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INTRODUCTION

C h lo rin a te d  ru b b e r h a s , i n  th e  l a s t  t h i r t y  y e a r s ,  become a r e s in  o f  

co n s id e rab le  te c h n ic a l  im portancd .

The polym er i s  produced com m ercially  by p a ss in g  c h lo r in e  in to  a 

r a p id ly  c i r c u la te d  s o lu t io n  o f  th e  ru b b er in  carbon te t r a c h lo r id e  a t  

r e f lu x  te m p e ra tu re . The c h lo r in e  c o n te n t o f  th e  commercial p ro d u c ts  

(P a rIo n , R a c lin )  ran g es  from 65-68^; th e s e  a re  h a rd , b r i t t l e  pow ders, 

s o lu b le  in  many o rg a n ic  s o lv e n ts .  Because o f  t h e i r  s tro n g  ad h esio n  to  

m eta ls  and chem ical x 'e s is tan ce  t o  a c id s  th e y  a re  used e x te n s iv e ly  in  th e  

p a in t  in d u s try .  O ther in p o r ta n t  a p p l ic a t io n s  a re  t h e i r  use in  cem ents 

fo r  th e  bonding o f  ru b b e r to  s t e e l  and in  flam e p ro o fin g  co m p o sitio n s.

During th e  second w orld  w ar, w ith  th e  A l l ie s  c u t o f f  a lm o st e n t i r e l y

from  th e  w o rld ’s su p p ly  o f  n a tu ra l  ru b b e r , c h lo r in a te d  s y n th e t ic  p o ly iso p re n e

(P l io c h lo r )  appeared  on th e  m arket in  th e  U nited  S ta te s  as  a s u b s t i t u t e

f o r  c h lo r in a te d  ru b b e r . S im ultaneous a tte m p ts  t o  c h lo r in a te  b u ta d ie n e -

s ty ro n e  copolym ers (GRS) to  y ie ld  a  s u b s t i t u te  f o r  c h lo r in a te d  ru b b e r

were u n su c c e ss fu l. Such p ro d u c ts  a re  in s o lu b le  g e ls  o f  c o n s id e ra b ly

low er c h lo r in e  c o n te n t .  This appears to  be due t o  th e  f a c t  t h a t ,  f o r
H

h igh  c h lo r in a t io n ,  th e  s t r u c tu r e  ’ must ap p ear in  th e  polym er,
-  C = C -

f

ch3

iv e .  a  double bond a tta c h e d  to  a  carbon atom  c a r ry in g  two a d d i t io n a l  

carb o n s.

The e s s e n t i a l  s t r u c tu r e  fo r  h igh  c h lo r in a t io n  ap p ea rs  in  n a tn ra?  

ru b b e r, g u t ta  p o rch a , b a ia ta  and s y n th e t ic  p o ly iso p re n e , w hich i s  s t r u c t u r ­

a l l y  s im i la r  to  n a tu r a l  ru b b e r , d i f f e r in g  in  th e  f a c t  t h a t  whereas th e  

u n s r tu ra to a  bonds o f  n a tu r a l  ru b b er have o s c e n t ia l ly  th e  c is  c o n f ig u ra ­

t i o n ,  th e  u n sa tu ra te d  bonds in  p c ly id cp ren e  a re  p a r t ly  c is  and p a r t ly
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t r a n s .  G u tta  P archa and B a la ta  r e p re s e n t  th e  o th e r  ex trem a, hav ing  

u n s a tu ra te d  bonds e n t i r e l y  in  th e  t r a n s  c o n f ig u ra t io n .

The s y n th e t ic  p o ly iso p ren e  a ls o  c o n ta in s  a  c e r t a in  amount o f  s id e  

ch a in s  due to  1-2  and 3 -4  r a th e r  th a n  1 -4  a d d i t io n  d u rin g  p o ly m e r iz a tio n , 

w hereas ru b b e r i s  p redom inan tly  th e  1 -4  polym er.

N e v e r th e le s s , c h lo r in a te d  p o ly iso p ren e  appears  t o  be a lm ost i d e n t i c a l  

w ith  c h lo r in a te d  ru b b e r . A pparen tly  c h lo r in a t io n  in  th e  s id e  c h a in s  causes 

no p ro found  change. The d if f e r e n c e  i n  c i s - t r a n s  c o n f ig u ra tio n  m ight be 

expec ted  to  bo o f  no im portance s in c e ,  a f t e r  a d d i t io n  o f  c h lo r in e ,  th e  

s t r u c tu r e s  a re  i d e n t i c a l .

Because o f t h e i r  in t e r e s t i n g  ad h es iv e  p r o p e r t i e s ,  c h lo r in a te d  ru b b e r 

and p o ly iso p re n e  re c e iv e d  e a r ly  a t t e n t i o n  in  an  in v e s t ig a t io n  o f  ru b b e r 

t o  m eta l ad h es io n  conducted a t  th e  A pplied  S c ience  R esearch  L ab o ra to ry , 

U n iv e rs ity  o f  C in c in n a t i ,  under th e  sp o n so rsh ip  o f  th e  In la n d  Mfg.

D iv is io n  o f  th e  G ero ra l Motors C o rp o ra tio n .

I t  was d isco v e red  t h a t  c h lo r in a te d  p o ly iso p ren e  and ru b b e r can  be 

used uncompounded to  g ive bonds o f  e x c e l le n t  s t r e n g th  p ro v id ed  a  second 

c o a t o f  h ig h ly  re in fo rc e d  ru b b er cement i s  used to  in s u re  a  g ra d u a l 

step-dow n i n  h a rd n e ss .

U n fo rtu n a te ly  d i f f i c u l t i e s  a re  o f te n  oncountored  in  th e  p re p a ra t io n  

o f  c h lo r in a te d  ru b b er and p o ly iso p re n e . Depending on th e  c o n d itio n s  o f  

c h lo r in a t io n  p ro d u c ts  o f  w ide ly  d i f f e r e n t  p ro p e r t ie s  such as s o l u b i l i t y ,  

v i s c o s i ty  i n  s o lu t io n ,  h a rd n e ss , s t a b i l i t y  a g a in s t  lo s s  o f  hydrogen 

c h lo r id e  and adhosive  p ro p e r t ie s  have boon o b ta in e d . C onsidering  th e  

com plex ity  o f  th e  s i t u a t io n  t h i s  i s  n o t s u r p r is in g .

The c o n s t i tu t io n  o f c h lo r in a te d  rubber and th e  mechanism o f  th e  

c h lo r in a t io n  r e a c t io n  have boon cub .jec ts of c o n s id e ra b le  c o n tro v e rsy .
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As a r e s u l t  v e ry  l i t t l e  i s  known w ith  c e r t a i n i t y  concern ing  th e  u n s a tu ra t io n  

o f  c h lo r in a te d  ru b b e rs  o f  v a ry in g  c h lo r in e  c o n te n t ,  t h e i r  s t r u c t u r e ,  th e  

cou rse  o f  th e  c h lo r in a t io n  and i t s  dependence on th e  c o n d itio n s  under 

w hich th e  r e a c t io n  i s  c a r r ie d  o u t .  The c h lo r in a t io n  o f  s y n th e t ic  p o ly ­

iso p re n e  has n ev e r been in v e s t ig a te d .

S y n th e tic  p o ly iso p re n e  lends i t s e l f  b e t t e r  to  a fundam ental i n v e s t i ­

g a tio n  because  i t s  p h y s ic a l p ro p e r t ie s  can be c o n tro l le d  in  th e  p re p a ra t io n  

an£ because i t s  p u r i f i c a t i o n  can be ach ieved  w ith  e a s e . S in ce  s y n th e t ic  

p o ly iso p re n e  re p re s e n ts  th e  m ost g e n e ra l  example o f  a  h ig h  polym er o f  

i s o p re n e , th e  c h lo r in a t io n  o f  n a tu r a l  ru b b er and g u tta  pe rch a  shou ld  

m ere ly  r e p re s e n t  s p e c ia l  cases o f  th e  same r e a c t io n .  For th e s e  rea so n s  

most o f  th e  r e s e a rc h  re p o r te d  in  t h i s  paper was done w ith  p o ly iso p re n e .

A s tu d y  o f  th e  mechanism o f  c h lo r in a t io n  o f p o ly iso p re n e  and ru b b er 

was th o u g h t to  be l i k e ly  to  re v e a l some p e r t in e n t  in fo rm a tio n  n o t o n ly  

w ith  r e s p e c t  to  th e  s t r u c tu r e  o f  th e  c h lo r in a te d  polym ers in  g e n e ra l ,  

b u t a ls o  co ncern ing  t h e i r  u n s a tu r a t io n .  I n . f a c t  th e r e  app ears  to  be no 

o th e r  method a v a i la b le  f o r  e s t im a tin g  th e  u n s a tu ra t io n  o f  c h lo r in a te d  

p o ly iso p re n e s  and ru b b e r , s in c e  d i r e c t  methods cannot be r e l i e d  upon t o  

g ive c o r r e c t  r e s u l t s  f o r  th e  c h lo r in a te d  p o ly iso p re n es  and r u b b e r s .1 

Io d in e  c h lo r id e  a d d tio n  t o  a  h ig h ly  c h lo r in a te d  polym er may be in h ib i te d  by 

th e  c h lo r in e  atom s a lre a d y  p re s e n t  in  th e  m o lecu le . O zonolysis would bo 

verjr d i f f i c u l t ,  due to  th e  g re a t  v a r ie ty  of p ro d u c ts  t h a t  m ight be ex ­

p e c te d  to  form . S p ec tro p h o to in e tric  methods a re  lik e w ise  d i f f i c u l t  in  

a p p l ic a t io n .  The a b so rp tio n  band due to  th e  n o n -con juga ted  double bond 

U e j  a t  ab o u t 2000^ — th e  v e ry  l im i t  c f  th e  Beckmann S p ec tro p h o to m ete r.

(1 ) K o lth o f f , I.M . and Meehan, E. -J., Univ. o f M innesota p r iv a te
com m unication
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At t h i s  freq u en cy  benzene and ch lo ro fo rm  as w e ll as o th e r  s o lv e n ts  f o r  

c h lo r in a te d  p o ly iso p re n es  a re  opaque. H eptane, which i s  u s u a lly  used in  

polym er work (GRS, N eoprene), i s  n o t a s o lv e n t  f o r  c h lo r in a te d  p c ly is o o re n e s .

The s y n th e s is  o f  c h lo r in a te d  p o ly iso p ren e  and ru b b e r , was fbund to  

be dependent on r e a c t io n  c o n d itio n s  such as l i g h t ,  te m p e ra tu re , and the  

p resen ce  o f  oxygen, p e ro x id e s , and a n t io x id a n ts .  T h e re fo re , a  s tu d y  o f 

th e  e f f e c t  o f  th e s e  v a r ia b le s  on th e  c h lo r in a t io n  mechanism re p re s e n ts  an  

e s s e n t i a l  p a r t  o f th e  p re s e n t  in v e s t ig a t io n ,

HISTORICAL

The f i r s t  d e f in i t e  p ro d u c tio n  o f c h lo r in a te d  ru b b e r seems to  be 

t h a t  o f  E ngelhard  and Day^ in  1359. They d e sc r ib e d  two p ro c e sse s  f o r  

c h lo r in a t in g  ru b b e r: (1 )  s u b je c t in g  crude ru b b er to  a  s tre am  o f  c h lo r in e ,

and (2 ) c h lo r in a t io n  o f  ru b b e r in  s o lu t io n  in  ch lo ro fo rm , benzene , o r  

n a p h th a . The id e n t i c a l  p ro c e sse s  w ere a g a in  p a te n te d  o n ly  fo u r  days l a t e r  

by Havemann®.

G ladstone and H ib b ert^  d isco v e re d  t h a t  c h lo r in e  i s  n o t o n ly  added to  

th e  ru b b e r b u t i s  a ls o  s u b s t i t u te d ,  a s  shown by th e  fo rm a tio n  o f  la rg e  

q u a n t i t i e s  o f hydrogen c h lo r id e .

McGavack® in v e s t ig a te d  th e  amount o f  hydrogen c h lo r id e  g iven  o f f  

d u rin g  c h lo r in a t io n  u s in g  flow m eters to  m easure th e  c h lo r in e  in p u t and 

hydrogen c h lo r id e  ev o lv ed . A lthough th e  accu racy  o f  m easurem ent was

(2 ) E n g e lh ard , G.A. and Day, H .H ., B r i t i s h  P a te n t 2 ,734  (1 859).

(3 ) Huvemnnn, B r i t i s h  P a te n t 2 ,762 (1 8 5 9 ).

(4 ) G ladstone and H ib b e r t ,  J .  Chom. S o c ., 53 , 682 (1 8 8 8 ),

(5 ) MoGavack, In d . Eng. Chom., 15, 961 (1 923).
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a d m itte d ly  low , th e  r e s u l t s  gave c le a r  in d ic a t io n s  ch a t s u b s t i t u t i o n

occu rs  f i r s t ,  p r a c t i c a l l y  to  th e  e x c lu s io n  o f a d d i t io n .  McGavack proposed

(C^QHi3 Cl7 )n as th e  e m p ir ic a l  form ula o f  c h lo r in a te d  ru b b e r .
£

K irch h o fD su g g es te d  t h a t  c h lo r in e  f i r s t  adds t o  th e  double bond.

One o r two m olecu les o f  hydrogen c h lo r id e  a re  th e n  s p l i t  o f f  cau sin g  

re fo rm a tio n  o f one o r two double  bonds p e r iso p re n e  u n i t .  F u r th e r  a d d it io n  

o f  c h lo r in e  r e s u l t s  in  a m ix tu re  o f  (CgHgCl^)n and (C g H y C lj^  w hich 

c o n ta in  68$ and 61 .5 $  c h lo r in e  r e s p e c t iv e ly .  The co m p le te ly  c h lo r in a te d  

polym er may th u s  be c o n s id e re d  a s  a  m ix tu re  o f  th e  t r i c h l o r o  and t e t r a c h lo r o  

and t e t r a c h lo r o  d e r iv a t iv e s .

N ie ls e n ' p roposed a s im i la r  mechanism in v o lv in g  th e  i n i t i a l  fo rm a tio n  

o f  an  a d d i t iv e  d ic h lo r id e  w hich s p l i t s  o f f  hydrogen c h lo r id e  w ith  r e ­

fo rm a tio n  o f  th e  double  bond. The p ro cess  re p e a ts  i t s e l f  le a d in g  to  a 

p ro d u c t c o n ta in in g  fo u r  c h lo r in e  atoms p e r iso p re n e  u n i t .  In  th e  s p l i t t i n g  

o f f  o f  hydrogen c h lo r id o ,  f r e e  r a d ic a l s  a re  formed t r a n s i e n t l y ,  and th e se

can  u n ite  w ith  one a n o th e r ,  In  t h i s  manner c h lo r in a t io n  may r e s u l t  in

th e  fo rm a tio n  o f a netw ork  s tru c tu re* * . Daubigny** e s s e n t i a l l y  su p p o rts  

N ie ls o n ’s th e o ry .

