l s o  o b s e r v e d  

t h a t  upon s t a n d i n g  over  AlCl^ in  benzene f o r  two d a y s ,  the  u n s a t u r a ­

ted dimer was c onve r ted  to  the s a t u r a t e d  dimer i n  20% y i e l d .

The work of  t h e  e a r l y  i n v e s t i g a t o r s  c i t e d  above gave somewhat 

d i f f e r e n t  r e s u l t s  depending upon the  i n i t i a t o r  u s e d .  F r e e - r a d i c a l  

i n i t i a t e d  p o l y m e r i z a t i o n  was a l l  but  i g n o re d ,  but  s t u d i e s  devoted 

e x c l u s i v e l y  to  e i t h e r  a n io n i c  or  c a t i o n i c  i n i t i a t i o n  of  the  polymer­

i z a t i o n  o f  AMS a p p e a r e d  i n  t h e  middle and l a t e r  1950s. Toward the  

end o f  t h e  5 0 s ,  r e s e a r c h e r s  c o u l d  r o u t i n e l y  u s e  s o p h i s t i c a t e d
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i n s t r u m e n t a l  t e c h n i q u e s  f o r  s t r u c t u r e  e l u c i d a t i o n  i n  combina t ion 

wi th  the  more t r a d i t i o n a l  p h y s i c a l  and chemical  methods.

C a t io n i c  D im er iza t ion  of  AMS

In 1956, Vander Zanden and Rix d i s c u s s e d  some d i m e r s  o f  AMS 

(8»9)« They a t t em pted  to  r e p e a t  Bergmann's e t a l .  work,  and a l t h o u g h  

they were a b l e  t o  r u l e  o u t  t h e  c y c l o b u t a n e  s t r u c t u r e ,  t h e y  were 

u n a b l e  t o  r e p e a t  and c o n f i r m  t h e  work l e a d i n g  t o  B e r g m a n n n ' s  

proposed indane s t r u c t u r e ,  4^ A d d i t i o n a l l y  t h e s e  r e s e a r c h e r s  worked 

w i t h  a v a r i e t y  of  s u b s t i t u t e d  - m e t h y l s t y r e n e s , and - m e t h y l s ty r e n e  

(BMS) as  w e l l  as  AMS i t s e l f .

V ander  Zanden  and R i x ' s  r e s u l t s  i n d i c a t e d  t h a t  e l e c t r o n  

d e l o c a l i z a t i o n  e f f e c t s  t h a t  they  p re s e n ted  as a s e r i e s  of  r e s o n a n c e  

s t r u c t u r e s ,  c o u l d  e n h a n c e  t h e  r e a c t i v i t y  of  AMS compared to  o t h e r  

s u b s t i t u t e d  s t y r e n e s .  That c o n c lu s io n  i s  a l s o  suppor ted  by the  work 

o f  Seymour and W o l f s t i r n  d e a l i n g  e x c l u s i v e l y  w i th  the  e f f e c t s  of  

s u b s t i t u e n t s  upon r e a c t i o n  r a t e s  f o r  a v a r i e t y  o f  s t y r e n e  and AMS 

s p e c i e s  ( 1 0 ,1 1 ) .  The r e a c t i o n  mechanism i s  i l l u s t r a t e d  i n  F igu re  2. 

BMS gave Vander Zanden and Rix d i m e r i z a t i o n  p roduc t s  t h a t  were v e r y  

s i m i l a r  t o  those  ob ta in e d  from AMS, a l though  the  r e a c t i o n  t imes were 

much l o n g e r .  To account  f o r  t h es e  r e s u l t s ,  i t  was proposed t h a t  BMS 

rea r ra n g e d  to  AMS under  common r e a c t i o n  c o n d i t i o n s ,  and su b s e q u e n t ly  

d imer ized v i a  the  same r e a c t i o n  mechanism.

T h i s  mechan ism s u g g e s t s  t h a t  t h e  e l e c t r o n s  i n  t h e  p e n d a n t  

ir-bond system of  a monomer molecule  a re  somewhat d e l o c a l i z e d ,  w i t h
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Figure 2 . VandenZanden and R lx 's  Proposal for  D im erization  
Mechanism, (3 ,9 ) •
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an I n c r e a s e d  n e g a t i v e  c h a r g e  a t  the 6 carbon, and a corresponding  

p o s i t i v e  charge a t  the a carbon . The dimer i s  then form ed v i a  th e  

a d d i t i o n  o f  th e  B ca rb o n  t o  t h e  a carbon on another monomer mole­

c u l e .  In an io n ic  sy stem , th e  c h a r g e  i s  presumed t o  be f u l l ,  and 

t h u s ,  t h i s  m echanism  might apply  to  a var ie ty  of i n i t i a t i o n  cond i­

t i o n s  and po lym er iza t ion  r e a c t io n s  w ith  very l i t t l e  a l t e r a t i o n .  In  

s u p p o r t  o f  t h i s  mechanism, i t  should be mentioned th a t  th e  r e l a t i v e  

s t a b i l i t y  of t e r t i a r y  c a r b o c a t i o n s  compared to  s e c o n d a r y  c a r b o -  

c a t lo n s  i s  w e l l  e s t a b l i s h e d ,  rearrangements of secondary t o  t e r t i a r y  

c a rb o ca tio n s  are not unknown, and the p r o b a b il i ty  o f  s t a b i l i z a t i o n  

through e le c tr o n  d e l o c a l i z a t i o n  i s  h igh .

Concurrently w ith  the work o f  Vander Zanden and R ix ,  the use o f  

a l u m i n o s i l i c a t e  c a t a l y s t s  was b e in g  exp lored  in  the  S o v ie t  Union 

( 1 2 ) .  In the S o v ie t  work, th ree  d i f f e r e n t  d im eric  s t r u c t u r e s  were  

r e p o r te d .  The mechanisms proposed for  the formation o f  th ese  dimers 

are  pr im arily  c a r b o c a t io n ic  in  n a tu re  (S ee  F igure  3 ) ,  and a s  su ch  

are  very s im i la r  to  the  mechanism proposed by Vander Zanden and . R ix . 

The proposed mechanisms are d i f f e r e n t  in  that rearran gem en t  o f  th e  

i n t e r m e d i a t e  may be a r e q u ir e m e n t ,  and that the monomer undergoes  

rearrangement p r io r  t o ,  ra th er  than during, the r e a c t io n  (F igure 3 ) .

Support f o r  th e se  mechanisms i s  derived from the comparison of  

v a r io u s  dimers o f  AMS and BMS, in c lu d in g  th o se  r e s u l t i n g  from a 

m ix t u r e  o f  th e  two monomers. A new dimeric s tr u c tu r e ,  a sa tu ra ted  

h e x a n e ,  was r e p o r t e d  i n  a d d i t i o n  to  the 2 ,5 -d ip h e n y l-2 -h e x e n e ,  1,

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



12

+  H0

▼

I

-  H
©

( i K X D

F igu re  3. Scheme f o r  Formation o f  2 ,5 - d ip h e n y l -2 - h e x e n e  A f t e r  
Topchieva e t a l .  (12 ) .

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



p r e v i o u s l y  r e p o r t e d .  A t h i r d  dimer, sharing the p h y s ic a l  charac­

t e r i s t i c s  o f  the  hexene s tr u c tu r e  was a l s o  reported , but I t  p o s s e s ­

s e d  a g r o s s l y  d i f f e r e n t  I n f r a r e d  ( IR )  spectrum . The cyclobutane  

s t r u c t u r e ,  2 ,̂ was r e p o r te d  a s  w e l l ,  and a lo n g  w ith  th e  hexane  

s t r u c t u r e ,  r ea rra n g em en t  o f  th e  I n t e r m e d ia t e  i s  requ ired  In the  

r e a c t io n  mechanism In order to  account for  i t s  presence .

In  1 9 7 5 ,  Mehta ( 13) was working e x c lu s i v e ly  with the dimers of  

AMS. In h i s  procedure, AMS was d is s o lv e d  in  CCl^ and the react ion s  

were i n i t i a t e d  by SnCl^. Mehta observed and t e n t a t iv e l y  I d e n t i f ie d  

four d i f f e r e n t  d im e r ic  s t r u c t u r e s .  The c y c l i c  and t h r e e  l i n e a r  

d i m e r i c  s t r u c t u r e s  Mehta r e p o r te d  have a l l  been d e s c r i b e d  p r e ­

v i o u s l y ,  l a , l b , 4 ,5  ( 3 , 6 , 1 1 ) .

