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PREFACE

The re sea rch  reported  in th is  d isse r ta tio n  is  d iv ided  in to  

four c lo se ly  re la ted  p a r ts .  They a re  :

Part I .  C opolym erization K inetics

Part I I . K inetics o f  Sulfonation of Polystyrene C ro s s -

linked  w ith  M ixtures of D iv iny lbenzenes

Part H I. Polym erization K inetics of Pure m- and p -

D ivinylbenzene

Part Iv . Com puter C a lcu la tio n  of Monomer R eactiv ity

Ratios

Each p a rt excep t Part IV co n ta in s  : In troduction , H is to r ic a l, Exper- 

m en ta l, R esults and D isc u ss io n , and Summary. B ibliography is  

given a t th e  end of each  p a r t .

I w ish  to  ex p ress  my sin cere  g ratitude  fo r the  gu idance  and 

help  of P ro fessor Richard H . W iley and o ther m embers o f the  facu lty  

of th e  D epartm ent o f C hem istry  of th e  C ity  U niversity  erf New York.

I a lso  w ish  to  thank my p aren ts  and my w ife for th e ir  support and 

encouragem ent they  gave  me w hile  I w as pursuing th is  re s e a rc h .

I g ra te fu lly  acknow ledge my in d eb ted n e ss  to  the U . S. Atomic 

Energy Com m ission and th e  IBM C orporation  for support of th is  study 

through G raduate R esearch A s s is ta n tsh ip s .
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PART I

COPOLYMERIZATION KINETICS
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Introduction

U sing the copolym er com position  equation  one can  determ ine 

th e  two c o n s ta n ts  defined  a s  monomer re a c tiv ity  r a t io n s . Each of 

th e s e  co n s tan ts  re p re se n ts  the  ra tio  of the ra te  c o n s tan ts  for r e ­

a c tio n s  of one type rad ica l w ith  i t s  own monomer to  th a t  w ith th e  

other monomer. T hese c o n stan ts  provide some in sigh t as to  the  

natu re  of the  chain  p ropagating  s tep s  of copolym erization  r e a c t io n s , 

th e  m echanism s invo lved  and the  copolym er com position .

Since th e  copolym er com position  equation  w as d ev e lo p ed , 

monomer re a c tiv ity  ra t io s  for many pairs of monomers have been 

determ ined . H ow ever, fcr a number of monomer pa irs  i t  h a s  been 

im p o ssib le  to  determ ine the  monomer re a c tiv ity  ra tio s  to  th e  d esired  

degree of a c c u ra c y , b e c a u se  th e re  are no m ethods a v a ila b le  fcr 

a ccu ra te  determ ination  of the  com position of th e  copolym er. There 

are many in s ta n c e s  w hen co n sid erab le  varia tion  of re a c tiv ity  ra tio s  

for a pa rticu lar monomer pa ir i s  ob tained  by d ifferen t w orkers by 

ordinary  an a ly tic a l m ethods such a s  infrared abso rp tion  sp e c tra , 

u ltra  v io le t absorp tion  s p e c tra , e lem ental a n a ly s is ,  and c h a ra c te r is tic  

group a n a ly s is .  The u tiliz a tio n  of C ^ - la b e le d  monomers has proven 

to  be of g rea t va lue  in determ ination  o f the copolym er com position . 

This method offers a m eans for th e  a n a ly s is ,  in  p r in c ip le , of any 

monomer p a ir , one of w h ich  is  la b e le d . A conven ien t procedure of
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such  an  a n a ly s is  has b een  developed  u s in g  a v ib rating  reed  e le c tro ­

m eter and ion ization  cham ber a s s a y .

The purpose of th is  work is  to  e v a lu a te  the  monomer rea c tiv ity  

ra tio s  for 1) the copolym er'izations of m ethyl m ethacry late  w ith pure 

m eta- and pure p a ra -d iv in y lb e n z e n e , and 2) the  copo lym erizations of 

p a ra -iso p ro p y ls ty ren e  w ith sty rene  and m ethyl m ethacry la te  to  provide 

a further understanding  of the na tu re  o f  copo lym erization  c h a ra c te r is tic s  

of d iv iny lbenzene iso m ers . L abeled monomers (m e th y l-C ^  m ethacry late  

and s ty re n e -B -C ^ )  w ere  u sed  and th e  copolym er com positions w ere 

determ ined by m eans of th e ir  lab e le d  monomer c o n ten ts  using  a v ibrating  

reed  electrom eter and an io n iza tio n  cham ber. This re sea rch  a lso  pro­

v ides an add itional in s ig h t into th e  nature  o f th e  struc tu re  of po ly - 

sty r ;ne c ro ss lin k ed  through copo lym erization  w ith  d iv iny lbenzene iso m ers .
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H isto rica l