Baxter^-® made a  com prehensive s tu d y  o f  th e  p h y s ic a l  p ro p e r t ie s  o f 

c h lo r in a te d  ru b b e r . He a ls o  m easured th e  r e l a t i v e  amounts o f  a d d i t io n  and 

s u b s t i t u t i o n  o f  c h lo r in e .  He g ives 4 .3  atoms o f c h lo r in e  added and 3 .2

(6 ) K irch h o f, Gummi. Z t g . , 4 6 , 497-8 (1932).

(7 ) N ie lse n , C h lo rkau tschuk  und d ie  u eb rig en  H alogenverbindungen des 
K autschuks, pp. 38 -52 , L e ip z ig , V erlag  H ir z l ,  1937.

(8 ) S ch w eitzo r, K autschuk, 15 , 152 (1 9 3 9 ).

(9 )  Daubigny, Rev. gen. M a tie re s  p l a s t . ,  M , 17 (1 9 3 8 ).

(1 0 ) B a x te r , Chom. and I n d . ,  5 5 , 407-414 (1936).
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atoms s u b s t i t u te d  f o r  two iso p re n e  u n i ts  as p re s e n t  in  th e  co m p le te ly

c h lo r in a te d  ru b b e r m o le c u le .

C h lo rin a te d  ru b b e rs  have v e ry  low i n t r i n s i c  v i s c o s i t i e s  oven i f  no

e f f o r t  i s  made to  depolym erizo  th e  ru b b e r b e fo re  o r  d u rin g  c h lo r in a t io n  

11 12by m a s t ic a t io n  , o x id a tio n  , o r exposure  o f  th e  s o lu t io n  t o  u l t r a ­

v i o l e t  l i g h t ^ .  A cco rd in g ly  i t  was assumed by S ta u d in g e r ^  t h a t ,  i n  th e  

c h lo r in a t io n  o f  ru b b e r , th e  l a b i l e  carbon  ch a in s  a r e  s u b je c t  to  r u p tu r e ,  

whifth can  ta k e  p la c e  e a s i l y  i n  th e  ru b b e r m olecu le  because o f  th e  a l l y l  

group ing  o f th e  double  bonds.

The most r e c e n t  p ap ers  on th e  c o n s t i t u t i o n  o f  c h lo r in a te d  ru b b e r and 

th e  mechanism o f  c h lo r in a t io n  p re s e n t  r e s u l t s  i n  open c o n t r a d ic t io n  t o  

th o s e  re p o r te d  in  th e  o a r l i e r  p u b l ic a t io n s .  I t  ap p ea rs  t h a t  much o f  th e  

e a r l i e r  w ork was conducted  in  a  r a th e r  crude  f a s h io n  w ith  many im p o rtan t 

v a r ia b le s  u n c o n tro lle d  and t h a t  q u i te  o f te n  t h e o r i e s  w ere based  on i n ­

s u f f i c i e n t  e x p e r im en ta l d a ta .

S ta u d in g e r and Staudinger*®  m easured th e  m o le c u la r  w e ig h t o f  c h lo r in a te d  

ru b b e r and found i t  t o  bo o f  th e  same o rd e r  o f  m agnitude a s  t h a t  o f  th e  

ru b b e r hydrocarbon  c h lo r in a te d .  The c h lo r in a t io n  was c a r r i e d  o u t i n  th e  

s t r i c t  absence o f  oxygon. S ta u d in g e r , m odify ing  h is  o a r l i e r  v iew s, su g g e s ts  

t h a t ,  s in c e  o b v io u s ly  no d e p o ly m e riz a tio n  ta k e s  p la e e ,  th e  low i n t r i n s i c  

v i s c o s i ty  o f th o  p ro d u c ts  m ust be a t t r i b u t e d  t o  a  c y c l i z a t io n  o f  th e

(11) Cyche-Teague, B r i t i s h  P a te n t  305,968 (1 9 2 9 ); U .S . P a te n t  1 ,8 1 9 ,1 3 6  
(1 9 3 1 ).

(12) M e ta llg o s , A.C , B r i t i s h  P a te n t 413,559 (1 9 3 4 ).

(13) Chemischo F a b rik  B ruckau, B r i t i s h  P a te n t  416,252 (1934)

(14) S ta u d in g o r , B o r . ,  57 , 153 (1 9 2 4 ); K au tschuk , 17,101 (1941)
U

(15) S ta u d in g e r , H. and S ta u d in g o r , H ansju rgon , J . p r a k t .  Chem,, 162,
148 (1943); Rubber Chem. T e c h ., 17 , 15 (1944) “~ “
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ru b b e r m o lecu le . Thus a s h o r te n in g  o f  th e  c h a in  i s  e f f e c te d  w ith o u t 

d e c re a s in g  th e  m o le c u la r  w e ig h t, b u t g iv in g  r i s e  to  low er i n t r i n s i c  

v i s c o s i t i e s .

The w ork o f  B loom fieldl® »^7 has definite?<.y shown th e  inadequacy  o f  

th o  c h lo r in a t io n  mechanisms proposed  by Kirchhcf-*-® and N i e l s e n ^ .  The 

c h lo r in a t io n  o f  n a tu r a l  ru b b e r in v o lv e s  a co m p le te ly  s u b s t i t u t i v e  i n i t i a l  

r e a c t io n ,  fo llo w ed  by s im u ltan eo u s  s u b s t i t u t i o n  and a d d i t io n ,  and i s  

te rm in a te d  by s u b s t i t u t i o n :

c10h 16 ♦ 2 c l 2 c10h14c1 2 f  2 HC1 

C10H14C12 f  2 C12 Cio Hi 3C15 + HCl

C^QH-^jClg + 2 Clg ■•"■O* C^QH^^Cly *»* 2 HCl

C arbon-hydrogon a n a ly s o s 2® cn  th o  co m p le te ly  c h lo r in a te d  ru b b e r fa v o r

21th o  e m p ir ic a l  fo rm ula  C^qH ^ C 17 over th o  fo rm ula  p ro posed  by McGavack .

B loom fie ld  s u g g e s ts  t h a t  th e  low er th a n  t  .o o r e t ic a l  u n s a tu r a t io n  o f  c h l o r i -

n a to d  ru b b e r  as  observed  by io d in e  c h lo r id e  t i t r a t i o n  i s  due t o  a

c y c l i z a t io n  m echanism . H a lo g en a tio n  ex p erim en ts  w ith  d ihydrom yrcene,

sq u a le n o , cy c lo h o x en e , and 1-m ethy lcyclohexeno  su p p o r t t h i s  v iew .

22D 'la n n i  and cow orkers compared th e  p h y s ic a l  p r o p e r t ie s  o f  c h lo r in a to d

(16 ) B lo o m fie ld , J .  Chem. Soc!., 1943, 289*

(1 7 ) B lo o m fie ld , J .  Chem. S o c . ,  1944, 114.

(1 8 ) K irc h h o f, op . c i t .

(1 9 ) N ie ls e n , op . c i t .

(20 ) B lo o m fie ld , Farm er, and M il le r ,  J o u rn a l  Soc . Chem. I n d . ,  5 4 ,
26Ct (1 9 3 5 ).

(2 1 ) McGavack, o p . c i t .

(2 2 ) D 'la n n i ,  N a p le s , M arsh, and Z arney , In d . Eng. Chem., 3 8 , 1171 
(1 9 4 6 ).
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s y n th e t i c  p o ly iso p re n e  w ith  th o s e  o f  c h lo r in a te d  ru b b e r and found a c lo se

s i m i l a r i t y  betw een th e  two polym ers*

23F ie ld  m easured th e  u n s a tu r a t io n  o f  co m p le te ly  c h lo r in a te d  p o ly iso p re n e  

and ru b b e r  s p e c t r o p h c tc m e t r ic a l ly .  No double bends co u ld  be d e te c te d  in  

e i t h e r  po ly m sr.

There i s  no in d ic a t io n  t h a t  anyone has s tu d ie d  th e  mechanism o f

c h lo r in a t io n  o f  s y n th e t ic  o o ly is o p re n e . Nor has anyone been  a b le  t o

p ro p o se  a  com plete c h lo r in a t io n  mechanism based  on e x p e r im e n ta l r e s u l t s

f o r  n a tu r a l  ru b b e r . The in f lu e n c e  o f  s e v e ra l  in p c r t a n t  v a r i a b le s  on th e

c h lo r in a t io n  r e a c t io n  such  a s  l i g h t ,  oxygen, p e ro x id e s ,  and  a n t ic x id a n ts

24has  b een  t r e a t e d  o n ly  v e ry  in c o m p le te ly  .

PRESENT INVESTIGATION

A. Scope.

Tho c h lo r in a t io n  c f  p o ly iso p re n e  has boon s tu d ie d  w ith  re g a rd  to

a )  a d d i t iv e  and  s u b s t i t u t i v e  r e a c t io n

b) c y c l i z a t io n  d u r in g  c h lo r in a t io n ,  and

c) u n s a tu r a t ic n  c f  th e  c h lo r in a t io n  p ro d u c ts .

I n t r i n s i c  v i s c o s i t i e s  w ere o b ta in e d  f o r  s e v e ra l  c f  th e  c h lo r in a te d

p o ly is o p re n e s . These r e p r e s e n t  s u p p o r tin g  ev id en ce  f o r  th e  c y c l i z a t io n .

A m a th em atica l a n a ly s is  o f  th e  c y c l i z a t io n  p ro c e ss  has been  made and 

a  g e n e ra l  mechanism f o r  th o  c h lo r in a t io n  has been  p ro p o sed .

(2 3 ) F i e ld ,  The Goodyear T iro  & Rubber C o ., u n p u b lish ed  work quo ted  in  
D’l a n n i 's  p a p e r .

(24 ) B lo o m fie ld , J .  Chem. S o c . ,  1943, 289.
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The in f lu o n c o  o f  th e  fo llo w in g  v a r ia b le s  on th o  c h lo r in a t io n  o f 

p o ly iso p re n e  has boon in v e s t ig a te d j

a )  A n tio x id a n ts

b )  Tom porature

c )  Sm all amounts o f oxygon

d ) L ig h t, and 

g) P ero x id es

F or th e  sake  o f  com parison some d a ta  on th e  c h lo r in a t io n  o f  n a tu r a l  

ru b b e r  and -g u tta  p e rch a  have been  o b ta in e d .

Benzene s o l u b i l i t i e s  were d e term ined  on a l l  c h lo r in a te d  po lym ers.

B. M ethod.

1 . D e te rm in a tio n  o f  S u b s t i tu t iv e  and A d d itiv e  R e a c tio n .

The r e l a t i v e  amounts o f  s u b s t i t u t i v e  and a d d i t iv e  r e a c t io n  can  be e a s i l y  

c a lc u la te d  from  th e  w e ig h t o f  polym er c h lo r in a te d ,  th e  amount o f  hydrogen 

c h lo r id e  evo lved  and th o  c h lo r in e  c o n te n t o f  th e  c h lo r in a te d  p ro d u c t. L et 

w z  w e ig h t o f  polym er c h lo r in a te d  in  grams 

s -  w e ig h t o f  c h lo r in e  s p l i t  o u t as  HCL in  grams 

x  s  th e  w e ig h t f r a c t i o n  o f c h lo r in e  i n  th e  f i n a l  p ro d u c t 

Then th e  number o f  c h lo r in e  atoms o f  s u b s t i t u t i v e  o r ig in  Ng p e r 

is o p re n e  u n i t  i s

N x s • 6 8 .1  -  1 .92s - - - - - - - - - — 1)
s 75755- "w w

w here 68 .1  i s  th e  m o le c u la r  w e ig h t o f  iso p ren e  and 3 5 .4 5  i s  th e  atom ic

w e ig h t o f  c h lo r in o .

The t o t a l  number o f  c h lo r in o  atoms N p e r  is o p re n e  u n i t  i s  g iv en  by

N s  6 8 .1  -  Ne . x   (2)
'"'55745 T=x

The number o f  c h lo r in o  atoms o f  a d d i t iv e  o r ig i n  Na  p e r  iso p re n e
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u n i t  i s  obvious ly

Na = N -  Ns  (4)

2 . E s tim a tio n  c f  C y c l iz a t io n  and U n s a tu ra t io n . The amounts o f

a d d i t iv e  and  s u b s t i t u t i v e  c h lo r in e  a lo n e  g iv e  some in d ic a t io n  o f  p o s s ib le

o y s l i s a t i o n  o f  th e  p o xy isop rene  d u rin g  c h lo r in a t io n .  However, combined

w ith  m easurem ents o f  u n s a tu r a t io n  by io d in e  c h lo r id e  t i t r a t i o n  and i n t r i n s i c

v i s c o s i ty  d a ta  c o n s id e ra b le  su p p o rtin g  ev idence  can be g a th e re d  co n ce rn in g

th e  c y o l ix a t io n  o f  th e  m o lecu le .

The a p p l i c a b i l i t y  o f  th e  io d in e  c h lo r id e  t i t r a t i o n  to  c h lo r in a te d

25o le f in s  and c h lo r in a te d  ru b b e r has been  in v e s t ig a te d  by B loom field  .

Of th o  fo llo w in g  groups

1 2  3 4
-C -  C -  C- C -  

«

Cl -

- c = c - c - c

Cl

- C r C - C - C
I
Cl

o n ly  th e  l a s t  one i n h i b i t s  io d in e  c h lo r id e  a d d i t io n  t o  th e  double bend.

S ince  in  th e  case  o f  c h lo r in a te d  ru b b e rs  o f low c h lo r in e  c o n te n t (n o t

mere th a n  one C l atom  p e r  iso p re n e  u n i t )  p r a c t i c a l l y  a l l  th e  s u b s t i t u t i v e

c h lo r in e  i s  rem ovable w ith  a lc o h o l ic  s i l v e r  n i t r a t e  ,  th e  c h lo r in e  must 
. 27

be in  th e  3 » p o s it io n  and th e  io d in e  v a lu e  sh o u ld  g iv e  a  t r u e  m easure o f  

u n sa tu ra tio n *

(25) B lo o m fie ld , J .C h em .S o c ., 1944, 114

(26 ) ib id

(2 ?) Z ie g le r  e t  a l . ,  Ann. 551, 80 (1942)
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W ith c h lo r in a te d  p o ly iso p re n es  c o n ta in in g  more th a n  one c h lo r in e  

atom p e r  iso p re n e  u n i t  th e  a p p l i c a b i l i t y  o f th e  io d in e  c h lo r id e  method 

becomes v e ry  d o u b tfu l<

The p e rc e n t u n s a tu r a t io n  c f  a  c h lo r in a te d  iso p ren e  polym er as d e te r ­

mined from  th o  io d in e  v a lu e , i s  c a lc u la te d  as  fo llow s*

Io d in e  v a lu e  -  number o f cen tig ram s o f  io d in e  ta k e n  uv — (5 )
v /t, o f  sample

L e t Mo bo th e  base  m o lecu la r w e ig h t o f  th o  po lym er, Then f o r  100# 

u n s a tu r a t io n  th e  io d in e  v a lu e  w ould bo

r  I26c9 x 2 x 100 — .................  (6 )
1 0 0  ' * -------------- ST---------- 1

Thus th o  p e rc e n t u n s a tu ra t io n  u i s

• _ J L _  x  100 s  L - °   (7)
*100 253 .8

can  be c a lc u la te d  from  th e  amount o f  c h lo r in e  in  th o  polym er (N) and

th e  amount o f  HCL s p l i t  ou t (=NS) .