S i n c e  Mehta was d e a l in g  e x c lu s i v e ly  w ith  the dimers o f  AMS, he 

had t o  s e p a r a te  the dimers from the o ther  oligom ers formed under the  

r e a c t io n  c o n d i t i o n s .  Mehta reported u s in g  a n a ly t i c a l  s i z e  e x c lu s io n  

chromatography, and s u b s e q u e n t ly  p r e p a r a t i v e  s c a l e ,  co lum n, s i z e  

e x c l u s i o n  ch rom atograp h y  f o r  th e  s e p a r a t i o n  o f  the d im ers  from  

monomer and t r im e r s .  S ize  e x c lu s io n  chromatography (SEC) was chosen 

t o  s e p a r a t e  t h e  r e a c t i o n  m ix tu r e  b e c a u s e  th e  o n ly  s i g n i f i c a n t  

d i f f e r e n c e  b e tw een  the  o l i g o m e r i c  s p e c i e s  in  th a t  o f  s i z e .  The 

d i f f e r e n c e s  i n  c h e m ic a l  f u n c t io n a l i t y  between the oligom ers are so  

s l i g h t  as  to  make " tr a d it io n a l"  chromatographic techn iques p r o h i b i ­

t i v e l y  i n e f f i c i e n t .  D i s t i l l a t i o n s  might be p o s s ib le ,  but the nature  

of AMS and i t s  homologues i s  such  t h a t  f u r t h e r  p o l y m e r i z a t io n  or  

p o s s i b l e  d e p o l y m e r i z a t i o n  m ight o c c u r ,  thus having a d e le to r io u s
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e f f e c t  upon an a t t em p ted  p u r i f i c a t i o n .

Anionic D im e r i z a t io n s  of  AMS

In 1957, K o l o b i e l s k i  and Pines  (14)  i n i t i a t e d  p o l y m e r iz a t io n  of  

AMS w i t h  sod ium m e t a l .  As a r e s u l t ,  t h e y  r e p o r t e d  y e t  a n o t h e r  

d i m e r i c  s t r u c t u r e .  T h i s  s t r u c t u r e ,  a 1 , 3 - d i p h e n y l - l - m e t h y l c y c l o -  

p e n t a n e , 6 ,̂ was c o n f i r m e d  t h r o u g h  a d i r e c t  unambiguous  s y n t h e s i s  

b e g i n n i n g  w i t h  t h e  G r i g n a r d  p ro d u c t  of  3 -pheny lcyc lopen tanone  and 

methylmagnesium bromide fo l lowed by r e a c t i o n  w i t h  p o t a s s i u m  b i s u l ­

f a t e  t o  e l i m i n a t e  w a t e r  and t h e  a d d i t i o n  of  benzene c a t a ly z e d  by 

hydrogen f l o u r i d e .  This  g a v e  t h e  d e s i r e d  1 , 3 - d i p h e n y l - l - m e t h y l -  

cyc lopen tane  in  a pp rox im ate ly  17% y i e l d  (See Figure  4 ) .  K o l o b i e l s k i  

and Pines  r e p o r t e d  the  p h y s i c a l  c h a r a c t e r i s t i c s  of  t h i s  d i m e r ,  s u c h  

as  r e f r a c t i v e  i n d e x  and b o i l i n g  p o i n t ,  but  n e g le c t e d  to  d e t a i l  the  

r e s u l t s  of  i n s t r u m e n t a l  a n a l y s i s .

R ichards  and Wil l iams i n i t i a t e d  the  p o l y m e r iz a t io n  o f  AMS us ing  

an a l l o y  of  sodium and po tass ium ( 15) .  While t h e i r  p r imary  i n t e r e s t  

was i n  t h e  s t u d y  o f  the  t e t r a m e r s ,  they found t h a t  the  bu lk  of  the  

product  r ecove red  from the r e a c t i o n  m ix ture  was d i m e r ,  a b o u t  e i g h t  

t imes more than the  t e t r a m e r  by w e igh t .  They used p r e p a r a t i v e  s c a l e  

t h in  l a y e r  chromatography to  p u r i f y  t h e i r  p r o d u c t s  and found  t h a t  

t h e i r  dimer posses sed  the  2 ,5 -d im e th y l -2 -h e x en e  s t r u c t u r e  ,JK

S-L Ou was working i n  the  same l a b o r a t o r y  as  B. Mehta ( 1 3 ) ,  but  

was e x p lo r i n g  the  a n io n i c  p o l y m e r i z a t i o n  s y s t e m  a s  o p p o s e d  to  t h e  

c a t i o n i c  sys tem Mehta i n v e s t i g a t e d  (16 ) •  I n i t i a l l y ,  Ou's  i n t e n t i o n
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K o lo b ie lsk i  and Pines Unambiguous Syn th es is  of  
1 ,3 -d ip h en y l- l-rae th y lcyc lop en tan e  ( 14) •
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was to  examine the e q u i l i b r ia  among the var iou s  o ligom ers  of AMS. As 

mentioned above, AMS i s  an a d d it io n  polymer. Addition polymers grow 

r a p i d l y  a s  a c t i v e  s i t e s  are formed ( e i t h e r  an e x c e ss  o f  e le c tr o n s ,  

unpaired e l e c t r o n s ,  or an e l e c t r o n  d e f i c i e n c y )  and s u b s e q u e n t ly  

a t t a c k  u n a c t i v a t e d  m o l e c u l e s .  The I n i t i a l  a c t iv e  s i t e  i s  d e a c t i ­

v a ted , and a new a c t i v e  s i t e  i s  fo rm ed , w i t h  a n e t  grow th  in  th e  

s i z e  o f  th e  m o le c u le  and m ig r a t io n  o f  th e  a c t i v e  s i t e  along the  

growing m olecular chain ( s e e  F ig u r e  5 ) .  On o c c a s i o n ,  th e  p rop a­

g a t i o n  r e a c t i o n  can be made t o  r e v e r s e  i t s e l f ,  t h a t  i s  depropa-

g r a t io n  can be induced. Under c e r t a in  c o n d i t i o n s ,  e q u i l i b r i u m  can

be e s t a b l i s h e d  betw een  the r a te s  o f  propagation and depropagation .  

The c o n d it io n s  n ecessary  to  e s t a b l i s h  the s e r i e s  of such e q u i l i b r i a  

for  AMS are e a s i l y  accomodated in  the la b o r a to r y .  Above the c e i l i n g  

temperature for  AMS, i t  does  n o t  r e a d i l y  form h ig h  p o ly m e r s ,  and 

th u s  th e  number o f  e q u i l i b r i a  i s  r e l a t i v e l y  s m a l l .  Ou expected  

perhaps e ig h t  e q u i l i b r i a  to  be e s t a b l i s h e d  fo r  AMS, w h ile  the use of

s tyre i  2 under comparable c o n d it io n s  would have probably required the

study o f  s e v e r a l  thousand such e q u i l i b r i a .

Ou' 8 r e s u l t s  l e d  him to  conclude th a t  AMS c a ta ly z e d  by sodium 

did f i t  in to  the category  of r e v e r s ib le  eq u ilib r iu m  p o ly m e r iza t io n s .  

The r a t e  o f  d e p r o p a g a t io n  was d i f f i c u l t  to  m anipulate , and based 

upon the work o f  Szwarc ( 1 7 ) ,  Ou e x p e c t e d  t h a t  th e  AMS o l ig o m e r  

m ix tu r e  would be “a l i v e "  a f t e r  th e  i n i t i a l  r e a c t i o n  had gone to  

com p let ion . Ou found that the a d d it io n  o f  e x c e s s  monomer a f t e r  th e  

r e a c t i o n  had gone t o  c o m p le t io n  caused the r e a c t io n  to  resume and
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f u r t h e r  p o l y m e r i z a t i o n  to  o c c u r ,  thus  the  r e s u l t s  were i n d i c a t i v e  of  

AMS forming a l i v i n g  polymer.  The r e s u l t s  were a l s o  s u g g e s t i v e  of  a 

c h a i n  t r a n s f e r  mechani sm p a r t i c i p a t i n g  in  the  course  of  the  r ea c ­

t i o n .

Ou found  no o l i g o m e r s  l a r g e r  t h a n  t h e  h e x a m e r ,  b u t  found  

evidence  s u g g e s t i n g  two s t r u c t u r e s  fo r  each o l ig om er .  By us ing  s i z e  

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

t i o n s ,  Ou was a b le  to  r e s o l v e  the  p a i r s  (J-6 ) .  The d o m in a n t  s t r u c ­

tu re  were c y c l i c  i n  c h a r a c t e r ,  and the  minor s t r u c t u r e s  l i n e a r .  For 

the d imer ,  t h e s e  were t h e  2 , 5 - d i p h e n y l h e x a n e  r e p o r t e d  p r e v i o u s l y  

( 1 1 , 1 2 , 1 4 ) ,  and the  1- m e t h y l - l , 3 -d ip h e n y lcy c lo p en ta n e  a l s o  r e p o r t e d  

p r e v i o u s ly  ( 14) .  The cyc lope n ta ne  s t r u c t u r e  s u p p o r t e d  t h e  c h a i n -  

t r a n s f e r  m echan ism  i n  t h a t  i f  the  a c t i v e  s i t e s  m ig ra te  to  a n o th e r  

l o c a t i o n  w i t h in  the polymer c h a i n ,  o r  i f  t h o s e  s i t e s  " jump"  from 

c h a i n  w i t h o u t  r e s u l t i n g  i n  some s o r t  of  polymer growth ( i . e .  change 

in  cha in  l e n g t h ,  or  fo rm ation  of  a branch  c h a in ) ;  c y c l i c  end  g r o u p s  

c o n s i s t i n g  o f  f i v e  t o  s e v e n  ca rbon  atoms a re  o f t e n  formed.  These 

end groups a r e  b e l i e v e d  to form as  the  polymer cha in  w r i t h e s  a b o u t .  