In th is  sec tio n  th e  previous re se a rc h  on copolym erizatlon  

k in e tic s  i s  rev iew ed b rie fly  to  provide the  background for the  ex ­

perim ental s tu d ie s  and d isc u ss io n s  th a t fo llow . The to p ic s  co v ered , 

w hich a re  tre a te d  in  more d e ta il in many tr e a tis e s  on  polymer 

ch em is try , a re : the deriva tion  of the  coplymer com position  e q u a tio n ,

th e  experim ental ev a lu a tio n  of the eq u a tio n , th e  ap p lica tio n  o f the  

equation  to  the  d iv iny lbenzene sy s te m , th e  u se  of lab e le d  m onom ers, 

the  s ig n ifican ce  of th e  m agnititude of the r^ and r£ v a lu e s , the Q 

and e sy s te m , a p p lica tio n  of m olecular o rb ita l th eo ry , ap p lica tio n  

of the  Hammett e q u a tio n , and  th e  s ta t is t ic a l  d is tr ib u tio n  of a monomer 

un it in  coplym er c h a in .

Monomers such  a s  styrene are converted  to  polymer of high 

m olecular w eigh t by e ith e r  a free rad ica l or an ion ic  m echanism  

(which can  be e ither c a tio n ic  or a n io n ic ) . These p ro c e sse s  exh ib it 

the  c h a ra c te r is tic s  of ty p ica l chain  re a c tio n s . In th is  th e s is  we 

sh a ll be concerned  ch ie fly  w ith  copolym erization  by the free  rad ic a l 

m echanism .

Free rad ica l add ition  po lym eriza tion , w hich  can be  in itia te d  by  

lig h t , h e a t ,  or p e ro x id e , is  considered  to  proceed  a t  l e a s t  by th ree  

b a s ic  s tep s: in itia tio n  (in troduction  of one or more free  ra d ic a ls  in to

the  sy s te m ), propagation  (a ttack  of a free rad ic a l upon the double 

bond of a monomer), and te rm in a tio n  (d estru c tio n  of the term inal
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rad ica l on a growing c h a in ) . Each o f th e se  s te p s  w ill be  d escrib ed  

som ewhat in  d e ta il  in  th e  Part III "Polym erization  K inetics of pure m eta- 

and p a ra -D iv in y lb e n ze n e ."

When two d ifferen t polym erizable monomers are mixed in th e  

p resen ce  of an in itia to r  the re su ltin g  m acrom olecules in general con­

ta in  monomer u n its  of both ty p es o f m onom ers, s in ce  th e  growing 

chain  ra d ic a ls  can be a tta c k ed  by e ith e r type of m onom er. Such a 

reac tio n  i s  c a lle d  copo lym eriza tion , and th e  re su ltin g  polym er is  a 

copolym er.
O

Bayer purposedly  carried  out the  f ir s t  copolym erization  of 

isop rene  w ith  bu tad iene  around 1911. For a num ber of years the 

study  of copo lym erization  k in e tic s  lagged  behind  th a t of the  p roperties 

of copolym ers.

A. Copolym er C om position E quation.

In 1936 D osta l^  made the  f irs t  attem pt to  in v e s tig a te  the m echan­

ism  of copolym erization  under the assum ption  th a t  th e  ra te  of addition  

of monomer to  a grow ing chain free  rad ic a l depends only  on the  n a ­

ture  of th e  term inal group on the rad ica l chain  and is  independen t of 

th e  length  or overa ll com position of th e  polymer c h a in . H ow ever,

D osta l made no attem pt to  t e s t  h is  assum ption  experim en ta lly .