Mo s  base  m olec. w t. o f p o ly iso p re n e  -  lo s s  o f   -------——— — (8)
hydrogen w e ig h t o f  c h lo r in e  in tro d u c e d

Thus

MQ r  68 .1  -  Ns x 1 .008 + N x  35 .45   (9 )

S u b s t i tu t in g  (9 ) in to  (7 ) we o b ta in

U -  I  (6 8 .1  -  1.008 N& -4-35.45 N)
253TB  (10)

A d e c rea se  in  u n s a tu r a t io n  upon c h lo r in a t io n  may bo a s c r ib e d  t o  two f a c to r s  <

c y c l i z a t io n  and a d d i t iv e  r e a c t io n .  D enoting by N0 th e  number o f  double 

bonds p e r iso p re n e  u n i t  l o s t  duo t o  c y c l i z a t io n  and by uQ th e  i n i t i a l  

u n s a tu r a t io n  o f  th e  polym er c h lo r in a te d ,  th e  p e rc e n t u n s a tu r a t io n  can  be 

w r i t t e n  as

u = u -  (Nc +  Na) 100  (11)
T~
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The deg ree  o f  c y c l iz a t io n  Nc can th e n  be c a lc u la te d  from  e q u a tio n s  (10) 

and (1 1 ) . I t  must be borne in  mind how ever, t h a t  e q u a tio n  (10) can  o n ly  

be ex p ec ted  t o  g ive re a so n a b ly  a c c u ra te  r e s u l t s  f o r  polym ers o f  r e l a t i v e l y  

low c h lo r in e  c o n ten t (below 40/i C l) .  For polym ers c o n ta in in g  over 40JS 

o f  c h lo r in e  e q u a tio n  (11) can be used t o  c a lc u la te  th e  u n s a tu r a t io n  

p ro v id ed  Kc can be e s tim a te d  in d e p e n d e n tly . I t  w i l l  be shown t h a t  i t  i s  

p o s s ib le  to  do t h i s .
no

I t  has been  found by S tau d in g e r and S ta ttd in g e r t h a t  when ru b b e r i s  

c h lo r in a te d  in  th e  absence o f  oxygen and l i g h t ,  no a p p re c ia b le  d ep o ly m eriza- 

t i o n  ta k e s  p la c e .  In tro d u c tio n  o f  c h lo r in e  in to  th e  ch a in  sh o u ld  cause 

no change in  i n t r i n s i c  v i s c o s i ty  p ro v id ed  th e  s o lv a t io n  o f  th e  c h lo r in a te d  

ru b b e r m olecu le  i s  th e  some a s  f o r  th e  ru b b e r and no s h o r te n in g  o f  th e  

c h a in  by  c y c l i z a t io n  ta k e s  p la c e . Experim ents w ith  sq u a len e  and sq u a len e  

h e x a -h y d ro ch lo rid e  show t h a t  th e  i n t r i n s i c  v i s c o s i ty  in c re a s e s  s l i g h t l y  

w lcu  in t r o d u c t io n  o f  c h lo r in e  a p p a re n tly  due t o  th e  f a c t  t h a t  th e  c h lo r in e  

atoms a re  more s o lv a te d  th a n  th e  hydrogen atom s. C onsequen tly , i f  no 

c y c l i z a t io n  to o k  p la c e  in  th e  c h lo r in a t io n  o f p o ly iso p re n e  o r  ru b b e r one 

would e x p e c t th e  i n t r i n s i c  v i s c o s i ty  t o  in c re a s e  w ith  th e  degree  o f 

c h lo r in a t io n .  I f ,  however c y c l iz a t io n  o c c u rs , le a d in g  to  a  r e d u c tio n  in  

ch a in  le n g th ,  a drop  in  i n t r i n s i c  v i s c o s i ty  m ight bo ex p ec ted .

This p ro v id e s  a n o th e r  method f o r  d e te rm in in g  w h e th er, and a t  what 

s ta g e  i n  th e  c h lo r in a t io n ,  c y c l iz a t io n  o c c u rs . There a re  two l im i ta t io n s  

t o  th e  m ethod: (1 ) c h lo r in a te d  p o ly iso p re n es  and ru b b ers  o f  low c h lo r in e

c o n te n t (ap p ro x im a te ly  below 50JJ C l) become in s o lu b le  once th e y  a re  

i s o l a t e d  from  s o lu t io n ,  and (2 ) a t  ap p ro x im a te ly  45% Cl a  g e l i s  formed

(28) S tau d in g o r H, and S tau d in g e r H ansju rgen , op . c i t .
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i n  th e  r e a c t io n  which can o n ly  be b roken  down by f u r th e r  c h lo r in a t io n .

The f i r s t  d i f f i c u l t y  can  be overcome by making th e  i n t r i n s i c  v i s c o s i ty  

d e te rm in a tio n  on th e  polymer in  th e  o r ig in a l  carbon  t e t r a c h l o r id e  s o lu t io n  

w ith o u t f i r s t  i s o l a t i n g  th o  d ry  polym er. The second l im i t a t i o n  d e f i n i t e l y  

r u le s  o u t th e  method f o r  polym ers o f  more th a n  45% c h lo r in e  c o n te n t .  

F o r tu n a te ly ,  a s  w i l l  be shown l a t e r ,  th e  c y c l i z a t io n  i s  e s s e n t i a l l y  com plete 

below 45% C l.

C. R e su lts  and D iscu ss io n .

1 . C h lo r in a tio n  o f  P o ly iso p ren e  in  th e  Dark and i n  Absence o f  Oxygon. 

When p o ly iso p re n e  in  d i l u t e  carbon  t e t r a c h l o r id e  s o lu t io n  i s  c h lo r in a te d  

s lo w ly  in  th e  absence o f  l i g h t  and oxygen th e  r e a c t io n  proceeds i n i t i a l l y  

in  a  s t r i c t l y  s u b s t i t u t iv e  m anner. A d d itio n  s e t s  in  s lo w ly  a f t e r  about 

0 .8  mol o f  c h lo r in o  have been  re a c te d  w ith  one b ass  m o lecu lar w e ig h t o f  

polym er, and e v e n tu a lly  becomes th e  dom inant mode o f  r e a c t io n .  A d d itio n  

ceasos a b ru p t ly  a f t e r  r e a c t io n  o f  2 .3  mols o f  c h lo r in e  and f u r th e r  c h lo r in a ­

t i o n  i s  a g a in  s t r i c t l y  s u b s t i t u t i v e .

T his b o h av io r i s  w e ll  i l l u s t r a t e d ' by th e  d a ta  o f  T tb lo  1 . As an 

a d d i t io n a l  sa feg u a rd  a g a in s t  o x id a tio n  0 .1 0  mol p e rc e n t o f  p h e n y l - p -  

naphthylam ine was usod i n  th e  c h lo r in a t io n  ex p erim en ts . By c h lo r in a t in g  

s lo w ly  th o  tem peracure  was k ep t w ith in  th e  range from 25-30°C. N itro g en  

was used as a d i lu e n t  f o r  th e  c h lo r in e  in  o rd e r to  f lu s h  ou t th e  hydrogen 

c h lo r id e  formed and p rev en t i t s  secondary  a d d i t io n  to  th e  rubber m o lecu le .
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Table 1

C h lo r in a tio n  o f  P o ly iso p ren e  in  th e  
Dark and in  Absence o f Oxygen

Mols o f  CI2  

r e a c te d  p e r 
b ase  mol 
o f  j jo ly iso p .

% C hlorine 
P ro d u ct

T o ta l Cl 
Atoms per 
iso p ren e  

u n i t

S u b s t i tu t iv e  
Cl atoms p e r 
iso p ren e  

u n it

A d d itiv e  
Cl atoms 
p e r i s o ­
prene u n i t

0 .38 16 .6 0 .38 0.38 0 .0 0
0 .4 6 19 .0 0 .46 0 .46 0 .0 0
1 .3 3 4 3 .6 1 .46 1,19 0 .2 7
1 .48 46 .8 1.65 1.30 0 .3 5
1 .79 5 2 .6 2.08 1.51 0 .57
2 .13 5 8 .4 2 .62 1.65 0 .9 7
2 .2 8 60 .3 2 .84 1.71 1 .13

When n i tro g e n  c o n ta in in g  0.5% o f  oxygen by volume was used  no e f f e c t  

cou ld  be observed  as long  a s  a n tio x id a n t  was used (T able  2 ) .  The d a ta  

o f  T ables 1 and 2 a re  p lo t te d  in  F ig u re  1 .

T able 2

C h lo r in a tio n  o f  P o ly iso p ren e  i n  th e  Dark w ith  
A n tlo x ld an t in  th e  P resence  o f  Sm all Amounts

o f  Oxygon

Mols o f  CI2  

re a c te d  per 
b ase  mol 
o f  p o ly iso p .

% C h lo rine  
P roduct

T o ta l Cl 
Atoms p er 
iso p ren e  

u n i t

S u b s t i tu t iv e  
Cl atoms p e r 

iso p ren e  
u n i t

A d d itiv e  
Cl atoms 
p e r  i s o ­
prene u n i t

0 .7 7 28 .6 0 .76 0.78 0 .0 0
0 .9 0 32.6 0 .91 0 .89 0 .02
1 .43 45 .6 1 .57 1 .30 0 .27
1 .53 47 .6 1 .70 1.37 0.33
1 .97 5 6 .0 2.38 1.56 0 .82
2.12 5 8 .3 2 .62 1.63 0 .99
2 .25 60 .3 2 .84 1.67 1.17
2 .37 61.5 2 .98 1.77 1 .21
2 .5 0 62.5 3 .10 1.89 1.21

C h lo r in a tio n  p ro d u c ts  o f  r e l a t i v e l y  low c h lo rin e  c o n te n t (0  -  40^{ C l)
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s t i l l  p o ssess  soma ru b b e r l ik e  c h a r a c t e r i s t i c s .  These o f  course  d ec rea se  

w ith  in c re a s in g  c h lo rin o  c o n te n t . There i s  a ten d en cy  f o r  th e s e  polym ers 

t o  s p l i t  ou t hydrogen c h lo r id e  upcn ag in g .

P roducts  o f  40 to  55$ Cl a re  tough w h ite  s o l id s  hav ing  p r a c t i c a l l y  

no ru b b e r lik o  c h a r a c t e r i s t i c s .  They a re  th e rm o p la s tic  and q u ite  s ta b le  

t o  s p l i t t i n g  o u t o f  hydrogen c h lo r id e  a t  a rd in a ry  te m p e ra tu re s .

Polym ers o f  more th a n  55$ c h lo r in e  c o n ten t a re  w h ite , f la k y  r e s i n s ,  

a re  o n ly  s l i g h t l y  th e rm o p ld s tic  and can be molded in to  h a rd , b r i t t l e  

s o l id s .

In sp ec tio n , o f th e  d a ta  shows th a t  th e  t o t a l  amount o f c h lo r in e  

which can be added to  th e  double bonds i s  o n ly  somewhat more th an  one 

h a l f  o f  th e  amount t h a t  cou ld  be expec ted  t c  add on tho  b a s is  o f  th e  i n i t i a l  

u n s a tu r a t io n  o f  th e  p o ly iso p re n e  c h lo r in a te d .  S in ce  th e  u n s a tu ra t io n  

o f  f u l l y  c h lo r in a te d  p o ly iso p re n e  i s  ze ro 29, ab o u t h a l f  o f  th o  u n s a tu ra ­

t i o n  i s  l o s t  due to  causes o th e r  th a n  a d d i t io n  o f  c h lo r in e  t o  th e  double 

bonds. A c y c l iz a t io n  in v o lv in g  two n e ig h b o rin g  iso p ren e  u n i ts  t o  y ie ld  

a  six-memberod r in g  c o n ta in in g  one double bond o f f e r s  a  p o s s ib le  e x p lan a ­

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

2 . C y c liz a tio n  d u rin g  C h lo r in a tio n . At f i r s t  g lance  i t  appears  

t h a t  i f  com plete c y c l i z a t io n  in to  six-membered r in g s  occured  th e  amount 

o f  a d d i t iv e  c h lo r in e  a t  com plete c h lo r in a t io n  sh o u ld  be two c h lo r in e  atoms 

p e r  r in g ,  o r  one atom p e r o r ig in a l  iso p ren e  u n i t .  C lo se r a n a ly s is  shows 

t h i s  n o t t o  be so .

Let us assume a ch a in  o f  n iso p re n e  u n i ts  and th a t  i n i t i a l l y  th e  

ch a in  i s  a tta c k e d  by c h lo r in e  a t  random p o in ts .  At th e  p o in t  o f  a t t a c k  

c y c l iz a t io n  w ith  a  n e ig h b o rin g  iso p ren e  u n i t  ta k e s  p la c e .  As th e  r e a c t io n  

proceeds some o f  th e  iso p ren e  u n i ts  w i l l  become i s o la te d  by v i r t u e  of

(29) F ie ld ,  o p . c i t .

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



( 1 6 )

b e in g  surrounded  on b c tn  s id e s  by u n i t s  w hich have a lre a d y  c y c l is e d .  The

is o la te d  u n i t s  r e t a i n  t h e i r  double bonds and th e s e  can in  tu r n  be s a tu r a te d

by th e  a d d i t io n  o f  c h lo r in e .

I t  i s  p o s s ib le  to  c a lc u la te  s t a t i s t i c a l l y  th e  f r a c t io n  o f  iso p ren e

u n i t s  w hich become is o la c o d . The problem  i s  s im i la r  in  n a tu re  to  t h a t  o f

30th e  co n d en sa tio n  o f  p o lym ethy lv inv lke tone  upon h e a tin g  o r th e  rem oval 

o f  c h lo r in e  from  p o ly v in y l c h lo r id e  w ith  z in c  d u s t

The com plete c a lc u la t io n  i s  g iven  in  th e  ap p en d ix . The r e s u l t  i s  

t h a t  f o r  ch a in s  o f  more th a n  e i t h t  iso p re n e  u n i t s  th e  fo llo w in g  r e l a t i o n  

h o ld s :

F ra c t io n  o f  iso p re n e  u n i t s  u n cy c lized  = 0 .1353 (1 + iL) ----------------------------(12)

For s h o r te r  ch a in s  (n  sm a lle r  th a n  8 ) :

1 (-2 } sF ra c tio n  o f  iso p re n e  u n i ts  u n cy c lized -•= _  y  .I... '  (n - s )  - ———  ----------(13)
fl ** ~ s «s=o

For lo n g , u n in te r ru p te d  chains o f  iso p re n e  u n i t s ,  such as  can be 

ex pec ted  to  o ccu r i n  n a tu r a l  ru b b er th e  f r a c t i o n  o f u n cy c lized  u n i ts  

would be ap p ro x im ate ly  0 .1 3 5 . Hence th e  t h e o r e t i c a l  l im i t  o f  a d d i t iv e  

c h lo r in a t io n  would be 1 .135 a d d i t iv e  c h lo r in e  atoms p e r iso p re n e  u n i t .