The s i z e  o f  end g r o u p  i s  due t o  the  e a se  of  c l o s e  approach  of  the  

carbon atoms f i v e  t o  s e v e n  u n i t s  f rom t h e  a c t i v e  s i t e s  t o  t h o s e  

a c t i v e  s i t e s  and t h e  s t e r i c  s t a b i l i t y  of  the  c y c l i c  s t r u c t u r e  t h a t  

r e s u l t s  (See F igu re  6 ) .  While not  de te rm ined ,  the  s t a b i l i t y  o f  t h e  

c y c l i c  s t r u c t u r e  and i t s  expec ted  r e l u c t a n c e  t o  d i s s o c i a t e  i n t o  two 

monomer molecu les  i s  l i k e l y  to  have c o n t r i b u t e d  to  a s lo w e r  r a t e  o f  

de p ropa ga t ion  than  would be expected  f o r  a l i n e a r  dimer .
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Ou' 8  s e l e c t i o n  o f  th e  c y c lo p e n t a n e  s t r u c t u r e  was b ased  on 

s e v e r a l  f a c t o r s .  Most p r o m in e n t ly ,  n u c le a r  m a g n e t ic  r e so n a n c e  

s p e c t r o s c o p y  (NMR) showed a s i n g l e  i s o l a t e d  peak in d ic a t iv e  o f  an 

methyl group w ith  no hydrogens on a d j a c e n t  carbon  a to m s .  A l l  o f  

O u's r e s u l t s  w ere  i n d i c a t i v e  o f  a c y c l i c  s t r u c t u r e ,  but the NMR 

r e s u l t s  combined w ith  the  r e p o r t  o f  K o l o b i e l s k i  and P in e s  o f  th e  

l - m e t h y l - l , 3 - d i p h e n y l c y c l o p e n t a n e  s tr u c tu r e  caused him to  make the  

s p e c i f i c  c h o i c e .  Although K o lo b ie lsk i  and Pines ran t h e i r  r e a c t i o n  

under s i m i l a r  but somewhat d i f f e r e n t  c o n d i t io n s ,  Ou found th a t  by 

making some s l i g h t  a d ap tion s ,  the mechanism they proposed would a l s o  

f i t  h i s  r e a c t io n  c o n d it io n s  and s tr u c t u r a l  proposal ( s e e  Figure 7 ) .

F igure  7 .  Mechanism fo r  Formation o f  1 , 3 - d ip h e n y l - 1 - m e t h y lc y d o -

>

pentane w ith  Anionic I n i t i a t i o n .
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CHAPTER I I I

OBJECTIVES OF THE PRESENT STUDY

This r e s e a r c h  had two d i s t i n c t  o b j e c t i v e s  and they were:

1. To in d e p e n d e n t ly  e s t a b l i s h  t h a t  the  dimers  found i n  a n io n i c  

d i m e r i z a t i o n  by Ou ( 1 6 )  and by K o l o b i e l s k i  and P i n e s  ( 1 4 )  were 

i d e n t i c a l  and o f  t h e  1- m e t h y l - l  , 3 -d ip h e n y lcy c lo p en ta n e  s t r u c t u r e ;  

and

2 .  To s t u d y  t h e  s t r u c t u r e s  o f  t h e  d i m e r ( s )  fo rm ed  i n  t h e  

f r e e - r a d i c a l  i n i t i a t e d  p o l y m e r iz a t io n  of  AMS a t  o r  above i t s  c e i l i n g  

t e m p e ra tu re .

Anionic  D im er iza t ion

The s t r u c t u r e  r e p o r t e d  by both Ou and K o l o b i e l s k i  and Pines  was 

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

r e p o r t  com p le m e n ted  t h e  o t h e r ,  n e i t h e r  one p r o v i d e d  s u f f i c i e n t  

e v i d e n c e  t o  l i n k  i t  to  t h e  o t h e r .  Thus, one goa l  of  t h i s  work was 

to  p rov ide  t h a t  l i n k .  Since K o l o b i e l s k i  and P i n e s  c o n f i r m e d  t h e i r  

s t r u c t u r e  d e f i n i t i v e l y ,  i t  was dec ided  to  r e p e a t  t h e i r  po lymer iza­

t i o n  and compare the  s p e c t r a l  r e s u l t s  w i th  those  of  Ou.

F r e e - R a d ic a l  I n i t i a t e d  D im er iza t ion

The a t t em p ted  f r e e - r a d i c a l  i n i t i a t e d  p o l y m e r iz a t io n  of  AMS wi th

21

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



t - b u t y l p e r o x i d e  h a s  n o t  been  r e p o r t e d  anywhere i n  the  l i t e r a t u r e ,  

p a r t i c u l a r l y  i n  r e g a r d s  t o  s t r u c t u r a l  s t u d i e s .  G iven  t h e  wide 

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

m e c h a n i s m s ,  i t  was d e c id e d  t h a t  t h i s  t ec hn ique  shou ld  be a t t em pted  

as  a n o th e r  g o a l  o f  t h i s  w ork .  I t  was d e c i d e d  t o  a p p r o x i m a t e  as  

c l o s e l y  a s  p o s s i b l e ,  s a v e  t h e  n a tu r e  of  the  r e a c t i v e  s p e c i e s ,  the  

c o n d i t i o n s  used f o r  the  a n i o n i c  p o ly m e r iz a t io n  in  r e c o g n i t i o n  of  the  

s u p e r f i c i a l  s i m i l a r i t y  between th e  two p ro c e d u r e s .
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CHAPTER IV

EXPERIMENTAL PROCEDURES

The AMS used In t h i s  work was commercial grade monomer obtained  

from The Dow C h em ica l Company. As the monomer had been i n  s to ra g e  

fo r  some t im e , a d i s t i l l a t i o n  was performed to  ensure the p u r i t y  o f  

th e  monomer, and th e  d i s t i l l a t e  was subsequently  r e f r ig e r a t e d  u n t i l  

i t  was needed.

The d i s t i l l a t i o n  u t i l i z e d  an e le v e n -p la te  g l a s s  bubble and cap 

column p la c e d  betw een  a one l i t e r  round bottom  f l a s k  and th e  

c o n d e n se r  head a s  i l l u s t r a t e d  i n  F ig u r e  8 . T h is  a p p a r a t u s  was 

charged w ith  about 900 mL o f  AMS, and had a s m a l l  lump o f  sodium  

metal ( 2g )  added as an io n ,  a c t i v e  hydrogen, and water scaven ger  as  

w e l l  as a reducing a g e n t .

The d i s t i l l a t i o n  system  was heated to  the r e f lu x  tem perature of  

157°C and m a in ta in e d  t h e r e  f o r  a p p r o x im a te ly  48 h o u r s .  The 

d i s t i l l a t e  was then c o l l e c t e d ,  w ith  th e  f i r s t  50 mL o f  d i s t i l l a t e  

and th e  approxim ately  50 mL o f  res id u e  being d isca r d e d .  The 800 mL 

recovered from the d i s t i l l a t i o n  was s t o r e d  in  a r e f r i g e r a t o r .  A 

second batch o f  AMS was then d i s t i l l e d ,  with part o f  the d i s t i l l a t e  

being used Immediately and the remainder jo in in g  the f i r s t  b a t c h  in  

the r e fr ig e r a t o r  aw a it in g  subsequent p o lym er iza t ion .

23
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Figure 8 . E leven -P la te  Bubble and Cap D i s t i l l a t i o n  Apparatus,
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Anionic  I n i t i a t e d  P o ly m e r iz a t io n

P u r i f i e d  AMS (121 g ,  1 .025 mol) and sodium meta l  (4 .1 3  g ,  0 .180 

mol)  were p l a c e d  i n  a 300 mL t h r e e  neck  round  bo t tom  f l a s k  con­

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

condenser  as  i l l u s t r a t e d  i n  F igu re  9.

Upon h e a t i n g ,  a r e d d i s h  s o l u t i o n  was formed t h a t  d a r k e n e d  a s  

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

130-131°C and was m ain ta ined  a t  t h a t  t em pe ra tu re  f o r  s i x  h o u r s .  The 

r e s u l t i n g  m ix tu re  was then  al lowed to cool  wi th  s t i r r i n g  f o r  a day.

P e s t i c i d e  g r a d e  p e n t a n e  was added  t o  t h e  c o o l e d  r e a c t i o n  

mix tu re  and al lowed to  mix over  n i g h t .  C e l i t e  f i l t e r  a id  was added 

t o  t h e  m i x t u r e  and an a t t e m p t  was made t o  f i l t e r  t h e  r e s u l t i n g  

s l u r r y  by a pp ly ing  vacuum t o  a b u c h n e r  f u n n e l  and f l a s k .  As t h e  

s l u r r y  d i d  n o t  f i l t e r  e f f i c i e n t l y ,  the  s o l i d  was a l lowed to  s e t t l e  

and the mother l i q u o r  decan ted  onto a n o th e r  b u c h n e r  f i l t e r  a p p a r a ­

tu s .  The second f i l t r a t i o n  y i e l d e d  a b row n ish -b lack  f i l t e r c a k e  t h a t  

inc luded  m e t a l l i c  sodium, and  a d a r k  o r a n g e  l i q u i d .  F i n a l l y ,  t h e  

f i l t e r c a k e  was washed wi th  two 25 mL p o r t i o n s  of  p e n ta ne .