After sev era l u n su c ce ss fu l ap p ro a ch e s , the  f ir s t  tr ia l to  tre a t
5

copolym erization  k in e tic s  in  a sy s tem atic  w ay w a s  made by W all in 

1941. W all made an  im portant advance  by suggesting  th a t the  re la tiv e
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ra tes of addition of monomers to  growing chain free rad icals might be

dependen t only on  the  na tu re  of the monomers being added and on th e ir

re la tiv e  c o n c e n tra tio n s . These assum ptions led him to  the  follow ing 

equation:

HU = j£ l M l ( , \
m2 k2 M2 { J

w here M 1/ M 2 is  the  ra tio  of the concen tra tion  of th e  two monomers in  

the  fe e d , 3 h i /1®2 is  the  ra tio  of th e  concen tra tions of the added mono­

m ers in  th e  re su ltin g  copolym er/ and k i /k 2  is  the  re la tiv e  ra te  of 

add ition  o f the  two ind iv idual monomers M i and M2  to  the growing 

c h a in  ra d ic a l .  This sim ple equation  is  found to  hold for many free  

ra d ic a l copo lym erizations and for m ost io n ic  copo lym erizations even 

to  the  p re se n t d a y . The above equation  sa y s  th a t chain  end ings 

have  no e ffec t on the ra te  of add ition  of the two m onom ers.

H ow ever, i t  w as soon d iscovered  th a t th is  sim ple equation  did 

not apply  to  a num ber o f copo lym erization  sy s te m s .

Almost s im u ltaneously  Mays and  Lewis® / Alfrey and G oldfinger^ ,
O

and W all independen tly  derived  copolym erization  equations th a t took 

in to  a cco u n t the  e ffe c ts  of the  la s t  added unit on th e  ra te s  of a d d i­

tion  of th e  two in d iv id u a l monomers/ and assum ed th a t the  s tead y  

s ta te  app lied  to  each  ra d ic a l type  se p a ra te ly . The four s im u ltan eo u s , 

competing ch a in  p ropaga tion  re a c tio n s  in  b inary  copolym erization  a re :
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w here -M j«  and -M  rep re se n t ch a in s  ending in  monomer un it and 

Mg re s p e c tiv e ly . The k 's  a re  th e  c h a ra c te r is tic  p ropagation  ra te  con ­

s ta n ts  for each  of th e s e  propagation  re a c tio n s . A ccordingly/ th e  ra te s  

of d isa p p ea ran c e  of and  Mg by incorporation  in  the  copolym ers a re  

g iven  by:

-  d (M j)/d t = Kn  (M 1#) (M i) + k21 (M2 .) (M i ) (6)

-  d (M g )/d t = k 22 (M 2 .) (M2)+ k 12 (M 1#) (M2) (6*)

A lso , s in ce  w e are  d ea lin g  w ith r a d ic a ls  a s  lo w -co n cen tra tio n  in te r ­

m e d ia te s , and  s in c e  ch a in s  a re  long so  th a t th e  maj,or path  by  w hich 

ra d ic a ls  M i . and M g. are  form ed and destroyed  is  by  in te rco n v ersio n  

of one in to  the  o th e r , w e may w rite  th e  s te a d y -s ta te  ex p re ss io n

d(M 1 J / d t  = d(M 2 . ) / d t  = k 2 i(M g .) (M i) -  k 1 2 (M i.)  (M2) = 0 (7)

By defin ing  r i  = k n / k i 2 and r 2 = k 22/ k g ^ , and combining E qs. (6),

(6‘) ,  and  (7), i t  can  be  shown th a t th e  com position  of the  copolym er

being  formed a t  any  in s ta n t i s  g iven  by

d ( M i )  = (Mj)  . r1 (Mi ) > ( M 2 ) 

d(M 2) (M ^  (Mx) + r 2(Mg)

Equation (8) re la te s  th e  com position  of th e  copolym er being  formed a t

any in s ta n t to  the  monomer co n cen tra tio n s (M i) and (M2 ) in  th e  feed

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



by m eans of tw o param eters r^ and r 2 . H ere r^ and r2 are the  monomer 

rea c tiv ity  ra tio s  c h a ra c te r is t ic  of th e  p a rticu la r monomer p a ir . The 

ra tio  of th e  r a te s  of ad d itio n  of the  two monomers i s  a lso  th e  ra tio  

of the m olar co n cen tra tio n s  o f the  two monomers in  th e  resu lting  

copolym er. If we d en o te  th is  ra tio n  by m^/mg# we may now rew rite  

th e  above d iffe ren tia l form of the  copolym er com position equation  in  

th e  form:

mi ^1^ fl ^ l ) +  (^2) ^g)

m2 (M 2) r2 <M2) + (Mj)

It m ust be  em phasized  that th is  form o f  the equation  is  valid  

only  for the com position  o f the  in itia l copolym er formed a t  monomer 

concen tra tions (M j) and (M g). H ow ever, Eq. (8) in  the d iffe ren tia l 

form i s  v a lid  a t  any  con v ersio n  for re la tin g  the in s ta n ta n e o u s ly  forming 

copolym er w ith  th e  in s tan tan e o u s  monomer com position .