I t  i s  s i g n i f i c a n t  in  t h i s  co n n ec tio n  t h a t  th e  u n s a tu ra t io n  o f  co m ple te ly
rt*}

c y c liz e d  rubber (Thermoprene SL) i s  57# , in  w x c e lle n t agreem ent w ith

e q u a tio n  (1 2 ) .
\

In  th e  case  o f p o ly iso p ren e  th e  case  i s  more co m p lica ted . P o ly iso p ren e
\

p rep ared  by em ulsion  p o ly m e riz a tio n  c o n ta in s  ap p ro x im a te ly  10# e x te r n a l

(30) M arvel and Levesque, J .A .C .S . 60, 280, (1938) '>

(31) F lo ry , J .A .C .S .,  61 1518, (1939)

(32) Davis and B lak e , "C hem istry  and Technology o f  Rubber"
R oinhold P u b lish in g  C o rp ., 1937, p . 659.
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double bonds due t o  1-2 and 3-4  a d d i t io n  d u r in g  p o ly m e ris a tio n . These 

oannot be ex p ec ted  to  undergo c y c l iz a t io n  in  th e  same manner as th e  norm al 

1 -4  iso p re n e  u n i t s .  Assuming t h a t  th e s e  s id e  ch a in s  a re  l o s t  t o  c y c l i z a t io n ,  

i t  i s  p o s s ib le  to  e s tim a te  th e  t o t a l  amount o f  a d d i t iv e  c h lo r in e  i n  th e  

fo llo w in g  m anner:

The u n s a tu r a t io n  o f th e  p o ly iso p re n e  used in  th e  c h lo r in a t io n  ex ­

p erim en ts  was 96?S. This means t h a t  o f  100 is o p re n e  u n i t s  

4 a rc  s a tu r a te d

10 a re  1-2  and 3-4  a d d i t io n  u n i ts  ( o x te rn a l  double bonds)

86 a re  a v a i la b le  f o r  c y c l iz a t io n  

On th e  av erag e  th e  le n g th  o f  each  s e c t io n  o f  th o  ch a in  c o n ta in in g  o n ly  

c o n secu tiv e  norm al iso p re n e  u n i ts  i s  th e n  s l i g h t l y  more th a n  6 . A ccording 

t o  e q u a tio n  (13) th e  f r a c t io n  o f iso p re n e  u n i t s  l e f t  u n c y c lize d  i s  0 .1 8 .

Thus f o r  100 iso p re n e  u n i t s  th e  number o f  c h lo r in e  atoms r e a c t in g  by 

a d d i t io n  i s

20 due t o  a d d i t io n  t o  v in y l  s id e  ch a in s  

2 x  0 .18  x 86 = 31 due to  a d d i t io n  to  i s o la te d  u n i ts

0 .82  x  86 = 71 due t o  a d d i t io n  to  c y c liz o d  u n i t s

The t o t a l  number o f  a d d i t iv e  c h lo r in e  atoms th u s  shou ld  be 1 .22  p e r iso p re n e  

u n i t .  The observed  v a lu e  o f  1 .21  i s  w e ll  w i th in  th e  l im i t s  o f  ex p e rim en ta l 

e r r o r .  The number o f  double bends l o s t  due to  c y c l iz a t io n  i s  a p p ro x i­

m a te ly  0 .3 6  p e r iso p re n e  u n i t .

I n t r i n s i c  v i s c o s i ty  measurements p rov ido  f u r th o r  ev idence f o r  th o  

c y c l i z a t io n .  Tho t h e o r e t i c a l  c o n s id e ra tio n s  have been  d iscu ssed  (p . 12)

The i n t r i n s i c  v i s c o s i ty  o f th o  polymer shews a sh a rp  drop d u rin g  th o  e a r ly  

s ta g e s  o f  c h lo r in a t io n  and le v e ls  o f f  s t i l l  w ith in  th e  l im i t s  o f i n i t i a l  

s u b s t i t u t iv e  r e a c t io n  (T able  3 , F ig u re  2 ) .
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Table S

I n t r i n s i c  V is c o s i t ie s  o f  C h lo rin a te d  P o ly iso p re n e s  
( in  c a rb o n ’t e t r a c h l o r id e )

Polymer % Cl 0 1 -Atoms p e r 
Iso p re n e  u n i t

I n t r i n s i c
V is c o s i ty

P o ly iso p ren e
C h lo rin a te d

0 0 0 .7 5

P o ly iso p ren e 1 1 .0 0 .2 4 0 .5 4
16 .6 0 .3 8 0 .3 8
19 .0 0 .4 6 0 .3 4
4 3 .6 1 .46 0 .2 8
44 .8 1 .53 0.27
4 6 .8 1 .65 0 .2 6

I t  th u s  ap p ea rs  t h a t  c y c l i z a t io n  i s  e s s e n t i a l l y  com plete b e fo re  th e  

b u lk  o f  th e  a d d i t iv e  r e a c t io n  s e t s  i n .  T h is i s  i n  agreem ent w ith  th e  

assum ption  made in  th e  t h e o r e t i c a l  c a lc u la t io n  o f  th e  l im i t  o f  a d d i t iv e  

r e a c t io n .

The d e c rea se  in  u n s a tu r a t io n  due to  c y c l i z a t io n  i n  th e  e a r ly  s ta g e s  

o f  c h lo r in a t io n  sh o u ld , on th e  b a s is  o f  th e  argum ents, g iv en  p re v io u s ly  

( p .  1 0 ) ,  be m easurab le  by io d in e  c h lo r id e  t i t r a t i o n .  Such a  d e c re a se  in  

io d in e  v a lu e  was observed  (T ab le  4 ) .  U n sa tu ra tio n  was c a lc u la te d  by 

e q u a tio n  (10) and th e  deg ree  o f  c y l iz a t io n  was e s tim a te d  from  e q u a tio n  (1 1 ) .

T ab le4

Loss o f  U n sa tu ra tio n  duo t o  C y c l iz a t io n  as 
D eterm ined by io d in e  C h lo rid e  T i t r a t i o n

Polymer % Cl Cl atoms p e r 
i s o p ,  u n i t

Io d in e  No. % u n s a t .  
(bjrlodine 
number)

Degree o f
c y c l iz a t io n
(do u b le
bonds l o s t  p e r  
i s o p .  u n i t  )

P o ly iso p ren e
C h lo rin a ted

— — 357 96 -------

P oly isoprono 1 1 .0 0 .2 4 314 94 0 .02
ii 16 .6 0 .3 8 265 85 0 .11
it 1 9 .0 0 .4 6 247 81 0 .1 5
it 28 .6 0 .7 6 191 71 0 .2 7
it 32 .6 0 .91 171 68 0 .2 9

T h e o re tic a l  l im i t  o f  c y c l i z a t io n  * 0 .3 6 .

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



( 1 9 )

The r e s u l t s  a g a in  p o in t  to  c y c l i z a t io n  a t  th e  "beginning o f  th e  

c h lo r in a t io n  . I t  i s  w e l l  t o  i n t e r p r e t  th e  r e s u l t s  p re s e n te d  i n  Table 4 

i n  a  q u a l i t a t i v e  way and t o  c o n s id e r  th e  v a lu e s  f o r  d eg ree  o f  c y c l i z a t io n  

a s  rough e s t im a te s .  However, combined w ith  th e  v i s c o s i t y  d a ta  th e  r e s u l t s  

show c l e a r ly  t h a t  c y c l i z a t io n  i s  e s s e n t i a l l y  com plete below  40jS C l.

3 . U n sa tu ra tio n  c f  H ig h ly  C h lo rin a te d  P o ly is o p re n e s . The io d in e  

v a lu e s  o f  polym ers c o n ta in in g  more th a n  one c h lo r in e  atom  p e r  iso p re n e  

u n i t  f a l l  c o n s id e ra b ly  below  th e  t h e o r e t i c a l  v a lu e s  c a lc u la te d  on th e  

basiB  o f  t o t a l  p o s s ib le  c y c l i z a t io n  and a d d i t iv e  r e a c t io n  ( e q u a t io n  1 1 ) .

T ab le  5

U n a a tu ra tio n  o f  H ig h ly  C h lo rin a te d  P o ly iso p re n e s

% Cl Cl atom s 
p e r  i s o p .  un .

A d d itiv e  
Cl atoms

U n sa tu ra tio n

by Io d in e  # by c y c l .  
it a d d i t io n

4 3 .6 1 .4 6 0 .2 7 44 47
4 5 .6 1 .57 0 .27 33 46
46 .8 1 .65 0 .3 5 35 42
5 2 .6 2 .08 0 .5 7 12 31
5 6 .0 2 .38 0 .82 7 19
5 8 .4 2 .62 0 .9 7 2 12
60 .3 2 .8 4 1 .1 3 0 4
61.5 2 .98 1 .21 0 0
62.5 3 .1 0 1 .21 0 0

F or example th e  u n s a tu r a t io n  as  g iv en  by th e  io d in e  v a lu e  o f  a  sam ple 

o f  56JS c h lo r in e  c o n te n t  i s  7%. However f u r t h e r  c h lo r in a t io n  o f  th e  sam ple 

r e s u l t s  in  an a d d i t iv e  u p tak e  o f  0 .39  c h lo r in e  atoms p e r  is o p re n e  u n i t ,  

showing t h a t  th e  a c tu a l  u n s a tu r a t io n  i s  a t  l e a s t  19.5?S. T h is d em o n stra te s  

c l e a r l y  t h a t  i n  th e  ran g e  o f  h ig h  c h lo r in a t io n  th e  io d in e  v a lu e  i s  no 

lo n g e r  a p p l ic a b le .

F ig u re  3 shows a  p lo t  o f  u n s a tu r a t io n  v s .  p e rc e n t  c h lo r in e .  For 

sam ples o f  low c h lo r in e  c o n te n t th e  v a lu es  g iven  in  T able  4 w ere u sed ,
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f o r  h ig h ly  c h lo r in a te d  polym ers th o s e  o f  T able 5 w ere u sed . The d o tte d  

p o r t io n  o f  th e  curve r e p re s e n ts  th e  in te r p o la t io n  in  th e  range  in  w hich 

th e  io d in e  v a lu e  i s  no lo n g e r  r e p r e s e n ta t iv e  o f  u n s a tu r a t io n  and in  

w hich th e  c y c l i z a t io n  may n o t y e t  be com plete.

4 . Mechanism o f  C h lo r in a t io n . The q u a n t i ty  o f  hydrogen c h lo r id e

g iv e n  o f f  in  th e  i n i t i a l  s ta g e s  o f  c h lo r in a t io n  f a r  exceeds th e  amount

a c c o u n ta b le  f o r  by th e  c y c l i z a t io n  r e a c t io n  a lo n e .  Hence s im u lta n e o u s ly

w ith  th e  c y c l i z a t io n  s t r a i g h t  s u b s t i t u t i o n  o f  one c h lo r in e  p e r  iso p re n e

u n i t  i s  ta k in g  p la c e .  As has been  m entioned (p . 10) t h i s  s u b s t i t u t i o n

a p p a r e n t ly  occu rs  in  th e  number 1 o r  4 p o s i t io n s  s in c e  th e  c h lo r in e

i s  rem ovable w ith  a lc o h o l ic  s i l v e r  n i t r a t e .

C
«

- c - c * c - c -
1 2  3 4

F u r th e r  ev idence  f o r  s u b s t i t u t i o n  in  th e s e  p o s i t io n s  can bo g a th e red
CH3

from  th e  c h lo r in a t io n  o f  s im p le  o le f in s  c o n ta in in g  th e  i  g ro u p .
-  C = CH -

B urg in  and c o w o r k e r s c h l o r i n a t e d  iso b u ty ie n e  b o th  in  th e  l iq u id  

and gaseous p h a se s . In  each case  th e y  o b ta in ed  a y ie ld  o f  87% o f  

m e th a l ly l  c h lo r id e  and o n ly  7% s a tu r a te d  d 'ic h lo r id e s ,  th e  r e s t  b e in g  

u n s a tu ra te d  d ic h lo r id e s ,  t r i c h l o r i d e s  e t c .  Secondary a d d i t io n  o f  HC1 

amounted to  ab o u t The fo rm a tio n  o f  m e th a l ly l  c h lo r id e  wav n o t due

t o  s p l i t t i n g  o u t o f  HC1 from  1 ,2 -d ic h lo ro is o b u ta n e , as  th e  e q u ilib riu m , 

betw een m e th a lly l  c h lo r id e  and HC1 was found to  be f a r  on th e  s id e  o f 

1 ,2 -d ic h lo ro is o b u ta n o . L ikew ise  th e  c h lo r in a t io n  o f  " t e r t i a r y  amylone” 

(a  m ix tu ro  o f 2 -m eth y lb u ten e -2  and 2 -m e th y lb u to n e -l)  r e s u l t e d  in  a y ie ld

(3 3 ) B urg in , E ngs, G r o l l ,  and H oarne; Ind.E ng.C hom ., 31 , 1413 (1939)
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o f  80?J o f  u n s a tu ra te d  a l l y l  type  m onochloridos (2 -m e th y l, 3 -c h lo ro  

b u te n e -1  and 2 -m eth y l, l - c h lo ro b u te n e -2 ) .

Dihydromyrcene ( d i - i s o n r e n e ) . sq u a len e  and l-m sth y lcy c lo h ex en e^^  

l ik e w ise  c h lo r in a te  p red o m in an tly  by s u b s t i t u t i o n  (8O-9OJ0.

The co u rse  o f  th e  c h lo r in a t io n  o f  p o ly iso p re n e  as  f a r  as th e  normal 

iso p re n e  u n i t s  a re  concerned , i s  th e n :

1 . )  I n i t i a l  s u b s t i t u t io n

2 .)  S im ultaneous c y c liz a r .io n  accom panied by e v o lu tio n  o f ECl

3 .)  A d d itio n  to  th e  o c in t  o f  s a tu r a t io n

4 . )  S u b s t i tu t  io n

The e x a c t mechanism by which th e  i n i t i a l  s u b s t i t u t i o n  ta k e s  p la c e  i s  

u n c e r ta in .  An a d d i t iv e  d ic h lo r id e  may be form ed, w hich by s p l i t t i n g  out 

hydrogen c h lo r id e  and re fo rm a tio n  o f  th e  double bond gees over in to  a 

c h lo r in e  s u b s t i t u te d  iso p re n e  u n i t :
ch3 ch3
’ CI2 '

-  CH2 -  C *  CH -  CH2  >- -  CH? -  C -  CH -  CH -  — >•
t t 2
Cl Cl

CKg

— - C H s C  -  CII -  ce2 4-  HC1
t

Cl

The r e s u l t  i s  o b v io u s ly  th e  same as d i r e d t  s u b s t i t u t i o n  in  th e  

1 -p o s i t io n  (an a lo g y  w ith  2-m ethy l but-ene 2 ) .