The f i l t r a t e  was d i s t i l l e d  u n d e r  15 t o r r  o f  vacuum, and t h e  

f r a c t i o n  b o i l i n g  b e tw e e n  130°C and 160°C was c o l l e c t e d  f o r  a 

subsequent  d i s t i l l a t i o n .  For the  second d i s t i l l a t i o n ,  t h e  p r e s s u r e  

was r e d u c e d  s t i l l  f u r t h e r ,  to  2 t o r r ,  and the  f r a c t i o n  t h a t  b o i l e d  

be tw e en  130°C and 140°C was c o l l e c t e d  and assumed  t o  be t h e  

d e s i r e d  p roduct  based on K o l o b i e l s k i  and Pines  ( 1 4 ) .

The 7.41 g of  d i s t i l l a t e  r ecove red  from the  double  d i s t i l l a t i o n
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was t e s t e d  f o r  p u r i t y  by th in  la y er  chromatography (TLC). The TLC 

used  c o m m e r c ia l ly  a v a i l a b l e  p l a s t i c  backed s i l i c a  g e l  s h e e t s  

Im p regn ated  w i t h  a f lo u r e s c e n t  in d ic a to r  ( S i l i c a  g e l  F -254 , Merck) 

and p e s t i c i d e  grade pentane was used a s  e lu en t*

The TLC r e s u l t s  in d ic a t e d  th a t  th e  dimer was r e l a t i v e l y  pure, 

so  p re lim in a ry  s p e c t r a l  d a ta  were o b t a in e d  f o r  th e  s a m p le .  The 

sam p le  was fu r th e r  p u r i f ie d  by p rep a ra tiv e  s i z e  e x c lu s io n  chromato­

graphy a s  d e s c r i b e d  f o l l o w i n g  th e  n e x t  h e a d in g .  S p e c t r a  were  

o b t a in e d  a f t e r  th e  chromatographic p u r i f i c a t i o n ,  and were compared 

to  th ose  ob ta in ed  p r io r  to  that s te p  t o  ensure that no change in  the  

dimer had occurred .

Free Radical D im erization

To 118 g (1 .0 0  mol) o f  p u r i f ie d  AMS was added 7 .3  g ( 0 . 0 5  m ol)  

o f  t - B u 0 2 » T h is  was r e f l u x e d  f o r  s i x  hours  in  th e  a p p a r a tu s  

i l l u s t r a t e d  in  Figure 9 and described  above. Then an a d d i t io n a l  4 .0  

g (0 .0 2 8  m ol) t-BuO^ was added and the r e f lu x  continued . Twenty-four  

hours a f t e r  th e  s t a r t  o f  th e  r e f l u x ,  a f i n a l  4 . 0  g ( 0 . 0 2 8  m ol)  

t -B u 0 2  was ch arged  t o  th e  sy s te m  and th e  r e f l u x  c o n t in u e d  f o r  

tw enty-four  hours more. The r e a c t io n  m ix tu r e  was then  a l lo w e d  t o  

c o o l  a s  d e s c r i b e d  a b o v e .  A p p r o x im a te ly  100 mL o f  reagent grade  

pentane was added t o  th e  c o o le d  r e a c t i o n  m ix tu r e  and m ixed o v e r  

n i g h t .  A f t e r  th e  p e n ta n e  a d d i t i o n ,  50 mL of  d i s t i l l e d  water was 

added t o  the  system  t o  quench th e  r e a c t i o n .  By t h a t  i t  i s  meant 

t h a t  t h e  w a t e r  w ould  be e x p e c te d  t o  c o o l  and d i lu t e  the  r e a c t io n
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m ix tu r e  and t h e r e f o r e  e f f e c t i v e l y  e l im in a te  the p o s s i b i l i t y  of the  

r e a c t io n  recommencing.

The quenched  r e a c t i o n  m ix tu r e  was p r o c e s s e d  w i t h  th e  same 

double d i s t i l l a t i o n  procedure as the sodium I n i t ia te d  m a t e r ia l  w a s .  

A fter  the d i s t i l l a t i o n ,  suspected  f i n a l  product was t e s t e d  by TLC as  

b e fo re ,  and passed through the preparative  SEC colum n. TLC seemed  

t o  I n d i c a t e  t h a t  th e  p r o d u c t  was impure r e la t iv e  to  the  m ater ia l  

obtained  from the sodium i n i t i a t e d  procedure, but repeated  a t te m p ts  

to  p u r i f y  t h i s  product by p reparative  s i z e  ex c lu s io n  and a n a l y t i c a l  

high performance r ev erse  phase chromatography proved u n s a t i s f a c t o r y .  

To e l im in a te  the  p o s s i b i l i t y  o f  contam ination by water or a l c o h o l ,  a 

1 mL sam ple o f  p r o d u c t  was t r e a t e d  w i t h  LiAlH^. The LiAlH^ was 

added s te p w is e  t o  th e  p r o d u c t ,  th e  sam ple was shaken  v i g o r o u s l y  

u n t i l  c e s s a t i o n  o f  e f f e r v e s c e n s e ,  and an 1R spectrum taken a f t e r  

each  s t e p .  A f t e r  a b o u t  0 . 3  g o f  LiAlH^ had been added t o  th e  

sample, no fu r th e r  e f f e r v e s c e n c e  was o b s e r v e d .  There was a l s o  no  

change o b s e r v e d  i n  e i t h e r  th e  TLC or the 1R spectrum done a t  t h i s  

t im e .  A second sample o f  monomer was polymerized, w ith  CaSO  ̂ added 

to  the double d i s t i l l a t i o n  as a drying agen t ,  but no improvement i n  

the apparent p u r ity  was observed .

S iz e  E xclus ion  Chromatography

About one quarter  o f  the raw dimer produced by each o f  the  two 

p o l y m e r i z a t i o n  t e c h n iq u e s  was introduced onto a 5 cm x 50 cm g la s s  

column packed w ith  s i l i c a r "  c c -7  200-300 mesh (M allink rod t) ( 1 6 ) .  The
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column p a c k in g  was added to  a n a l y t i c a l  grade tetrahydrofuran (THF)

(M alllnkrodt)  and a llow ed  to  s w e l l  up o v e r  two d a y s .  The s w o l le n

packing m ater ia l  was then s lu r r y  packed In to  the column. The e lu t in g

s o lv e n t  was more o£ the same THF. An autom atic f r a c t i o n  c o l l e c t o r

was used to  take 15 mL f r a c t io n s  o f  the e lu e n t  stream as  I t  came o f f
f

the g r a v ity  fed  column. The experim ental apparatus I l l u s t r a t e d  In  

Figure 10.

Thin l a y e r  ch rom atography was used to  determine which of the  

f r a c t io n s  c o n ta in e d  p r o d u c t s  by o b s e r v in g  w hich  o n e s  gave  dark  

s p o t s  when o b s e r v e d  under short wavelength u l t r a v i o l e t  l i g h t .  The 

f r a c t i o n s  th u s  s e l e c t e d  were  th en  combined and a s e c o n d  s e t  o f  

s p e c t r a  o b t a in e d  from  them . These recombined f r a c t io n s  were a l s o  

t e s t e d  fo r  p u r ity  by rep ea tin g  the TLC p roced u re  d e s c r i b e d  p r e v i ­

o u s ly .

Instrum ental A n a lys is  

Infrared  Spectroscopy (IE)

Sam ples w ere p r ep a red  neat on NaCl p la te s  and analyzed  w ith  a 

Beckman Acculab 8 in fr a r e d  spectrophotom eter . Figure 11 d e p ic ts  the  

IR s p e c t r a  o f  the sodium i n i t i a t e d  product, while  Figure 12 i s  that  

of  the f r e e - r a d ic a l  I n i t i a t e d  product. The a and b v e r s i o n s  o f  th e  

s p e c t r a  a r e  b e f o r e  and a f t e r  th e  s i z e  e x c l u s i o n  chrom atography  

r e s p e c t iv e ly  in  both f ig u r e s .
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Figure IQ.. S iz e  E xc lu s ion  Colvmjn Set-up *
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Nuclear Magnetic Resonance Spectroscopy (NMR)

The sam p le  w ere  d i s s o l v e d  In CDCl  ̂ in  c a s e s  but one,where

CCl^ was u s e d .  The s p e c t r a  were taken  u s in g  a V a r la n  A -60  NMR 

s p e c tr o m e t e r  a t  60 MHz h a v in g  t e t r a m e t h y l s i l a n e  p.z an  I n t e r n a l  

s ta n d a r d .  F i g u r e s  13 and 14 are the spectra  correspond ing to  the  

sodium and the f r e e  r a d ic a l  I n i t i a t e d  p o l y m e r i z a t io n  r e p e c t l v e l y .  

The f i g u r e s  correspond t o  the sp ectra  fo r  the product a f t e r  the SEC 

s t e p .

Mass Spectroscopy (MS)

Mass s p e c t r a  w e r e  o b t a in e d  w i t h  a Dupont model 29-490B mass 

spectrom eter op e r a tin g  a t  70 eV, w ith  the sample a p p l ied  d i r e c t l y  to  

the Ion probe a t  2 0 ° ,  and a t  10  ̂ to  10 ® to r r .