The re la tiv e  re a c tiv ity  ra t io s , r^ and r2 , w hich ap p ear in Eq. (9) 

can be com puted from the  com position of the copolym er formed in  a 

se r ie s  of m ixtures con ta in ing  d ifferen t pe rcen tag es of the  two monomers

when the per cen t of th e  monomer polym erized (yield or conversion) is

kep t low , e g . ,  l e s s  th an  10 per c e n t . At th is  low c o n v e rs io n /, 

when th e  re a c tiv itie s  of the  two monomers a re  not v a s tly  d iffe ren t, 

th e  concen tra tions o f the  monomers in th e  polym erizing mixture are 

su b s ta n tia lly  c o n s ta n t, and may be assum ed  to  be equal to  th e  in it ia l  

c o n ce n tra tio n s . The com position  of th e  polym ers m ust be  m easured 

a cc u ra te ly  to  o b ta in  re lia b le  va lues of r^ and  r2 — poor an a ly tic a l
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d a ta  acco u n t fo r many o f th e  in c o n s is te n c ie s  in  reported  r -v a lu e s .

B. Experim ental E valuation of th e  Monomer R eactiv ity  R a tio s .

There are severa l d ifferen t m ethods fcr computing the v a lu e s  of 

r j  and r£ .  Equation (9) can  be rew ritten  as:

r 2 _ W
(M 2)

This equation  show s r2 a s  a lin e a r  function  of r^ and each  experim ent 

w ith a  given feed  g ives a stra igh t lin e ; the  in te rse c tio n  of sev era l of 

th e se  a llow s th e  e v a lu a tio n  of r^ and r2 . F igure 1 g iv es  a ty p ica l 

p lo t for such  a determ ination  for the  copolym erization  o f sty rene  and 

m ethyl m e th a c ry la te ^ .  If experim ental erro rs a re  h ig h / th e  l in e s  may 

n o t in te rse c t in  a s in g le  point: the region w ith in  w hich th e  in te rse c tio n

occur g iv es  inform ation about the  p rec is io n  of the experim ental r e s u l ts .

Another method w as developed by Finem an and R o s s ^ .  S u b stitu ­

ting  F for (MjJ/CMg) and f for m i/m 2 in to  Eq. (9) g iv es the  follow ing 

re s u lts :

f = f a F. . iL  (id
F + r2

The equation  is  then rearranged  to  give:

(f -  1 ) /F = r i  -  r 2 (f /F 2) (12)
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9 .

1 . 0
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0 . 0

0 . 0 0 .5 1 . 0

Figure 1. In te rse c t P lot for C opolym erization  c£ Styrene (r^ = 0 .53) 
and M ethyl M ethacry la te  = 0 .49) a t  6 0 °C .

1 . 0

0 . 0

- 2 . 0

- 4 .0
4 .00 . 0

r/F

Figure 2 . F inem an-R oss P lot for C opolym erization of S tyrene ( ^ = 0 .5 2 )  
and M ethyl M ethacry la te  = 0 .4 9 ) a t  60 °C .
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Equation (12) s ta te s  th a t a  p lo t of (f -  1)/F  a g a in s t f /F^  i s  l in e a r , 

and th a t th e  s lo p e  of the  p lo t eq u als  -T2 and t  he in te rcep t equals rj_.

A le a s t  squares a n a ly s is  can  be carried  o u t to  determ ine the line  of 

th e  b e s t  f i t  through th e  experim ental p o in ts . The u s e  o f Eq. (12) to  

c a lc u la te  th e  re la tiv e  re a c tiv ity  ra tio s  is  I llu s tra te d  in Figure 2 for 

th e  copolym erization o f sty rene and m ethyl m ethylacry late i®

A th ird  m ethod of an a ly z in g  the  data  i s  th e  d irec t curve fitting  

on polymer-monom er com position p lo ts .  This i s  a le s s  p re c ise  m ethod, 

s in c e  the com position  curve is  rather in se n s itiv e  to  sm all changes in 

3*1 and r2 .