CH3 CH,
1 c l 2 ’

-  CH2 -  C = CH -  CH2 —3- -  CH -  C -  CH -  CHg -  4- HC1

Cl

(34) B loom fie ld , J .C h em .S o c ., 1943, 289.
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"p r o p o s e d  s c h e m e  f o r  c o m p l e t e  c h l o r i n a t i o n

OF 1-4 I S O P R E N E  U N I T S

-c = C H  CH, CHr  C'

2 CLz

-CH C ' = C H  CHjf CH C = C H  CH2-

H CL
/ C  C \/ H  h \  ■

C-CH, +  H CL
/C7— CH2—

* H H
C------C

/  «\
H .C -C  HC CL

\  / -C ----- C —  CH-

CL CH,  CL

( P O R  T R A N S  UNI T S  )

H CL
, c — c x

C L CH 

C H — C

H H \ . C L
/  " c h 3 

c -----c-— c h 2-

CL CH, CL

2 C L Z

CL CL

/ H  H \

( F O R  C I S  U N I T S )

CL CH V"CH,

CL CHx CL CL

+  2 HCL

HCL

-+* HCL*  

-G H z-----
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B u rg in 's  experim ents w ith  iso b u ty le n a  fa v o r  th e  d i r e c t  s u b s t i t u t io n .

The main c y c l iz a t io n  cannot be e f fe c te d  th ro u g h  th e  m ethyl groups 

s in c e  such  a sh o rte n in g  o f th.s ch ain  would h a rd ly  be s u f f i c i e n t  to  e x p la in  

th e  la rg e  drop in  i n t r i n s i c  v i s c o s i ty .  A c y c l iz a t io n  w ith  th e  main ch a in  

i s  a more p la u s ib le  a l t e r n a t iv e .  F ig u re  4 shows a p o s s ib le  scheme f o r  

th e  c h lo r in a t io n  o f two a d ja c e n t iso p re n e  u n i t s .  A s tu d y  o f m o lecu lar 

models shows t h a t  c is  and t r a n s  u n i t s  must c y c liz e  in  a s l i g h t l y  d i f f e r e n t  

m anner. In  b o th  cases p r a t i c a l l y  s t r a i n l e s s  s t r u c tu r e s  r e s u l t  which on 

f u r th e r  c h lo r in a t io n  become id e n t i c a l .  There i s  a f u r th e r  p o s s i b i l i t y  o f  

fo rm ing  a  s t r a i n l e s s  r in g  th rough  th e  m ethyl g roups:

P o s s ib ly  such  a c y c l iz a t io n  a ls o  occurs to  some e x te n t .  The f i n a l  s t r u c tu r e  

h av in g  th e  e m p ir ic a l form ula C^oH^jCly would c o n ta in  63*7% C l. S ince 

t h i s  f ig u r e  r e f e r s  on ly  to  th e  norm al iso p ren e  u n i ts  w hich undergo c y c l i z a t io n ,  

i t  i s  a p p a re n t t h a t  n r  d e f in i t e  c h lo r in e  c o n ten t can be s p e c i f ie d  f o r  

co m p le te ly  c h lo r in a te d  p o ly iso p re n e . In  th e  d a rk  and in  s t r i c t  absence o f  

oxygen c h lo r in a t io n  can n o t be c a r r ie d  much f a r t h e r  th a n  62,5%. C h lo rin ­

a te d  p o ly iso p re n e  o f  h ig h e r  c h lo r in e  c o n ten t can however be p rep a red  by 

changing  th e  r e a c t io n  c o n d itio n s .

5 . In f lu e n c e  o f Tem perature o f  th e  C h lo rin a tio n  in  D arkness and 

Absence o f  Oxygen. W ith in  th e  range from  0° to  77°C th e  tem p era tu re  of 

c h lo r in a t io n  has l i t t l e  e f f e c t  on th e  r e l a t i v e  amounts o f  a d d i t io n  and 

s u b s t i t u t i o n  b u t does e f f e c t  th e  r a t e  o f th e  r e a c t io n .  The c h lo r in a t io n  

in  th e  co ld  proceeds f a s t e r .  A com parison o f  r e s u l t s  o b ta in ed  by c h lo r in a ­

t i o n  a t  th re e  d i f f e r e n t  te m p e ra tu re s  i s  g iven  in  Table 6.

(35) B urgin  e t  a l . ,  op . c i t .
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T able 6 *.

E ffe c t  o f  Tem perature on C h lo rin a tio n  o f  
P o ly iso p ren e  in  th e  Dark and in  Absence o f  Oxygen 

(D ata f o r  30UC a re  ta k en  f r o m P ig s .  2 and 4)

% Cl Temp. °C S u b s t i t .  Cl A d d itiv e  Cl U n sa tu ra tio n
atoms p e r atoms p e r (by io d in e
is o p . u n i t i s o p .  u n i t v a lu e )

1 1  n 0° 0 .2 4 0 94
30° 0 .2 4 0 94

43.9
0° 1 .2 0 0 .24

30° 1 .24 0 .24 —

°o 1 .71 1.17 __
60.6 30 1.69 1.17 —

36.2
77° 0 .99 0 .08 66
30° 0 .98 0 .08 62

41 .5 77° 1.07 0..27 48
30° 1 .12 0 .1 7 53

48 .3
77° 1.42 0 .33 —
30° 1 .39 0 .4 0 —

6. In flu en ce  o f  Sm all amounts o f  Oxygen and L ig h t . Oxygen has a  

pronounced e f f e c t  on h a lo g e n a tio n  r e a c t io n s .  I t  i n h ib i t s  th e  s u b s t i t u t iv e  

c h lo r in a t io n  o f e th y le n e  and combined w ith  th e  a c t io n  o f  l i g h t  b rin g s  

ab o u t th e  ra p id  h a lo g e n a tio n  o f  a c o n s id e ra b le  number o f  o rg an ic  compounds 

such  as cyclop ropane , to lu e n e ,  phenanthrene and others® 7 .

Y.'hen th e  c h lo r in a t io n  o f  p o ly iso p ren e  i s  c a r r ie d  o u t in  d if f u s e  

d a y l ig h t ,  w ith o u t ant io x id a n t  and in  an  atm osphere o f abou t 0 .3  volume 

p e rc e n t o f oxygen, c e r t a in  d e v ia t io n s  from  th e  b eh av io r d e sc rib e d  

f o r  th e  c h lo r in e t io n  in  th e  dark  v /ith  a n tio x id a n t  can be observed :

(56) S tew art and Sm ith , J ,A .C .S .,  51, 3082 (1929)

(37) K haraoch, Fineman and liayo, J .A .C .S .,  61 , 2139 (1939)
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(1 ) A d d itiv e  r e a c t io n  s e ts  in  somewhat e a r l i e r

(2 ) The t o t a l  e x te n t  o f  a d d i t iv e  r e a c t io n  i s  n o tic e a b ly  la r g e r

(3 ) C h lo r in a tio n  can be c a r r ie d  f a r t h e r .

The ex p erim en ta l r e s u l t s  a re  g iven  in  Table 7 and p lo t te d  in  F ig u re  5 .

T able 7

E f fe c t  o f  L igh t and Sm all Amounts o f  
Oxygen on th e  C h lo rin a tio n  of' P o ly iso p ren e

Hols o f  & £  
re a c te d  p e r 
base  mol 
o f  p o ly iso p .

% C h lo rine  
P ro d u ct

T o ta l Cl 
Atoms p e r 
iso p ren e  

u n i t

S u b s t i tu t iv e  
Cl atoms p e r  

iso p ren e  
u n i t

A d d itiv e  
Cl atoms 
p e r i s o ­
p rene  u n i t

1 .0 6 37 .4 1 .13 0 .99 0 .1 4
1 .34 4 4 .0 1.48 1.21 0.27
1.67 51 .3 1 .79 1.56 0 .23
2 .06 56 .9 2 .47 1 .65 0 .82
2 .11 58 .4 2 .62 1 .6 0 1.02
2 .3 3 61.5 2 .98 1 .69 1.29
2 .46 62.7 3 .14 1.78 1.36
2 .47 62.9 3 .16 1 .79 1.37
2 .65 64.3 3 .35 1 .95 1 .40
3 .04 66.5 3 .69 2 .3 0 1.39

In  view o f  th e  r e s u l t  o f  K harasch 's  work th e  in c re a se  in  a d d i t iv e

r e a c t io n  o f c h lo r in e  w ith  p o ly iso p ren e  due t o  oxygen i s  n o t s u r p r is in g .

The a d d it iv e  r e a c t io n  p ro b ab ly  fo llow s a  f r e e  r a d ic a l  course  s im i la r  to

38th e  h a lo g en a tio n s  d e sc r ib e d  by K harasch.

The in c re a se d  amount o f  a d d i t io n  d e c rea se s  th e  number o f  iso p re n e  

u n i ts  a v a i la b le  f o r  c y c l iz a t io n  and th u s  a f f e c t s  th e  e n t i r e  course o f  

th e  r e a c t io n .

As cou ld  be expec ted  th e  f i n a l  s u b s t i t u t iv e  r e a c t io n  o f  c h lo r in e  w ith  

th e  s a tu r a te d  c h lo r in a te d  p o ly iso p ren e  i s  c a ta ly z e d  by l i g h t  and th e  

ch ic r ir« a tio n  procecids f a r th o r .

i' 23) ib id .
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7 . S o l u b i l i t y . I t  has baen m entioned t h a t  i n  th e  c h lo r in a t io n  o f  

p o ly iso p ren e  some g e l i s  formed a f t e r  abou t 1 .5  mols o f  c h lo r in e  have been 

re a c te d  w ith  one base  mol o f p o ly iso p re n e . This g e l g ra d u a lly  d isap p e a rs  

upon f u r th e r  c h lo r in a t io n .

A more pronounced s o l u b i l i t y  lo s s  ta k e s  p la ce  when polym ers o f  low 

c h lo r in e  c o n te n t a re  i s o la te d  from  s o lu t io n .  These p ro d u c ts  a lth o u g h  

i n i t i a l l y  s o lu b le  in  carbon te t r a c h lo r id e  become a lm o st co m p le te ly  in s o lu b le  

in  any o rg a n ic  s o lv e n t .  I t  i s  b e lie v e d  t h a t  t h i s  b eh av io r i s  due t o  o x id a tio n  

d u rin g  d ry in g  o f  th e  polymers le a d in g  to  c r o s s - l in k in g  o f  th e  c h a in s  w ith  

accompanying lo s s  in  s o l u b i l i t y .  The h ig h e r  c h lo r in a t io n  p ro d u c ts , 

p o sse ss in g  le s s  u n s a tu ra t io n  do n o t o x id iz e  as r e a d i ly  and co n seq u en tly  do 

n o t e x h ib i t  t h i s  p ro p o r ty . T able 8 g ives benzene s o l u b i l i t i e s  f o r  a  

number o f  c h lo r in a te d  p o ly iso p re n e s .

Table 8

Benzene S o lu b i l i t i e s  o f  C h lo rin a te d  P o ly iso p ren es

C onditions o f  C h lo r in a tio n

foCl

Benzene
S o lu b i l i ty

%
I l lu m in a t io n Temp. °C Oxygen

Dark 25-30° n e g l ig ib le , 16 .6 19
a n tio x id a n t 19 .0 23

used 43 .6 42
46 .8 63
52 .6 71
5 8 .4 100
60 .3 95

Dark 0° n 11 .0 22
44 .8 5

i________ ..__
60.6 92

! Dark 77° ft 36 .2 30t 41.5 441
1 48.3 96
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Table 8 
( 3 o n t .)

C onditions o f C h lo r in a tio n #  Cl Benzene
S o lu b i l i ty

%I l lu m in a t io n Temp. °C Oxygen

Dark 25-30° 0 .3 # , b u t 2 8 .6 9
w ith  0 .1 # 3 2 .6 10
a n t io x id a n t 4 5 .6 31

4 7 .6 74
5 6 .0 73
5 8 .3 90
6 0 .3 94
61 .5 92
62 .5 96

D iffu se 25-30° 0 .3 # 3 6 .4 15
D ay -lig h t 3 7 .4 15

4 4 .0 14
5 1 .3 34
5 6 .9 99

above 58 . 4 100

Some v a r i a t i o n  i#  seen, to  a r i s e  duo t o  d i f f e r e n c e s  in  c h lo r in a t io n  

p ro ced u re . C h lo r in a tio n  a t  r e f lu x  le a d s  to  h ig h e r  s o l u b i l i t i e s .  

C h lo r in a tio n  w ith o u t a n t io x id a n t  i n  d a y l ig h t  cau ses  a  d ecrease  in  benzene 

s o l u b i l i t y .  These d if f e r e n c e s  a re  n o t e a s i l y  e x p la in e d . In  th e  case  o f  

c h lo r in a t io n  w ith o u t a n t io x id a n t  th e  polym ers a r e  more s u s c e p t ib le  to  

o x id a tio n  d u rin g  w ork ing  up o f  th e  sample w hich nay  e x p la in  th e  s o l u b i l i t y  

lo ss*  This i s  s u b s ta n t ia te d  by r e s u l t s  o b ta in e d  w ith  polym ers p rep a red  

w ith  benzoyl p e ro x id e  a s  a c h lo r in a t io n  c a t a l y s t .  The s o l u b i l i t y  o f  th e s e  

polym ers w i l l  bo d isc u sse d  a t  a  l a t e r  p o in t .

8 . The C h lo r in a tio n  o f  P o ly iso p re n e  i n  th e  P resen ce  o f  U l t r a v io le t  

L ig h t and P e ro x id e s . I f  th e  in c re a s e  in  a d d i t iv e  r e a c t io n  due t o  oxygen 

and d if f u s e  d a y lig h t  i s  due to  a f r e e  r a d ic a l  c h a in  r e a c t io n  th e n  one 

sh o u ld  ex p ec t a  f u r th e r  s h i f t  tow ard  a d d i t iv o  c h lo r in a t io n  undor c o n d i­

t i o n s  fa v o rin g  th o  fo rm a tio n  o f  f r e e  r a d ic a l s  and a to m ic  c h lo r in e .

Such co n d itio n s  a re  r e a d i ly  e s ta b l is h e d  by c a r ry in g  o u t th e  c h lo r in a t io n
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i n  th e  p resen ce  o f  a  p erox ide  c a ta ly s t  w ith  s im u ltan eo u s i r r a d i a t i o n  by 

u l t r a v i o l e t  l i g h t .