High Performance Liquid Chromatography (HPLC)

Samples w ere  d i s s o l v e d  i n  a c e t o n i t r i l e  and d i l u t e d  to  g i v e  

c o n c e n t r a t i o n s  in  t h e  range  o f  1 0 0 -500  ppm. The s a m p le s  were  

separated on an MCM-10 C^g o c ta d e c y ls i la n e  endcapped 10p p a r t ic u la t e  

packing in  a 3 mm x 30 cm s t a i n l e s s  s t e e l  column. The e l u e n t s  were  

i s o c r a t i c  m ixtures o f  CĤ CN and ^ 0  at flow r a te s  between 1 and 3 mL 

per minute. The u l t r a v i o l e t  sp ec tra  o f  the  sa m p le s  w e r e  exam ined  

o v e r  th e  ran ge  2 0 4 -3 2 0  nm. The peak absorption occurred  around 290 

nm. Optimum s e p a r a t io n s  were o b ta in e d  a t  1 .6  mL p er  m in u te  o f  a
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6 0 /4 0  CH^CN/I^O e l u e n t • The system  was a Varian Instruments 5000 

HPLC w ith  a v a r ia b le  w avelength UV d e te c to r  s e t  a t  290 nm (V a r ia n  

Vari-chrom ).
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CHAPTER V

DISCUSSION

Separation By S ize  E xclus ion  Chromatography

Chemical d i f f e r e n c e  among a s e r i e s  o f  o ligom ers are p r a c t i c a l l y  

n o n e x i s t a n t ;  and f o r  h ig h e r  polym ers, the  only  d i f f e r e n c e  becomes 

one o f  s i z e .  Thus, t r a d i t i o n a l  c h r o m a to g r a p h ic  t e c h n iq u e s  based  

upon su c h  c h e m ic a l  d i f f e r e n c e s  as s o l u b i l i t y  and v o l a t i l i t y  range 

from i n s u f f i c i e n t  f o r  s h o r t  o l ig o m e r  c h a i n s  t o  u s e l e s s  f o r  h ig h  

p o ly m e r s .  The change in  s i z e  caused by the a d d it io n  o f  one or two 

monomer u n i t s  to  a polymer chain may not be very  s i g n i f i c a n t  f o r  a 

h ig h  p o ly m e r ,  but th e  c o r r e s p o n d in g  d i f f e r e n c e  i n  s i z e  f o r  an 

oligom er i s  s u b s t a n t ia l .  A sep ara tion  based upon s i z e  d i f f e r e n c e s  

s h o u ld  be v e r y  e f f i c i e n t  f o r  o l ig o m e rs ,  and u s e fu l  fo r  h igh po ly­

mers.

In  th e  more common types of chromatography, the column packing  

has e i t h e r  a d i s t i n c t  chemical f u n c t i o n a l i t y ,  or  i s  c o a te d  w i t h  a 

f l u i d  h a v in g  a d i s t i n c t  f u n c t i o n a l i t y .  As a sample p asses  through  

the column i t s  com ponents i n t e r a c t  w i t h  th e  column to  v a r y in g  

d e g r e e s .  Those components o f  the sample mixture having the few est  

or s h o r t e s t  in te r a c t io n s  w i t h  th e  column p a c k in g  come out  o f  th e  

column f i r s t ,  w h i l e  t h o s e  h a v in g  the  most or the lo n g e s t  come out  

l a s t .  Thus, th e  d e s i r e d  s e p a r a t i o n  i s  a c h i e v e d .  By a n a lo g y ,  a

39

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



p e r so n  w a lk in g  down a downtown s t r e e t  may t r a v e l  one b lock  In ten  

minutes a t  n ig h t  when the s to r e s  are c lo s e d .  I f  th e  s t o r e  windows  

a r e  l i t ,  i t  w i l l  ta k e  lo n g e r  t o  examine the goods on d i s p la y ,  and 

the b lock  may take twenty minutes t o  t r a v e r s e .  I f  th e  s t o r e s  a r e  

open fo r  b u s in e s s ,  walking a b lock  may take an hour i f  one goes  in t o  

the s t o r e s  s to c k in g  goods of I n t e r e s t ,  or lo n g e r  i f  one g o e s  i n t o  

a l l  the  s t o r e s .

S i z e  e x c l u s i o n  p a c k in g s  are  h i g h l y  p o r o u s ,  c h em ica lly  in e r t  

p a r t i c l e s .  Again, the m olecules having the few est  I n t e r a c t io n s  w ith  

the packing w i l l  come o f f  the column f i r s t  and those  having the most 

w i l l  come o f f  l a s t .  S m a lle r  m o le c u le s  can f i t  i n t o  more o f  th e  

pores than the  la rg e r  ones can, so the la rg er  m olecu les  in  a m ixture  

w i l l  come o f f  the column f i r s t  (hav in g  e n t e r e d  fe w e r  p o r e s )  w h i l e  

th e  s m a l l e r  on es  come o f f  l a t e r .  By an a lo g y ,  one might c o n s id er  

attem pting  to  cro ss  a snow covered f i e l d .  I f  one a ttem pts to  merely  

w alk  through  deep snow, progress  i s  slow as one s in k s  i n t o  the  snow 

and i s  reduced to  plowing through the snow in  order to  g e t  anywhere. 

With s h o w s h o e s ,  p r o g r e ss  i s  more rapid as on e 's  w eight i s  d i s t r i b ­

uted over a la r g e r  su rface  area and does not s in k  as d eep ly  in t o  the  

snow. S k i i s  f a c i l i t a t e  even f a s t e r  movement over snow as they have 

even more s u r f a c e  a r e a  than sn o w sh o es  (remember t h a t  s k i i s  a r e  

s o l i d ,  snowshoes are open l a t t i c e s ) .

A nionic I n i t ia t e d  Polym erization  

Both the  p o lym eriza t ion  r e a c t io n  used by K o lo b le ls k i  and P i n e s
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( 1 4 ) and t h e  d i r e c t  unambiguous s y n t h e s i s  of  1 , 3 - d i p h e n y l - l - m e t h y l -  

cyc lopen tane  were d e s c r i b e d  in  c o n s i d e r a b l e  d e t a i l .  I t  was d e c i d e d  

t o  e s s e n t i a l l y  r e p e a t  t h e i r  p o ly m e r iz a t io n  p rocedure  as  the  d i r e c t  

s y n t h e s i s  was dev ised  as a means of  p r o v i n g  t h a t  t h e y  had a d im e r  

w i t h  t h e  1 ,3 - d i p h e n y l - l - m e t h y l c y c l o p e n t a n e  s t r u c t u r e .  By u s in g  the  

term " e s s e n t i a l l y  r e p e a t ” i t  should  be u n d e r s t o o d  t h a t  t h e r e  were 

two d i f f e r e n c e s  between t h i s  work and t h a t  of  K o l o b i e l s k i  and P in e s .  

One was i n t e n t i o n a l ,  the  l a c k  o f  a s e l e c t i v e  h y d r o g e n a t i o n  a t  any  

p o i n t  d u r i n g  t h e  p r o c e d u r e ;  and the  o t h e r  was l i t t l e  more than an 

o b s e r v a t i o n ,  t h a t  the  r e a c t i o n  tem pe ra tu re  was s i x  d eg rees  ( C e l s i u s )  

h i g h e r  t h a n  t h a t  r e p o r t e d  i n  1957.  N e i t h e r  c h a n g e  was deemed 

s i g n i f i c a n t  to  the  g o a l s  of  t h i s  work.

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

t h i r d  of  the  p roduc t  y i e l d  p r e v i o u s l y  r e p o r t e d .  S p e c i f i c a l l y ,  t h e  

y i e l d  d ro p p e d  from 18.8% ( 22.2 g)  o b t a in e d  by the  p rev io u s  w orke rs ,  

to  the  6.14% (7 .41  g) o b t a i n e d  i n  t h e  p r e s e n t  w ork .  T e s t i n g  f o r  

p u r i t y  by t h i n  l a y e r  chromatography showed t h a t  f o l l o w in g  the  double  

d i s t i l l a t i o n  t h e  p r o d u c t  r e l a t i v e l y  95% p u r e .  At t h i s  p o i n t ,  

p r e l i m i n a r y  i n f r a r e d  and n u c l e a r  m a g n e t i c  r esonance  s p e c t r a  were 

o b ta ined  f o r  the  sample.

F o l l o w i n g  th e  s i z e  e x c l u s i o n  chromatograph ic  p u r i f i c a t i o n ,  the  

f r a c t i o n s  numbered 25-30 were de te rmined  to  c o n t a i n  t h e  p r o d u c t  o f  

i n t e r e s t .  T h i s  p r o d u c t  was b e l i e v e d  t o  be p u r i f i e d  d i m e r ,  and 

i n f r a r e d ,  n u c l e a r  magnet ic  r e s o n a n c e ,  and mass s p e c t r a  were  a g a i n  

o b t a i n e d  on t h e  p r o d u c t .  Only the  IR spect rum showed any changes
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a f t e r  t h e  SEC run; and t h o s e  changes were a t t r i b u t a b l e  t o  th e  

p u r i f i c a t io n  of the raw dimer. Thus, armed w ith  the know ledge t h a t  

s i z e  e x c l u s i o n  chrom atography had no d e l e t e r io u s  e f f e c t  upon the  

product, and th a t  the dimer was r e a so n a b ly  pure f o l l o w i n g  th e  two 

vacuum d i s t i l l a t i o n s ,  the research  proceeded i n t o  the f r e e - r a d i c a l  

i n i t i a t e d  p o ly m e r iz a t io n  r e a c t i o n .  While th e  a n i o n i c  i n i t i a t e d  

r e a c t io n  gave almost e x a c t ly  the r e s u l t s  a n t ic ip a te d ,  i . e . ,  a dimer 

h a v in g  t h e  1 , 3 - d i p h e n y l - l - m e t h y l c y c l o p e n t a n e  a l s o  found  by 

K o l o b i e l s k i  and P i n e s ,  a s  w e l l  as  g i v in g  s p e c t r a  w ith  p o in t  for  

p o i n t ,  peak f o r  peak m atches w i th  th e  c o r r e s p o n d in g  s p e c t r a  Ou 

o b t a in e d  f o r  h i s  "oligom er B", the f r e e - r a d ic a l  i n i t i a t e d  r e a c t io n  

gave something e l s e  a g a in .

F r e e -r a d ic a l  I n i t i a t e d  Polym erization

In an attempt to  approximate the an ion ic  r e a c t i o n  c o n d i t i o n s ,  

th e  p rocedure  was m odified  s l i g h t l y  to  accomodate the d i f f e r e n c e  in  

c a t a l y t i c  b e h a v io r  o f  t - b u t y l p e r o x i d e  (tBuO^) compared to  sodium 

m e t a l .  The r e a so n  fo r  the m od if ica t ion  was tw o -fo ld ;  f i r s t ,  tBuO^ 

was used up during the course o f  the react ion  in  c o n tr a s t  t o  sodium  

b e in g  re co v e r e d  e s s e n t i a l l y  in  to to ;  second, the tBuO^ has to  break 

down in t o  two t -b u ty lo x id e  r a d i c a l s  b e fo r e  i t  can r e a c t  w i t h  th e  

monomer, t h i s  s lo w  r e a c t i o n  s t e p  i s  not n e c e s s a r y  in  th e  sodium 

i n i t i a t e d  r e a c t io n .  Thus, the r e a c t io n  time was e x te n d e d  and more 

than one charge o f  i n i t i a t o r  was made for  the f r e e - r a d ic a l  i n i t i a t e d  

p o ly m er iza t io n .
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W h ile  th e  a t te m p te d  p o l y m e r i z a t io n  o f  AMS with f r e e - r a d i c a l  

i n i t i a t i o n  has met w ith  even l e s s  commercial success  than th e  o t h e r  

m ethods o f  p o l y m e r i z a t io n ,  a v a r i e t y  o f  f r e e - r a d i c a l  i n i t i a t e d  

po lym er iza t ion s  have been s tu d ie d .  In the l i t e r a t u r e ,  f r e e - r a d i c a l  

i n i t i a t e d  po lym erizations have been reported as e a r ly  as 1945 ( 1 8 ) .  

F r e e -r a d ic a l  i n i t i a t e d  p o l y m e r i z a t i o n s  are d i f f e r e n t  from  i o n i c  

i n i t i a t e d  polym erizations in  s e v e r a l  ways. Most im portantly , th ere  

i s  no charge carried on the polymer c h a in  or anywhere e l s e  i n  th e  

p o l y m e r i z a t io n  sy s te m . But w h ile  e s s e n t i a l l y  a l l  o f  the i n i t i a t o r  

charged to  a reactor for  i o n ic  po lym eriza tion  i s  a v a i la b le  t h r o u g h ­

ou t  th e  p o lym eriza t ion  r e a c t io n ,  on ly  a portion of the f r e e - r a d i c a l  

i n i t i a t o r  i s  a v a i la b le  a t  any g i v e n  t im e .  An i o n i c  i n i t i a t o r  i s  

g e n e r a l l y  a c t i v e  as soon  as i t  i s  in tr o d u ce d  to  a p o lym er iza t ion  

system , a f r e e - r a d ic a l  i n i t i a t o r ,  on the other hand, i s  r e l a t i v e l y  

i n a c t i v e  a s  a c t i v a t i o n  r e q u ire s  bond breakage of some s o r t .  Thus, 

a c t iv e  s i t e s  take time to  form fo r  f r e e - r a d ic a l  i n i t i a t o r s ,  or  more 

p r e c i s e l y ,  d i s s o c i a t i o n  o f ,  e . g . ,  peroxide to  o x y -r a d ic a ls  i s  the  

r a te  c o n t r o l l i n g  s t e p  o f  the  r e a c t i o n .  A d d i t i o n a l l y ,  any f r e e  

r a d i c a l  produced can be d e a c t i v a t e d  by encountering another f r e e  

r a d ic a l  or e le c tr o n  a c c ep to r .

P e r io d ic  ad d it io n s  of the i n i t i a t o r  are required throughout the  

c o u r s e  o f  th e  r e a c t i o n  t o  m a in t a in  th e  c o n c e n t r a t io n  o f  f r e e  

r a d i c a l s  a t  an a p p r o p r ia te  l e v e l .  A d d it io n a l ly ,  the r e a c t io n  time  

was extended in  order to  accomodate the r e la t iv e l y  slow form ation o f  

th e  f r e e  r a d i c a l s .  Based upon i t s  p rev io u s ly  reported behavior  in
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s i m i l a r  s o l v e n t s ,  th e  h a l f - l i f e  fo r  c o n v e r s io n  o f  t -B u t^  i n t o  

t -b u to x y  r a d ic a l s  was presumed t o  be a p p r o x im a te ly  s e v e n  and one  

h a l f  hours ( 1 9 ) .

One o f  t h e  d i f f e r e n c e s  betw een  th e  two r e a c t io n  system s was 

th a t  th e  f r e e - r a d ic a l  i n i t i a t e d  p o ly m e r iz a t io n  l e f t  l e s s  r e s i d u e  

a f t e r  t h e  d o u b le  d i s t i l l a t i o n  than the sodium i n i t i a t e d  polym eri­

z a t io n  d i d .  The residue  was l e s s  tarry  and o i l y  as w e l l  a s  l i g h t e r  

in  c o l o r  a s  w e l l .  The w a te r  t h a t  was added to  th e  f r e e  r a d ic a l  

system  was l a t e r  recovered as a d i s t i n c t  layer  conta in ing  d i s s o l v e d  

t - b u t a n o l .

M ost o f  th e  pentane  added to  the systems was recovered in  the  

co ld  tra p  lo c a te d  between the r e c e iv in g  f la s k  and th e  vacuum pump. 

The lo w e s t  b o i l i n g  f r a c t io n  was examined by IR, and found to  c o n s i s t  

of u n rea c ted  AMS with a tra ce  of d is so lv e d  pentane. Between 110 and 

115 mL ( 1 0 5 - 1 0 8  g )  o f  AMS was r e c o v e r e d  from th e  f r e e - r a d i c a l  

I n i t i a t e d  p o ly m e r iz a t io n  ( 8 9 - 9 2 . 5X o f  th e  i n i t i a l  c h a r g e ) .  The 

u n c e r t  I n t y  in  the amount i s  due to  s e v e r a l  f a c t o r s .  There i s  somea 

r e s id u a l  pentane in  the AMS la y e r ,  in t e r m ix in g  o f  th e  w a te r  l a y e r  

w i t h  t h e  or g a n ic  la y e r ,  and unreacted AMS i s  present in  some of the  

high er  b o i l i n g  fr a c t io n s  con ta in in g  an in d e te r m in a te  amount o f  th e  

h igh er  o l igom ers  formed in  the polym erization  r e a c t io n s .

I n s t r u m e n t a l  a n a l y s i s  o f  th e  p r o d u c t s  o f  th e  two t y p e s  o f  

I n i t i a t i o n  showed some s i m i l a r i t i e s ,  but a l s o  some s i g n i f i c a n t  

d i f f e r e n c e s .  The f r e e  r a d i c a l  p ro d u ct  showed more a l i p h a t i c  

c h a r a c t e r  th a n  th e  sodium product, and i t  a l s o  showed the  presence
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o f  a h y d r o x y l  group that the sod lua  product did not ( 2 0 ) •  The NMR 

spectrum of the f r e e  r a d ic a l  product showed a "mobile" hydrogen peak  

(o n e  t h a t  s h i f t e d  w i t h  c h a n g e s  in  pH) i n d i c a t i v e  o f  a h y d r o x y l  

group, and a s e t  o f  peaks co n ta in in g  a strong s in g le t  s u g g e s t i v e  o f  

a t - b u t y l  g r o u p .  The p r e l im in a r y  c o n c lu s io n  was th a t  the dimer 

r e s u l t i n g  ftora th e  f r e e - r a d i c a l  i n i t i a t e d  p o l y m e r i z a t io n  was  

p o s s ib ly  contaminated w ith  e i t h e r  water or t -b u ta n o l .