In d eed , p rofound changes in  bo th  th e  mode o f  c h lo r in a t io n  a s  w e ll  as 

th e  p h y s ic a l p r o p e r t ie s  o f th e  p ro d u c ts  were observed  when c h lo r in a t io n  

was c a r r ie d  o u t in  th e  presoncd o f 1% o f  benzoy l p e ro x id e  and in  th e  l i g h t  

o f  a 100 w a tt  h ig h  p re s su re  m ercury a rc  lam p. The g e n e ra l in c re a s e  in  

a d d i t iv e  r e a c t io n  i s  s t r i k i n g ,  th e  t o t a l  up take  o f a d d i t iv e  c h lo r in e  

b e in g  1 .76  atoms p e r  iso p ren o  u n i t .  The c h lo r in a t io n  proceeds much f a s t e r  

and can  be c a r r ie d  t o  a  c h lo r in e  c o n te n t o f  more th a n  70^ (T ab le  9 , F ig u re  7 ) .  

W ith in  th e  l im i te d  te m p e ra tu re  range o f  0°-77°C no s ig n i f i c a n t  d i f f e r e n c e  

in  th e  amounts o f  a d d i t iv e  and s u b s t i t u t i v e  c h lo r in a t io n  can be o b serv ed .

Table 9

The C h lo r in a tio n  o f  P o ly iso p ren e  C ata lyzed  by  U l t r a v io le t  
L ig h t and Benzoyl P ero x id e

Mols o f  Cl2 
re a c te d  p e r  
base  mol 
o f  p o ly is o p .

% C h lo rine  
P ro d u ct

T o ta l Cl 
Atoms p e r  
iso p re n e  

u n i t

S u b s t i tu t iv e  
Cl atoms per 

iso p re n e  
u n i t

A d d itiv e  
Cl atoms 
p e r  i s o p .  

u n i t

C h lo rin a te d  a t  Room Tem perature:

0 .6 1 2 5 .0 0.63 0 .5 8 0 .0 6
0 .99 3 6 .0 1.07 0 .91 0 .1 6
1 .0 6 38 .2 1.17 0 ,95 0 .22
1 .15 4 0 .0 1 .26 1 .03 0 .23
1 .26 43 .7 1.47 1 .06 0 .4 1
1 .51 4 9 .8 1.8-7- 1 .15 0 .72
1 .88 5 7 .4 2 .53 1 .23 1 .3 0
2 .02 59 .2 2 .73 1 .30 1 .4 3
2 .21 62 .2 3.09 1 .33 1.76
2 .29 62.9 3 .17 1.41 1 .7 6
2 .93 67.2 3.81 2 .06 1 .75
3 .07 67.9 3.92 2.22 1 .7 0
3 .51 70 .4 4 .39 2 .63 1 .7 6

C h lo rin a te d  a t 77° C:

0 .15
0 .36
1 .53

7 .9
16 .3
50 .6

0 .16
0 .37
1 .93

0 .15
0 .35
1.13

0.01
0 .02
0 .8 0
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T able 9 
( C ont. )

Mols o f  Clg 
re a c te d  p e r 
b ase  mol 
o f  p o ly is o p .

$  C hlci in e  
P ro d u ct

T o ta l  Cl 
Atoms p e r  
iso p re n e  

u n i t

S u b s t i tu t iv e  
Cl atoms p e r 

iso p ren e  
u n i t

A d d itiv e  
Cl atoms 
p e r  i s o p .  

u n i t

C h lo r in a te d  a t  0°C:

0 .9 0 3 4 .2 0 .9 9 0 .8 1 0 .1 7
2 .05 5 9 .7 2 .79 1 .32 1 .4 7
3 .5 3 70 .8 4 .4 6 2 .5 9 1 .87

I t  i s  obvious t h a t  th e  amount o f c y c l iz a t io n  m ust bo c o n s id e ra b ly  

s m a l lo r .  U n fo r tu n a te ly  th e  methods used  to  o s tim a te  c y c l i z a t i o n  and  un­

s a tu r a t i o n  canno t bo a p p l ie d  to  t h i s  case  s in c e  no c o n c lu s io n s  can be 

drawn from  i n t r i n s i c  v i s c o s i t i e s  and io d in e  v a lu e s .  When a  carb o n  te tra d -  

c h lo r id e  s o lu t io n  o f  5 g . o f  p o ly iso p re n e  w ith  1% o f  benzeno p e ro x id e  

was exposed  t o  th e  a c t i o n  o f  u l t r a v i o l e t  l i g h t  f o r  two h o u rs , th e  p ro d u c t 

showed a n  i n t r i n s i c  v i s c o s i t y  o f  th e  s o l  o f  0 .5 4  a s  compared w ith  th e  

o r i g i n a l  v a lu e  of 1 .01  and a  drop in  io d in e  v a lu e  from  354 t o  330. The 

sam ple a l s o  co n ta in ed  a  c o n s id e ra b le  amount o f  g e l (4 0 $ ) . Thus c r o s s -  

l in k in g  w ith  accom panying lo s s  in  u n s a tu r a t io n  ta k e  p la c e .  A la r g e  

in c r e a s e  i n  g e l fo rm a tio n  d u r in g  c h lo r in a t io n  was a l s o  o b se rv e d . I t  is  

im p o ss ib le  t o  s e p a ra te  th e s e  e f f e c t s  from  th e  changes caused  by th e  

c a ta ly z e d  c h lo r in a t io n .

When th e  c h lo r in a t io n  i s  c a r r ie d  o u t i n  th e  p re se n c e  o f  1% bonzoyl 

p e ro x id e  b u t i n  t o t a l  d a rk n ess  th e  e f f e c t  i s  a d e f i n i t e  s h i f t  tow ard  

s u b s t i t u t i o n .  The cause  o f  th o  in c re a s e  in  a d d i t iv e  r e a c t io n  when b o th  

p e ro x id e  and l i g h t  a re  usod i s  th u s  seen  to  bo th o  i r r a d i a t i o n  w ith  

u l t r a v i c l o t  l i g h t .  T h is  i s  a l s o  borno o u t by th e  r o s u l t s  o b ta in e d  from  

c h lo r in a t io n s  in  u . v .  l i g h t  b u t w ith o u t poroxido (T ab le  1 0 ) .  In d e e d , 

th e r e  i s  o n ly  a  sm a ll d if fo ro n c e  in  th e  amounts o f  a d d i t io n  and s u b s t i t u t i o n ,
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w h e th er o r  n o t  a p e ro x id e  c a ta ly s t  i s  u s e d , as  lo n g  as  bhe c h lo r in a t io n  

i s  c a r r ie d  o u t i n  th o  p re sen ce  o f u l t r a v i o l e t  l i g h t .  However i t  was 

Tound t h a t  o n ly  i n  th e  p re sen ce  o f  b o th  c a t a l y t i c  e f f e c t s  cou ld  th e  

c h lo r in a t io n  be  c a r r ie d  to  th e  e x tre m e ly  h ig h  d eg rees  re p o r te d  in  Table 9 .

Table 10

S e p a ra te  E f f e c ts  o f  P e ro x id e  and U. V. R a d ia tio n

Mols CI2  

re a c te d  p e r  base  
mol o f  p o ly is o p .

R eac tio n
C o n d itio n s

C h lo rin e  atoms p e r iso p re n e  u n i t

T o ta l S u b s t i tu t iv e A d d itiv e

u n c a ta ly z ed 2 .3 4 1 .5 7 0 .7 7
1 .95 p e ro x id e 2 .1 8 1 .7 a 0 .4 6

u .v .f t  p e ro x . 2 .6 5 1.28 1 .37

u n c a ta ly z ed 3 .0 1 1 .8 0 1 .21
2 .4 1 p e ro x id e 2 .8 2 2 .0 0 0 .82

u .v .is  p erox . 3 .2 9 1 .53 1 .7 6

u n c a ta ly z ed 0 .5 8 0 .58 0 .0 0
0 .5 8 u .v .  l i g h t 0 .5 8 0 .5 8 0 .0 0

u .v .&  perox . 0 .6 0 0 .5 5 0 .0 5

u n c a ta ly z ed 3 .1 6 1 .95 1 .21
2 .5 5 u .v .  l i g h t 3 .39 1 .71 1 .68

u .v .&  perox . 3 .4 2 1 .66 1 .7 6

The s o l u b i l i t i e s  o f  c h lo r in a te d  p o ly iso p re n e s  p rep a red  u n der th e  

in f lu e n c e  o f  u l t r a v i o l e t  l i g h t  and ben zo y l p e ro x id e  d i f f e r  n o tic e a b ly  

from  th o s e  o f  polym ers p re p a red  i n  th e  d a rk  and i n  absence  o f  oxygen 

(F ig u re  8 ) .

The d e c re a se  i n  s o l u b i l i t y  may be due to  th e  fo rm a tio n  o f  th e  f r e e  

r a d ic a ls  le a d in g  t o  c r e s s - l in k in g  betw een c h a in s .

This i s  p a r t i a l l y  e f f e c te d  d u r in g  th e  c h lo r in a t io n  b u t p ro b a b ly  

ta k e s  p la c e  t o  an  even  h ig h e r  d eg ree  d u r in g  th e  i s o l a t i o n  and d ry in g  o f  

th e  po lym ers, as  i n  th e  s o l i d  polym er th e  ch a in s  a re  c lo s e r  to g e th e r  and 

th e  l i f e  o f  th e  f r e e  r a d ic a l s  i s  c o n s id e ra b le  lo n g e r .
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Table 11

Benzene S o l u b i l i t i e s  o f  C h lo rin a te d  
P o ly iso p re n e  P rep ared  by U.V. and P erox ide  C ata lyzed  C h lo r in a tio n .

% Cl Benzene S o lub . 
%

% Cl Benzene S o lub . 
%

7 .9 39 5 7 .4 36
2 5 .0 26 59 .2 40
3 6 .0 3 62.2 91
36 .2 7 62 .9 92
4 0 .0 8 67.2 89
43 .7 8 67.9 90
49 .8 10 70 .4 91

T hat m ost o f  th e  c r o s s - l in k in g  ta k e s  p la c e  in  th e  i s o l a t e d  p ro d u c t 

i s  f u r t h e r  ev id en ced  by th e  f a c t  t h a t  polym ers c o n ta in in g  th e  l im i t in g  

amount o f  a d d i t iv e  c h lo r in e  (and  hence no double bonds) a r e  p r a c t i c a l l y  

c o m p le tj ly  s o lu b le  where a s  polym ers p o s se ss in g  u n s a tu r a t io n  have v e ry  

low s o l u b i l i t i e s  when i s o l a t e d .  This i s  borne  ou t by th e  sh a rp  s o l u b i l i t y  

r i s e  around 60% -  th e  p o in t  a t  w hich s a tu r a t i o n  o f  th e  double  bonds i s  

e s s e n t i a l l y  com plete (se e  F ig u re  8 ) .

9 .  N a tu ra l  Rubber and G u tta  P e rc h a . On th e  b a s is  o f  th e  r e s u l t s  

o b ta in e d  w ith  p o ly iso j ren e  th e  c h lo r in a t io n  o f  ru b b e r and g u t ta  percha  

i s  m ere ly  a  s p e c ia l  case  o f  th e  same r e a c t io n .  Both c i s  and t r a n s  o r ie n te d  

iso p re n e  u n i t s  a re  capab le  o f  c y c l i z a t io n  and so  no a p p re c ia b le  

d i f f e r e n c e  sh o u ld  a r i s e  i n  t h i s  r e s p e c t .  The absence o f  1 ,2  a d d i t io n  

u n i t s  sh o u ld  a llo w  c y c l iz a t io n  to  p ro ceed  to  th o  t h e o r e t i c a l  l i m i t  o f  

8 6 .5 #  o f  a l l  u n i t s  c y c liz o d . The t o t a l  number o f  c h lo r in e  atoms which 

can bo in tro d u ce d  by a d d i t io n  m ust bo

0 .865  -  2 x  0 .135 » 1 .135 

E x p erim en ta l r e s u l t s  (T ab le  12) a re  i n  v e ry  good agreem ent w ith  

th e  t h e o r e t i c a l  f i g u r e s .  Aside" from  th e  e f f e c t s  due t o  th o  absence  o f 

1 -2  a d d i t io n  u n i t s ,  no d e v ia t io n  from  th e  b eh av io r o f  p o ly iso p re n e  can
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Table 12

Summary o f R e su lts  w ith  Rubber and G utta

Polymer C h lo r in a tio n Mols C l2 % Cl Cl atoms p e r iso p re n e  u n i t % Degree of
C onditions re a c te d T o ta l Substi • Add. Un6at. C y o liz a tio n

Rubber D ark, a n t io x i ­
d a n t, 30°C 0.15 6 .8 0 .15 0 .15 0 .0 0 92* .08

0 .27 12.3 0 .2 8 0 .2 6 0.02 76* .23

1 .0 0 33 .6 1 .03 0 .97 0 .0 6 57* .40

1.45 45 .0 1 .5 4 1.35 0 .19 47 .43

2 .09 57 .5 2 .53 1.65 0.88 13 .43

2 .14 5 8 .8 2 .68 1 .60 1.08 3 .43

2 .81 64 .6 3 .38 2 .24 1 .14 0 .43

U.V. p lu s  
p e ro x id e 0 .97 35.7 1.05 0 .89 0 .1 6 — -----

3 .31 69 .0 4 .11 2 .52 1 .59 — -----

G utta D ark, a n t io x i ­
d a n t ,  30° C 0 .71 27 .6 0 .72 0 .7 0 0 .02 83 .16

1 .94 55.2 2 .31 1.57 0 .7 4 20 .43

♦by io d in e  v a lu e



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



( 3 2 )

bo observed .

C h lo rin a te d  G utta  o f 29 .6$  c h lo r in e  co n to n t i s  p h y s ic a l ly  in d i s t i n g ­

u ish a b le  from  th e  co rrespond ing  c h lo r in a t io n  p ro d u c ts  c f  p o ly iso p ren e  

and ru b b e r . S ince no a p p re c ia b le  a d d i t io n  ta k e s  p la c e  in  th e  e a r ly  s ta g e s  

o f c h lo r in a t io n  th o  ap p aren t d e s t r u c t io n  o f th o  c i s - t r a n s  isom erism  must 

be a t t r i b u t e d  to  th e  c y c l i z a t io n .  The s t r u c tu r e s  proposed  f o r  th e  c y c liz e d  

o is  and t r a n s  u n i t s  (F ig u re  4 ) ,  a lth o u g h  n o t i d e n t i c a l ,  n e v e r th e le s s  

shew a  h ig h  degree o f s im i l a r i t y  ana m ight bo expec ted  to  im p art v e ry  

s im ila r  p ro p e r t ie s  to  th e  polym ers.

The reduced  amount o f a d d it io n  i s  a ls o  a p p a ren t in  th e  c a ta ly z e d  

c h lo r in a t io n  o f ru b b e r .