Attempts to  p u r ify  the product through s iz e  e x c lu s io n  chromato­

graphy  or h igh performance l iq u id  chromatography were f r u i t l e s s ,  as  

the sample did not show any changes a f t e r  p a ssa g e  th rou gh  th e  SEC 

column, and fewer peaks were observed for  the f r e e - r a d ic a l  i n i t i a t e d  

p r o d u c t  than  f o r  th e  sodium  i n i t i a t e d  product when b o th  were  

exam ined  u s i n g  HPLC. Indeed, the peaks that were observed for  the  

f r e e  r a d ic a l  corresponded e x a c t ly  to  the major peaks found f o r  th e  

sod ium  I n i t i a t e d  dimer. A d d it io n a l  e f f o r t s  to  c lean  up the product 

v ia  chemical r e a c t io n  were e q u a l ly  u n s a t is fa c to r y .

A lth o u g h  th e  r e s u l t s  of IR and NMR were both in d ic a t iv e  o f  an 

impure product s im i la r  to  that r e s u l t in g  from the sodium  i n i t i a t e d  

r e a c t i o n ,  mass s p e c t r o s c o p y  ga v e  very  s u b s t a n t i a l  d i f f e r e n c e s .  

Combined w ith  the apparent i m p o s s i b i l i t y  o f  p u r i f i c a t i o n  f o r  th e  

f r e e  r a d i c a l  p r o d u c t ,  t h i s  led  t o  the conclusion  that the  product 

was not the same as the sodium in i t ia te d .p r o d u c t  (but im p u r e ) ,  but  

r a th er  th a t  the product was a d i f f e r e n t  compound a l to g e t h e r .

Table 1 shows comparative in fr a r e d  spectra  for s e v e r a l  d i f f e r ­

e n t  d im ers  r e p o r t e d  from th e  po lym erization  of AMS. I t  should be
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Table 1 

Comparative IR Spectra

M ehta's Dimers
t-B u ty l Peroxide Na Ou's Oligomer D Vp V IIIp X IIIp XIVp Richards and W illiam s' Dimers

3620
3080 3080 3110"

3 0 9 2 °
3067“ 3104" 

308 3“
3050 3050 3068™

3035s
3030™ 3 0 6 1” 3 

3027s
3020 3020 3005w

2965vs
3001"

2960 2955
2935s

2959s S 2959VS

2920 2925s 2927™
2860 2960 2875™ 2865® M 2870” 3

2854“
1940 1941 I9 43VW 1957" 1942"
1865 1870 1875™ 1869w 1835"
1795 1800 1800™

1742™
1805"

1720 1727® 1724s
1680
1620
1595 1600 1602™3 1600s

1592“
1602™

1572 1583w
I 493VS1489 1690 1496™ 1495s 1493” S 1488™

1455 1475
1452s

1481“ 1471” M

1445 1448 1446s 1445s 1439” S
1379“

S 1452vs

1382 1387“ 1370“ M
1367 1372 1364“ 1361" M
1355
1310
1244
1225
1205
1195 1183" 1170s 1176™ M
1150 1156"
1115 1117" w
1082
1072 1073
1021 1028
895 905
755 760 765s 754s 755s 752s 755s 759v s
696 698 700v s 6 96s 6 95s 697s S 6 98™ s
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n o te d  t h a t  the product of the f r e e - r a d ic a l  i n i t i a t i o n  (t-BuC^) has 

a r e a s o n a b ly  s i m i l a r  i n f r a r e d  spectrum  compared to  th e  o t h e r s ,  

a l t h o u g h  i t  a p p e a r s  t o  be s l i g h t l y  more complex* The a v a i la b le  

nuclear  m agnetic resonance spectra  show even fewer d i f f e r e n c e s ,  save  

th e  h y d r o g e n  peak m en tion ed  p r e v io u s ly ,  and thus are not repeated  

here* In comparing the IR sp e c tr a ,  one d o e s  s e e  some d i f f e r e n c e s  

among them* T h ese  d i f f e r e n c e s  appear minor when co n s id er in g  the  

s t r u c t u r a l  d i f f e r e n c e  that g ive  r i s e  to  them* Even dimers presumed  

t o  have i d e n t i c a l  s t r u c t u r e s  show s l i g h t  d i f f e r e n c e s  even though 

they g iv e  e s s e n t i a l l y  id e n t i c a l  s p e c tr a .  The f r e e - r a d ic a l  i n i t i a t e d  

p r o d u c t  has s e v e r a l  peaks  unique t o  i t ,  and s e v e r a l  o f  them are  

major in  c h a r a c te r .  The spectra  of Ou's "oligomer B" and the sodium 

i n i t i a t e d  d im er  r e p o r t e d  in  th e  presen t work are i d e n t i c a l  excep t  

fo r  r e s o l u t io n  o f  some a d j a c e n t  p e a k s ,  and some minor p eak s  a l s o  

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

Instrum ent.

The u n iq u e  p e a k s  found for  the f r e e - r a d ic a l  i n i t i a t e d  product 

and th e  more c o m p lex  n a tu r e  o f  the  sp ectru m  are  n o t  s o  e a s i l y  

a c c o u n te d  f o r .  The spectrum on in sp e c t io n  appears to be a combina­

t io n  of the s p e c tr a  found for  both c y c l i c  and n o n -c y c l ic  dimers w ith  

t h a t  o f  w a t e r ,  or  o f  the c y c l i c  dimer contaminated w ith  t -b u ta n o l .  

As d esc r ib e d  above , t h i s  was shown not to  be the c a se .

The mass s p e c t r a l  d a ta  p r e s e n t e d ,  in  T ab le  2 lea v e  no doubt 

that the  prod u ct  r e s u l t i n g  from th e  f r e e  r a d i c a l  i n i t i a t i o n  i s  

d i f f e r e n t  from t h e  o t h e r  d im e r s .  This product alone has peaks at
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I o I

Comparative Mass Spectra*

Mehta's Dimers
t-B u ty l Peroxide Na Ou's Oligomer B Vp V IIIp X IIIp XIVn Richards and W illiam s' Dimer

238 238
236 3 .0 * 236 2.2 * 236 2.2 *

1 .4 * 222 3 .3 * 222 2 .7 *
221 221 221 221 221 221

220
206
205
194

HX 0.8 * 191 1 .9 * 4 .3 * 1 .4 *
186 5 .8 * .

162
158 158

156
145 145 3 .2 *

143 143 1 .4 * 0.6 *
134

131 0 .7 *
129 129 3 .6 *

128 2 .3 * 128 2 .7 * 2.1 *
121 5 .5 * 121 121 121 121 2.1 *
120 120

119 119 119 119 119 119 119 3 .6 *
118 118 118 118 118 118 118 7 .4 *
117 117 117 117 117 6 .7 * 3 .8 *

116 0 .9 *
115 * 5 * 4 .9 * 115 5 .2 * 115 4 .9 * 2 .3 *
105 105 105 105 105 105 105 105
104 45* 104 104 2.1 * 5 .5 * 2 .7 * 6 .9 *
103 103 103 103 103 103 103 5 .8 *

41* 1 .3 * 102 1.1 * 5 .1 * 1 .7 * 0.8 *
41* 2 .5 * 92 3 .9 * 7 .8 * 3 .6 * 1.6 *

91 91 91 91 91 91 91 91
1 .9 * 89 2 .5 * 89 2 .7 *

88 5 .4 *
87 87 87 87
86 86 86 86
85 85 85 85

83 83 83

82 82 82 • 82
80
79 79 79
78 78 78 78 78 78 78

77 77 77 77 77 77 77
0 .5 * 76 76 76 76

*±8% unless o th e rv lse  sp e c ifie d

• • • ' j f r j f
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2 05 , 2 0 6 ,  1 6 2 ,  and 194 mass u n i t s .  I t  i s  a l s o  the only  'dimer'* to  

g iv e  a sp ec tru m  h a v in g  no peak a t  e i t h e r  236 or 238 m ass u n i t s  

( c o r r e s p o n d in g  t o  u n s a t u r a t e d  and s a tu r a t e d  d im ers) ,  and I t  a l s o  

g iv e s  fewer peaks below 120 mass u n i t s  than any of the o t h e r s .

To f u r t h e r  con fu B e  th e  I s s u e ,  the hydroxyl peak In th e  IR and 

the mobile hydrogen peak In  the NMR sp ec tra ,  as w e l l  as some o f  th e  

minor peaks  i n  t h e  IR were n o t  i n  th e  s p e c t r a  o b ta in e d  from the  

product a f t e r  i t  had been exposed to  the a ir  f o r  about s i x  m onth s.  

The s p e c t r a  o f  th e  p r o d u c t  d id  not change w ith  time i f  i t  was not  

exposed to  the a i r .  The sp e c tr a  r e s u l t in g  from th e  e x p o s u r e  o f  th e  

product t o  the  a i r  are v i r t u a l l y  in d is t in g u ish a b le  from th e  sp e c tr a  

of th e  known d im e r s ,  e s p e c i a l l y  t h a t  o f  th e  c y c lo p e n t a n e  b ased  

s t r u c t u r e .  The c a u s e  and s i g n i f i c a n c e  of t h i s  phenomenon remains 

undetermined, a lthough  the l o g i c a l  e x p l a n a t i o n  r e q u i r i n g  a s im p le  

rearrangem en t or " l o s s  o f  a contaminant" would appear t o  be ruled  

out in  view o f  the i n a b i l i t y  to  remove or re a c t  such  c o n t a m i n a n t s .  

The o r i g i n a l  mass sp e c tr u m  shows no peak that would correspond to  

the  p a r e n t  i o n  o f  any d i m e r ic  s p e c i e s ,  any h ig h e r  o l i g o m e r i c  

s p e c ie s ,  or combination o f  dimer or oligomer with a contam inant.

The h ig h e s t  m olecular weight peak observed for  the f r e e - r a d i c a l  

I n i t i a t e d  "dimer" i s  a t  220; t h i s  does not correspond to  th e  l o s s  of  

a methyl group from a dimer s tr u c tu r e  as do the peaks  fou n d  a t  222  

and 221 f o r  the  o th er  d im ers, nor i s  there any other  con ven ien t  and 

l o g i c a l  e x p la n a t io n  found. I f  the peak a t  220 i s  presumed to  be the  

p aren t  i o n ,  th e  u n iq u e  peak a t  205 c o r r e s p o n d s  to  th e  l o s s  o f  a

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



m eth y l  group from t h e  p a r e n t .  The peak a t  134 I s  e x p l ic a b le  I f  

methane Is  added to  AMS (most l i k e l y  across  the double bond) to  form 

t - b u t y lb e n z e n e .  A l t e r n a t i v e l y ,  the ad d it ion  o f  oxygen to  AMS would 

a l s o  account f o r  th e  peak  a t  1 3 4 .  W hile e i t h e r  e v e n t  may o c c u r  

d u r in g  th e  a c q u i s i t i o n  o f  th e  mass sp ec tru m , th e  s t a b i l i t y  o f  

t - b u t y l b e n z e n e  p r e c lu d e s  th e  o b s e r v e d  rearrangem en t w i t h  t im e .  

I n d e e d ,  g iv e n  th e  l a c k  o f  s t a b i l i t y  o f  an e p o x id e  r in g ,  and the  

convoluted route  a mechanism fo r  I t s  formation would r e q u ir e ,  i t  too  

would appear to  be an Im p oss ib le  r e a c t io n  byproduct.

The a d d it io n  of t -b u ta n o l  a c r o ss  the double bond of AMS or of a 

t - b u t o x y  r a d i c a l  t o  the  AMS m olecule  would r e s u l t  In a peak a t  192 

or 191. The product o f  the  f r e e - r a d i c a l  I n i t i a t i o n  has  a peak a t  

1 9 4 ,  but n o t  a t  191 o r  1 9 2 .  t -B u to x y  r a d ic a l s  are formed by the  

d i s s o c ia t io n  o f  t -b u ty lp e r o x id e ,  and t-butoxy r a d ic a ls  can d i s s o c i ­

a te  in to  methyl r a d ic a l s  and a c e to n e .  Adding acetone (m.w. 58) to  a 

s tr u c tu r e  having a m olecu lar  w eight o f  162 would account n i c e l y  f o r  

the peak at 220. The l o s s  o f  a methyl group from a s tr u c tu r e  having  

a m olecular weight o f  220 accounts  fo r  the peak a t  205 w hich  i s  th e  

se co n d  l a r g e s t  peak found in  the  mass spectrum of  the f r e e - r a d ic a l  

i n i t i a t e d  product. The la r g e s t  peak for  the f r e e  r a d ic a l  product I s  

a t  57, that peak corresponds n i c e l y  w ith  acetone a f t e r  the  l o s s  o f  a 

hydrogen atom. The l o s s  o f  a hydroxyl group from a s tr u c tu r e  having  

a m o le c u la r  w e ig h t  o f  162 I s  the  s im p lest  exp lanation  for  the peak 

a t  14 5 . The l o s s  o f  h yd rogen  from t-BuO^ would a l s o  e x p la in  the  

peak a t  145 , but t -B u t^  i s  far. more l i k e l y  t o  d i s s o c i a t e  i n t o
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t - b u t o x y  and g i v e  a peak a t  73* However, a peak a t  73 I s  n o n ex is ­

te n t  f o r  t h i s  and the o th er  d im ers, w h ile  the peak a t  145 i s  common 

t o  some o f  them . The peak a t  105 i s  common to  a l l  d im e r s ,  and 

corresponds t o  e th y l  benzene. I f  a ce ton e  i s  added to  e t h y l  benzene, 

th e  r e s u l t i n g  s t r u c t u r e  would have a m olecular w eight o f  162. The 

a d d it io n  o f  acetone to  a s tr u c tu r e  having a weight of 134 would g iv e  

a peak o f  191 or 192 , not 194. The a d d it io n  of carbonyl (CO) t o  a 

s tr u c tu r e  having a weight o f  134 would r e s u l t  in  a s t r u c t u r e  w i t h  a 

w e ig h t  o f  16 2 .  The c o n c l u s i o n  th a t  a t  l e a s t  one ace ton e  m olecule  

adds t o  an AMS m olecule i n  th e  c o u r s e  o f  th e  r e a c t i o n  a p p e a r s  t o  

have some v a l i d i t y .  F igure 15 shows some known and some s p e c u la t iv e  

s t r u c tu r e s  a long  with  fragm entations  th a t  may account fo r  th e  above  

o b s e r v a t io n s .

The change in  s tr u c tu r e  observed fo r  that portion  o f  the sample  

exposed to  the a ir  fo r  s e v e r a l  months remains i n e x p l i c a b le .  Attempts  

t o  d u p l i c a t e  and a c c e l e r a t e  t h a t  change  in  s tr u c tu r e  by bubbling  

oxygen through i t  were u n s u c c e s s f u l .
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F i g u re  15. S p e c u l a t i v e  and Known F ra gm e n ta t ions  Account ing f o r  the  
Mass S p e c t r a l  O b s e r v a t io n s  f o r  t h e  P roduc t  of  t h e  F r e e -  
R a d ic a l  I n i t i a t e d  R e a c t io n s .
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CHAPTER VI

SUMMARY OF RESULTS AND CONCLUSIONS

1. I t  has been demons t ra ted  t h a t  t h e  p r o d u c t  o b t a i n e d  by Ou 

(1 6 )  was t h e  same a s  t h a t  ob ta in e d  by K o l o b i e l s k i  and P ines  ( 14) .  

The a n io n i c  i n i t i a t e d  p o l y m e r i z a t i o n  of  AMS wi th  sodium as  i n i t i a t o r  

a p p e a r s  t o  r e s u l t  i n  t h e  f o r m a t i o n  o f  a d im e r  h a v i n g  t h e  1 , 3 -  

d i p h e n y l - 1-methy lcyc . lopentane  s t r u c t u r e  when t h e  p o l y m e r i z a t i o n  i s  

conducted a t  or  n e a r  the  c e i l i n g  t e m p e ra t u re .

2. At tempting  to  d u p l i c a t e  t h e  r e a c t i o n  c o n d i t i o n s  f o r  t h e  

sodium  i n i t i a t e d  p o l y m e r i z a t i o n  but  wi th  t - b u t y l p e r o x i d e , a f r e e -  

r a d i c a l  type  i n i t i a t o r ,  i n s t e a d  of  sodium, did not  g iv e  t h e  1 , 3 - d i -  

p h e n y l - l - m e t h y l c y c l o p e n t a n e  p r o d u c t .  In  f a c t ,  t h e  p roduc t  of  the 

f r e e - r a d i c a l  i n i t i a t e d  p o l y m e r i z a t i o n  d i d  n o t  a p p e a r  t o  c o r r e l a t e  

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

The on ly  r e s u l t  t h a t  seems to  f i t  t h e  d a t a  would n e c c e s i t a t e  t h e  

i n c o r p o r a t i o n  o f  t h e  b reakdow n p roduc t s  of  the  i n i t i a t o r  i n t o  the  

AMS m olecu le .
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CHAPTER V II

SUGGESTIONS FOR FURTHER STUDY

1. The s t r u c t u r e  of  the  f r e e - r a d l c a L  i n i t i a t e d  p r o d u c t  i s  n o t  

e s t a b l i s h e d ,  a l t h o u g h  i t  appear s  to  have a pendant  methyl  g ro u p ,  a t  

l e a s t  one hydroxy l  g roup ,  a l i p h a t i c ,  and a r o m a t i c  c h a r a c t e r .  The 

o t h e r  key s t r u c t u r e  i s  t h a t  having a m olecu la r  we igh t  of  162, and i t  

should e i t h e r  f o l l o w  from the e s t a b l i s h m e n t  of the s t r u c t u r e  o f  t h e  

produc t  i t s e l f  or  l ead  t o  the  e s t a b l i s h m e n t  of t h a t  s t r u c t u r e .

2. What happens t o  the s t r u c t u r e  of the f r e e  r a d i c a l  p r o d u c t  

o v e r  t i m e ' w h e n  i t  i s  e x p o s e d  t o  t h e  a i r  is  a l s o  r a t h e r  odd.  The 

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

r e q u i r e  a c o m p l i c a t e d  m echan ism .  The f o r c e d  t r a n s f o r m a t i o n  and 

e s t a b l i s h m e n t  of  t h e  mechanism would  seem t o  f o l l o w  f rom  th e
ft

e s t a b l i s h m e n t  of  the  i n i t i a l  product  s t r u c t u r e .
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