EXPERIMENTAL

A. P re p a ra tio n  and P u r i f i c a t io n  o f Polymers fo r  C h lo r in a t io n .

1 . P o ly iso p re n e . S ince a re p ro d u c ib le  so u rce  o f p o ly iso p ren e  was 

re q u ire d , p o ly iso p ren e  was p rep ared  in  th e  la b o ra to ry  from  iso p ren e  

su p p lied  by Newport I n d u s t r ie s .  The iso p re n e  was d i s t i l l e d  t o  remove 

th e  p o ly m e riz a tio n  in h ib i to r  and po lym erized  in  th e  fo llo w in g  em ulsion 

r e c ip e :

Iso p rene  100.0  g
T e r t .  hexadecyl m ercaptan  0 .5  g

W ater 180 .0  g
Po tassium  P e r s u lf a te  0 .3  g

Soap (SF F la k e s)  5 .0  g

The p o ly m e riz a tio n  was c a r r ie d  ou t i n  12 o z . crowncapped b o t t l e s ,  

-o ta te d  end over end in  a th e rm o s ta t a t  50°C fo r  30 h o u rs . The la*tex 

th u s  o b ta in e d  was s h o r t  s topped  w ith  .06  g o f  hydroquinone, s t r ip p e d  o f 

un reac ted  monomer by v igo rous s t i r r i n g  a t  50-60°C and 1 .2  g o f  p h en y l- (J -
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naphthylam ine was added as a n t io x id a n t .  C oagu lation  o f  th e  la te x  was 

e f f e c te d  by a d d i t io n  o f 100 cc o f 25% sodium c h lo r id e  s o lu t io n ,  fo llow ed  

by 600 cc o f  e th a n o l .  The r e s u l t in g  ru b b er was c a r e f u l ly  washed f r e e  o f 

soap in  warm w a te r and d r ie d  fo r  24 hours in  a vacuum oven a t  50°C. This 

was fo llo w ed  by a 24 hcur e x t r a c t io n  ( in  a  S o x h le t a p p a ra tu s )  w ith  th e  

a z e o tro p ic  m ix tu re  o f  e th an o l and to lu e n e .  In  th e  e x tr a c t io n  a l l  b u t 

t r a c e s  o f  a n t io x id a n t-  o r ig in a l ly  added t o  p r o te c t  th e  polymer d u rin g  

th e  s t r ip p in g  and w ashing o p e ra t io n s -  -was removed a lo n g  w ith  r e s id u a l  

monomer, low m olecu lar polym ers, and so ap . The ru b b e r was a g a in  d r ie d ,  

t h i s  tim e  f o r  48 hours a t  35oc in  vacuo . The r e s u l t in g  p o ly iso p ren e  

hydrocarbon i s  a  c o lo r le s s ,  t r a n s p a r e n t ,  s o f t  polymer o f  n e a r ly  

th e o r e t i c a l  io d in e  v a lu e . I t  was s to re d  in  th o  d a rk  in  an evacuated  

d e s ic c a to r .

2 , N a tu ra l Rubber. P a le  crope was p u r i f ie d  by a  method s im i la r  t o  

t h a t  d e sc rib e d  by Kemp and P e t e r s ^ .  50grams o f crepe were p laced  i n  a  

c lo th  bag and submerged in  1500 cc o f  ch lo ro fo rm  to  which 0 .2  grams o f 

p h e n y l-(3 -naphthylam ine had been added. D iffu s io n  o f  th e  ru b b er in to  th e  

so lv e n t was a llow ed  to  ta k a  p la ce  f o r  5 d ay s, a f t o r  w hich th e  ru b b e r was 

p r e c ip i ta te d  w ith  m ethanol and re d is s o lv e d  in  benzene. The benzene 

s o lu t io n  was now f r a c t io n a l ly  p r e c ip i ta te d  w ith  a 50-50 m ix tu re  o f  e th a n o l 

and benzene and th e  f i r s t  f r a c t io n  d is c a rd e d . A ccording t o  Pummerer and 

Koeh-^ a i i  im p u r it ie s  a re  removed w ith  th o  f i r s t  f r a c t i o n .  The ru b b er

hyd io carb cn  was d r ie d  fo r  48 hours a t  35°C i n  a vacuum. Iod ino  c h lo rid o

t i t r a t i o n  gavo an io d in e  v a lu e  o f  370 f o r  th e  f i n a l  p ro d u c t.

(39) Kemp and P e te r s ,  In d . Eng. Chom. 33, 1391-8 (1941)

(40) Pummerer and Koch, Ann. 438, 294-313 (1924)
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3 . G utta  P ercha . Crude g u tta  pe rch a  vras d is so lv e d  in  benzene and 

th e  s o lu t io n  f i l t e r e d  t o  remove g r i t  and san d . The polymer was th e n  

p re c ip i ta te d  w ith  a lc o h o l and e x tra c te d  w ith  th e  a z e o tro p ic  m ix tu re  o f  

e th a n o l and to lu e n e .  A f te r  two more p r e c ip i t a t i o n s ,  th e  g u t ta  percha  

was d r ie d  in  th e  same manner as p o ly iso p ren e  and ru b b o r. The p ro d u c t had 

an io d ih o  v a lue  o f 364, in d ic a t in g  a  hydrocarbon  co n ten t o f  97#.

B. C h lo rin a tio n  o f Polym ers.

1 . C h lo rin a tio n  A pparatus and P ro ced u re .  C h lo rin a tio n s  were c a r r ie d

o u t in  th e  a l l  g la s s  a p p a ra tu s  shown in  F ig u re  10. A slow  s tream  o f  

c h lo r in e  (12 -  20 c c /m in .)  and n i t ro g e n  in  ap p ro x im ate ly  eq u a l p ro p o r tio n s  

was in tro d u ced  j u s t  below th e  s u r fa c e  o f  an  a g i ta te d ,  d i l u t e  (20 gram s/L) 

s o lu t io n  o f  th e  polym er in  re a g e n t grade carbon t e t r a c h l o r id e .  The evolved 

gases were passed  th ro u g h  th e  condenser (C) and up th o  column (B) packed 

w ith  m e ta l l ic  antim ony and g la s s  w ool. Any c h lo rin o  e sc a p in g  from th o  

s o lu t io n  was removod by th e  an tim ony. The hydrogen c h lo r id e  p assed  th rough  

th o  antim ony and in to  a 2N sodium hydrox ide s o lu t io n  in  th o  t r a p  (A ).

S p e c ia l t e s t s  showed th a t  s e p a ra t io n  o f  c h lo r in e  and hydrogen 

c h lo rid e  by th e  above method was q u a n t i ta t iv e  p rov ided  th a t  th e  antim ony 

was f i r s t  s a tu r a te d  w ith  anhydrous hydrogen c h lo r id e . C onsequently  

th o  antim ony used was f i r s t  t r e a t e d  w ith  anhydrcus HC1 and th e n  blown 

f r e e  o f  adsorbed  hydrogen c h lo r id e  by a  s tream  o f dry  n i t ro g e n . As a 

p re c a u tio n  th e  s tan d a rd  a l k a l i  in  th e  t r a p  was checked fo r  h y p o c h lo rite  and 

antim ony (from  h y d ro ly s is  o f  SbClg vapors p o s s ib ly  c a r r ie d  in tc  th o  t r a p )  

a f t e r  each ru n . Both t e s t s  wore c o n s is te n t ly  n e g a tiv e .

Commercial c h lo r in e  was used in  a l l  c h lo r in a t io n s .  The grs was 

scrubbed w ith  co n co n tra tcd  s u l f u r i c  a c id  (N) and l i q u i f i e d  in  a d ry  ic e  

t r a p ( L ) .  H alf o f th o  l iq u id  c h lo r in o  was d i s t i l l e d  o f f  and tra p p e d  in
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a l k a l i  (P ) . The r e s id u e ,  s u b s ta n t i a l ly  fro o  o f  oxygen and hydrogen c h lo r id e ,  

wqs a llow ed t o  d i s t i l l  in to  th e  r e a c t io n  f l a s k  (G ). The sw itch  from  t r a p  

(P ) to  r e a c to r  (G) was accom plished  sim ply  by tu rn in g  th e  th reo -w as s to p ­

cock ( J ) . In  experim ents in  which t o t a l  e x c lu s io n  o f  oxygen was no t 

d e s i r e d ,  th e  d i s t i l l a t i o n  o f  th e  c h lo r in e  was o m itte d .

The purpose o f u s in g  n i tro g e n  as a d i lu e n t  was tw o fo ld . N itrogen  

p ro v id es  a n e u t r a l  atm osphere ano keeps th e  s o lu t io n  in  t r a p  (A) from  

suck ing  back  in to  th e  system  upon a b so rp tio n  o f  HCl. At th e  same tim e , 

secondary  a d d i t io n  o f  HCl t o  th e  rubber m olecule  i s  p rev en ted  by th e  

f lu s h in g  a c t io n  o f  th e  n i t r o g e n ^ .  Oxygon was removed from th e  n i tro g e n  

by p a ss in g  th e  l a t t e r  rh rough a  d i lu te  s o lu t io n  o f  cbromous s u l f a te  42 ( u ) .  

The gas was th e n  scrubbed  w ith  co n ce n tra te d  s u l f u r i c  a c id  (T) and passed  

th ro u g h  a phosphorus p en to x id e  d ry in g  tu b e  (S ) b e fo re  be in g  mixed w ith  

th e  c h lo r in e .  A gain, in  experim ents n o t n e c e s s i t a t in g  th e  s t r i c t  absence 

o f  oxygon, th e  p rocedure was s im p lif ie d  by o m itt in g  th e  chromous s u l f a te  

b u b b le r . The n i tro g e n  used co n ta in ed  O.Z% o&ygen by volum e.

B efore s t a r t i n g  th e  c h lo r in a t io n ,  th e  e n t i r e  system  was blown ou t 

w ith  n i tro g e n  fo r  a t  l e a s t  10 h o u rs . L ikew ise , th e  n i tro g e n  flow  was 

con tinued  a f t e r  c h lo r in a t io n  u n t i l  th e  e x i t  gases t e s t e d  e n t i r e l y  n e u t r a l  

tow ard m o is t litm u s  p a p e r .

T o tal d a rkness d u rin g  c h lo r in a t io n  was in s u re d  by p la c in g  th e  e n t i r e  

ap p a ra tu s  in to  a b lack ed  o u t la b o ra to ry  hood.

The poroxido c a ta ly z e d  c h lo r in a t io n s  were ru n  w ith  th e  r e a c to r  f la s k  

i r r a d ia te d  by a  100 w a tt  m orcury a r c  l i g h t  so u rc e , r ic h  in  u l t r a v i o l e t

(41) B locm fio ld , J .  Chom. S o c . , 1943, 289.

(42) Rust and Vaughan, J .  Org. Chom. 5 , 449 (1940)
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r a d ia t io n .

Phenyl-(i-naphthylam ine was used whenever c h lo r in a t io n  was c a r r ie d  

o u t in  th e  p resence  o f  an a n t io x id a n t .  I t s  p u r i f i c a t i o n  was accom plished 

by  r e c r y s t a l l i z in g  te c h n ic a l  p h en y l- |3 -n ap h th y lam in e  (Eastm an) tw ic e  from 

a lc o h o l .

2. I s o la t io n  o f  c h lo r in a t io n  p ro d u c ts .  The c h lo r in a te d  polymers 

were i s o la te d  from  th e  CClj s o lu t io n  by dropp ing  th e  s o lu t io n  in to  

b o i l in g  v<ater to  f l a s h  o f f  th e  s o lv e n t .  The p ro d u c t was th e n  d iv id e d  up 

in to  sm all p ie c e s  and washed in  b o i l in g  w a te r f o r  30 m in u tes . This tvas 

fo llow ed  by a  s im i la r  wash in  d i s t i l l e d  w a te r .  The polymer was c a r e f u l ly  

d r ie d  in  a vacuum oven a t  50°C.

The d r a s t i c  tre a tm e n t to  remove th e  s o lv e n t  i s  a b s o lu te ly  e s s e n t i a l ,  

s in c e  c h lo r in a te d  ru b b ers  a re  p a r t i c u l a r ly  a p t to  r e t a i n  t r a c e s  o f 

s o lv e n ts 43 . I t  was r e a l iz e d  t h a t  b o i l in g  o f  th e  polym ers m ight cause 

hydrogen c h lo r id e  to  bo s p l i t  o f f .  However, i n  a l l  b u t a few c a s e s , no 

c h lo r id e  cou ld  be d e te c te d  in  th e  wash w a te r .  Even when th e  w a te r gave 

a  p o s i t iv e  t e s t  f o r  c h lo r id e , th e  amount was q u i te  n e g l ig ib le .

I t  was found conven ien t to  p r e c ip i t a t e  polym ers o f  low c h lc r in e  

co n ten t w ith  e th an o l p r io r  to  b o il in g  them in  w a te r . This was done 

m erely  to  f a c i l i t a t e  h an d lin g  o f  th e  in h e re n t ly  s t ic k y  polym ers.

C. A n a ly tic a l  M ethods.

1. C hlorine  A n a ly ses . The p u re , d ry  polymers were analyzed  f o r  

chalorino by sodium pero x id e  fu s io n  (P a r r  bomb te c h n iq u e ) f  c l  lowed by 

th e  V clhard m ethod.

(43) Houwink, R . , Chcmie und Tochnologio d e r  K u n s ts to f fe , p . 481, 
L e ip z ig , Akademische V e rla g sg e so llsc h u f t  M. B. H. (1S39).
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The amount o f  hydrogen c h lo r id e  evo lved  d u rin g  th e  c h lc r in a t io n  

was determ ined  "by t i t r a t i o n  o f an a l iq u o t  from  th e  s ta n d a rd  a l k a l i .

The V olhard c h lo r id e  d e te rm in a tio n  was fav o re d  o v e r b a c k - t i t r a t i o n  w ith  

s tan d a rd  a c id  a s  a m a tte r  o f  convenience. Ho d i f f i c u l t y  was encoun tered  

from  t r a c e s  o f  carbon te t r a c h lo r id e  sw ept in to  th e  a l k a l i  t r a p  d u rin g  

c h lo r in a t io n .

2 . Io d in o  C h lo ride  T i t r a t i o n s . The l im i t a t i o n s  o f  th e  io d in o  

c h lo r id e  t i t r a t i o n  have been d is c u s s e d . Tho methcd o f  Kemp and M u e l l e r ^  

was a p p lie d  s u c c e s s f u l ly  w ith o u t m o d if ic a tio n s  to  p o ly is o p re n s , ru b b o r, 

and g u t ta  p o rc h a . However, w ith  c h lo r in a te d  polym ers th e  p roced u re  had 

t o  be m o d ified  to  in s u re  com plete io d in e  c h lo r id e  a d d i t io n .  The re a so n  

f o r  t h i s  i s  tw o -fo ld ; (1 )  The r e a c t io n  i s  c o n s id e ra b ly  s lo w er f o r  th e  

c h lo r in a te d  polym ers, and (2 ) th o  lev/ s o l u b i l i t y  o f  some o f  th e  c h lo r in a te d  

polym ers f u r th e r  r e ta r d s  io d in e  c h lo r id e  a d d i t io n  and le ad s  to  e r r a t i c  

r e s u l t s ,  as th e  t i t r a t i o n  must be c a r r ie d  o u t w ith  a g e l sam ple. Those 

d i f f i c u l t i e s  w ere l a r g e ly  overcome by a llo w in g  72 hours f o r  th e  io d in e  

c h lo r id e  a d d i t io n  to  ta k e  p la ce  ( in s te a d  o f  one h o u r) . I t  was found 

e x p e r im e n ta lly  t h a t  th o  observed  io d in o  v a lu e  approaches a l im i t  w ith  

in c re a s in g  tim e  o f  r e a c t io n .  A f te r  72 h o u rs  a d d i t io n  o f  io d in o  c h lo r id e  

was found t o  be e s s e n t i a l l y  complete*

D. I n t r i n s i c  V is c o s i t ie s  and Benzene S o l u b i l i t i e s .

C y lin d r ic a l  g la s s  j a r s  o f  150 ml c a p a c ity  were equipped w ith  screw  

to p s  l in e d  w ith  t i n f o i l .  Each j a r  was f i t t e d  w ith  a c e n tr a l  g la s s  tu b o  

ex ten d in g  o v e r th o  whole le n g th  o f  th e  j a r ,  th e  tubo  c a r ry in g  fo u r 

s t a in le s s  s t e e l  w iro  sc ree n s  (80 mesh) spaced  an  eq u a l d is ta n c e  a p a r t

(44) Kemp and M u ello r, In d . Eng. Chom., A nal. E d .,  6 , 52 (19 3 4 ).
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and f i t t i n g  t i g h t l y  a g a in s t  th e  s id e  o f  th o  j a r .  250 m illig ra m s  o f  

polym er w ere d i s t r ib u te d  ev en ly  o v e r th e  fo u r  sc reo n s  in  each  j a r  and 

covered  w ith  100 ml o f  benzene. The l i d s  wore re p la c e d  and th e  sam ples 

s e t  a s id e  i n  th o  d a rk . A f te r  24 h o u rs , 50 ml o f  s o lu t io n  were p ip e t te d  

o u t o f  th e  c e n t r a l  tu b e  and th e  p ip e t t e  was a llow ed  t o  d ra in  on to  th e  

s c r e e n s .  This was done t o  in s u re  u n ifo rm ity  o f  th e  s o lu t io n .  A f te r  24 

h c u rs ,  10 ml o f  s o lu t io n  wero w ithdraw n from  oach j a r  and ev ap o ra ted  in  

50 ml b eak e rs  a t  75°C,

C o n verse ly , f o r  th e  in s o lu b le  p o r t io n  r e ta in e d  by th o  s c re e n s :

G el c o n te n t ( i n  %) s  iq o  tbanzeno s o l u b i l i t y )

An O stw ald v id e o s im e te r  immersed in  a  c o n s ta n t te m p e ra tu re  b a th  

( a t  30°C) was employed to  m easure th e  r e l a t i v e  v i s c o s i ty  0 |r ) o f  th e  

polym er s o lu t io n .

whore t  and t Q a re  th e  tim es o f  flow  o f  s o lu t io n  and s o lv e n t  r e s p e c t iv e ly .  

The d if f e r e n c e  in  d e n s i ty  betw een so lv e n t and s o lu t io n  was n e g le c te d .

where c i s  th e  c o n c e n tra tio n  o f  th o  s o lu t io n  in  grams por 100 c c .

Tho i n t r i n s i c  v i s c o s i t i e s  woro d e te rm in ed  in  carbon t e t r a c h l o r i d e  

s o lu t io n  ( ta k e n  d i r e c t l y  from  th e  r e a c to r  f l a s k ) ,  and c was c a lc u la te d  

from  th e  s o l id s  c o n te n t o f  th o  s o lu t io n .

Benzene s o l u b i l i t y  ( in  %) -  v»~b. o f  r e s id u o  x i ^qqq
w t . .  o f  so n o le

Tho i n t r i n s i c  v i s c o s i ty  i s  d o fin o d  as

n * k  inv
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SUMMARY-

1 . The e x te n t  o f  a d d i t iv e  and s u b s t i t u t i v e  c h lo r in a t io n  was de te rm in ed  

f o r  tw en ty -tw o  sam ples o f  p o ly iso p re n e  c h lo r in a te d  to  d i f f e r e n t  c h lo r in e  

c o n te n ts  i n  th e  d a rk  and in  a  n i t r o g e n  a tm o sp h ere . In  a l l  e a se s  th e  

r e a c t io n  was found t o  p roceed  i n i t i a l l y  by s u b s t i t u t i o n ,  fo llo w ed  by 

a d d i t io n  and i n  th e  l a s t  s ta g e s  a g a in  by s u b s t i t u t i o n .

2 . The maximum amount o f  a d d i t iv e  c h lo r in e  t h a t  can be in tro d u c e d  in to  

th e  polym er i s  1 .21  atoms o f  c h lo r in e  p e r iso p re n e  u n i t .  A marked 

s h o r te n in g  o f  th e  ch a in  le n g th  o ccu rs  d u rin g  th e  e a r l y  s ta g e s  o f  c h lo r in a t io n  

a s  i s  ev idenced  by th e  i n t r i n s i c  v i s c o s i t i e s  o f  th e  c h lo r in a t io n  p ro d u c ts .

The u n s a tu r a t io n  o f  th e s e  polym ers a s  m easured by  io d in e  numbers f a l l s  

s h o r t  o f  th e  v a lu e s  c a lc u la te d  on th e  b a s is  o f  a d d i t iv e  r e a c t io n  a lo n e .

A e y c l i z a t io n  o f  two a d ja c e n t  is o p re n e  u n i t s  i n to  a  s i x  membered r in g  

i s  p roposed  as a  l i k e l y  cause  f o r  t h i s  b e h a v io r .

3 . The e y c l i z a t io n  ta k e s  p la c e  in  th e  e a r ly  s ta g e s  o f  th e  c h lo r in a t io n  

s im u lta n e o u s ly  w ith  th e  i n i t i a l  s u b s t i t u t i o n .  The t h e o r e t i c a l  l i m i t  o f  

e y c l i z a t io n  c a lc u la te d  s t a t i s t i c a l l y  i s  8 6 .5 #  o f  a l l  is o p re n e  u n i t s  

c y c liz e d  f o r  n a tu r a l  ru b b e r and 72# f o r  p o ly iso p re n e  c o n ta in in g  10# v in y l  

s id e  c h a in s . E x p erim en ta l r e s u l t s  a re  i n  e x c e l le n t  ag reem en t w ith  th e s e  

f i g u r e s .

4 . Io d in e  c h lo r id e  t i t r a t i o n  g iv e s  f a i r  r e s u l t s  f o r  sam ples o f  low 

c h lo r in e  c o n te n t b u t  i s  n o t  a p p l ic a b le  to  polym ers c o n ta in in g  much ntore 

th a n  35# C l. Knowing th e  d eg ree  o f  e y c l i z a t io n ,  th e  u n s a tu r a t io n  can 

however be c a lc u la te d  f o r  any  polym er from  th e  e x te n t  o f  a d d i t iv e  r e a c t i o n .

5 . A com plete scheme f o r  th e  c h lo r in a t io n  o f  1 ,4  a d d i t io n  u n i t s  o f  

p o ly iso p re n e  has been  p ro p o sed . V iny l s id e  ch a in s  p ro b a b ly  c h lo r in a te
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by a d d i t io n  t o  th o  double bond a s  do i s o la t e d  is o p re n e  u n i t s  n o t cap ab le  

o f  undergo ing  e y c l i z a t io n .

6 . N ine c h lo r in a te d  polym ers p re p a red  from  n a '.u ra l  ru b b e r and g u t ta  

p e rch a  show t h a t  n a tu r a l  ru b b er and g u t ta  p e rch a  c h lo r in a te  i n  a  manner 

analogous t o  p o ly is o p re n e . The s i t u a t i o n  i s  s im p le r  due t o  th e  absence 

o f  1 ,2  a d d i t io n  u n i t s .  D iffe re n c e s  due t o  c i s - t r a n s  isom erism  a re  m in o r.

7 . I n  th e  p- sauce  o f  a n t io x id a n t .  sm a ll amounts o f  oxygen have no e f f e c t  

on th e  r e a c t io n  o f  p o ly iso p re n e  w ith  c h lo r in e .  T em perature  has lik e w ise  

no e f f e c t  on th e  e x te n t  o f  a d d i t io n ,  s u b s t i t u t i o n  and e y c l i z a t io n  b u t 

does a f f e c t  th e  r a t e  o f  c h lo r in a t io n ,  th e  r e a c t io n  in  th e  co ld  p ro ceed in g  

f a s t e r .  Polym ers c h lo r in a te d  a t  r e f lu x  show h ig h e r  benzene s o l u b i l i t i e s  

th a n  th o s e  c h lo r in a te d  c o ld .

8 . When p o ly iso p re n e  i s  c h lo r in a te d  i n  d i f f u s e  d a y l ig h t  and i n  th e  

p re sen ce  o f  sm a ll amounts o f  oxygen (no a n t io x id a n t  b e in g  u sed ) an  in c re a s e  

i n  a d d i t iv e  r e a c t io n  i s  o b se rv ed . Ten sam ples w ere p rep a red  i n  t h i s  

m anner. The e y c l i z a t io n  i s  lo s s  com plete in  t h i s  c a s e . The f i n a l  

s u b s t i t u t i v e  r e a c t io n  i s  c a ta ly z e d  by l i g h t  and th e  r e a c t io n  p ro ceed s to  

h ig h e r  deg rees  o f  c h lo r in a t io n .

9 . C h lo r in a tio n  c a ta ly z e d  by u l t r a v i o l e t  l i g h t  and benzoy l p e ro x id e  

produces a  s t i l l  s tro n g e r  s h i f t  tow ard  a d d i t iv o  r e a c t io n .  Twenty th r e e  

polym ers among them  two c o n ta in in g  o v e r 70% Cl have been  p re p a re d  i n  t h i s  

m anner. C y c l iz a t io n  i s  p re v e n ted  to  a c o n s id e ra b le  e x te n t  by th e  a d d i t io n  

o f  c h lo r in e  t o  th e  double bonds. Both a d d i t io n  and s u b s t i t u t i o n  a re  

c a ta ly z e d , th e  a d d i t iv o  r e a c t io n  b e in g  enhanced m ain ly  by u l t r a v i o l e t  

l i g h t  and th e  s u b s t i t u t i v e  r e a c t io n  by th e  p o ro x id e  c a t a l y s t .  W ith in

th e  range in v e s t ig a te d  th e  u l t r a v i o l e t  and p e ro x id e  c a ta ly z e d  r e a c t io n  

i s  in d ep en d en t o f  te m p e ra tu re .
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10. C h lo r in a te d  p o ly iso p re n es  and n a tu r a l  ru b b e rs  o f  low c h lo r in e  con­

t e n t s  become in s o lu b le  once i s o la te d  from  s o lu t io n .  This ten d en cy  i s  

s t r o n g e s t  w ith  polym ers p rep ared  by th e  p e ro x id e  c a ta ly s e d  c h lo r in a ­

t i o n  and l e a s t  w ith  th e  polym ers c h lo r in a te d  in  th e  p re sen ce  o f  a n t i ­

o x id a n ts .  O x id a tiv e  c ro s s l in k in g  d u rin g  i s o l a t i o n  from  s o lu t io n  and d ry in g  

o f f e r s  a  p o s s ib le  e x p la n a tio n  f o r  t h i s  b o h a v io r .
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APPENDIX

L tathem atical A n a ly sis  o f  

th e  e y c l iz a t io n  R eac tio n

L e t ^  he th o  number o f  u n c y c lize d  iso p ro n e  u n i t s  a t  th e  end o f  th e

r e a c t io n  i n  a  c h a in  o f  n  u n i t s .  O bviously  Eo - 0 # E1 s l # E g = 0 and

Eg -  ! •  I f  n  s  4 e i t h e r  th e  f i r s t  two o r  th o  l a s t  two u n i t s  may c y c liz e

le a v in g  th e  rem ain ing  u n i ts  e q u iv a le n t to  n -  2 , o r  th e  second and t h i r d

u n i t s  may c y c liz e  f i r s t ,  le a v in g  two n = 1 m o lecu les . Thus

E4 = I  (2E2 +  2EX)
3

I f  n  :  5 th e  f i r s t  two o r  l a s t  two u n i ts  may c y c liz e  le a v in g  an  n = 3

rem ainder in  each c a se , or two u n i t s  in  th o  m iddle  o f  th e  c h a in  may

c y c liz e  le a v in g  in  each  case  one n  = 1 and one n  = 2 rem a in d er. Then

%  = I (2E3 + 2E2 + 2EX)

In  g e n e ra l

En  “ ( 2 / n - l ) (Eh- 2 ■+■ En -3  En-4  • E0 ) (1 )

or

En  = ( 2 / n - l )  X  E i (2 )
i=o

I t  can be seen  t h a t

nEn+l “ ( a - 1 ) ^  = 2Bn - l  ( 3 )

We now c o n s tr u c t  a  g e n e ra tin g  fu n c tio n

co
f ( x )  = 2 _  En+1 x“  (4 )

i i = o

D if f e r e n t ia t in g
oo

f» (x ) = Y L  nEn+ l xD“ 1
n=o
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and. oo
xf* (x ) = ^  nSn+x (6 )

n= o
CD 00

x2f ' ( x )  = Y i  nEn+1 xn+1 = ( n * - l )  En# xn * (7)
n -o  n '*1

x2f  (=0 = L  En U  x ^ 2 .  Y .  En , . !  x - '  (8 )
n=o n ,=2

Prom ( 3 ) ,  ( 6 ) ,  ( 7 ) ,  and (8 ) i t  fo llo w s  t h a t

xf* (x )  -  x2f * ( x )  -  2x2f ( x )  = 0 (9 )

0 3

S o lv in g  t h i s  sim ple d i f f o r o n t i a l  e q u a tio n  wo o b ta in

f ( x )  = 0”2x/ ( l - x ) 2 = l / ( l - x ) 2 ^  (-2 x )n I
n ln-o

But

w i l l  bo th e  c o e f f ic ie n t  o f  xn i n  f ( x ) '.  T hat i s

s«o 8 «

or
n-1

s -o

R e w ritte n

( 10)

l / ( l - x ) 2 = > <n +  1 >xI1 <U )
n=o

n
En+1 5 Y L  —, ( " 2 ) s  ( ^ + 1“8 )rzx  ft f

Ea  * I I  7 . ( - 2 ) s (" -= ) ( I * )
K-O 5 4

S- 0  «so

F or n > 8  t h i s  becomes v e ry  n e a r ly

En = ( n t 2 )  o**2  = .1353 ( n + 2 )  * ^15)

The f r a c t i o n  o f  iso p ren e  u n i ts  l e f t  u n cy c lizo d  i s

ifin = .1353 ( 1 + | ) '  (16)

For n < 8  e q u a tio n  (13) must be u se d .
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