If th e  conversions a re  so high th a t an ap p rec iab le  d rift in  monomer 

concen tra tion  o c c u rs , co rrec tio n s have to  b e  m ade. One w ay of doing 

th is  is  a s  fo llo w s. The chem ical a n a ly s is  o f th e  copolym er g iv es th e  

average  com position , ra ther th an  the com position  of th e  in itia l  copo lym er. 

This average copolymer com position  is  now p lo tted  a g a in s t the  average  

monomer com position during  th e  re a c tio n , ra th e r than  a g a in s t the  in i­

t ia l  monomer com position . This co rrec tion  a p p ea rs  to  b e  fa irly  s a t i s ­

fac to ry  for sm all d rif ts  in  co m p o sitio n , but c e rta in ly  can  n o t acco u n t 

for la rg e  d r if ts . A more e lab o ra te  method h a s  b een  developed  by  M ayo 

and Lewis.® They ob ta ined  th e  follow ing in teg ra ted  copolymer com po­

sitio n  equation:
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11.

0 1 -  p M 1
log M2 -  1 log __________M_2_

M2 P . .  M °
1 -  P

r2 =

m 2

1 -  P
M

log _ ^ L  + log — ___ '■ -  *?2______
M i  l  -  P

M2

w here P =  ( 1 -  r ^ ) / ( l  -  r 2) ,  M ° and m 2 are  the  in itia l  m olar concen ­

tra tio n s  of th e  two m onom ers, and and M2 a re  th e ir  co n cen tra tio n s  

a t the tim e w hen copo lym erization  i s  s topped  and the sam ple is  w ithdraw n. 

The r^ and r 2 can  then  be ev a lu a ted  g rap h ica lly  o r through u se  of a 

computer'*''*' from com position -conversion  d a ta .  H ow ever, i f  i t  is  d e s ired  

to  c a lc u la te  th e  change in  copolym er com position  w ith conversion  for a

system  in w hich  r 1 and r 2 a re  know n, th e  m ost conven ien t m ethod is  a

12num erical cr g raph ica l one  developed  by S k e is t.

(M x) + (M 2) ( 1 dM x
In _______________

(M°) + (m 2) x i “
1 1

In th is  equation  x^ re p re se n ts  th e  in s ta n ta n e o u s  mole fraction of mono*

mer M j in  th e  copolym er w hich  i s  formed w hen th e  mole fraction  of

monomer one is  (monomer o n e , , is  assum ed  to  b e  the  more

re a c tiv e  of th e  tw o m onom ers.). The ra tiog  ; ( (M^) + (M2) ) /

( (M j) + (M2) ) ,  i s  th e  ra tio  of th e  to ta l  num ber of m oles o f mixed
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m onom ers, w hich  rem ain  u n reac ted  to  th e  to ta l number of m oles of 

m ixed monomers w hich  w ere  p resen t in i t ia l ly .  The symbol (M) 

re fe rs  to num ber o f  m oles and th e  symbol M re fe rs  to  mole fra c tio n .

C opolym erization equ atio n s for system s of more th an  tw o mono­

m ers have been  d e riv e d , ^  and sev era l experim ental s tu d ie s  of copo ly ­

m erizations involv ing  th re e  m o n o m e rs^  have been  rep o rte d . Six 

re a c tiv ity  ra tio s  a re  requ ired  for trea tm en t of the  com position in a 

th ree  com ponent sy s te m s .

C . A pplication of th e  Copolymer C om position Equation to  D ivinvl

S ystem s.

Up to  now the  d is c u s s io n  has been  only  about monomers co n ­

ta in ing  one v inyl group or th o se  u n sa tu ra ted  com pounds w hich gen­

e ra lly  re a c t to  add on ly  one monaiBr. The copolym er equation  w as 

re v ise d  by Alfrey and cow orkers^^  for th e  v in y l-d iv in y l oopolym eri- 

z a tio n , in  w hich one of the  monomers i s  a sym m etrical d iv iny l 

com pound. The equation  is :

d(M x) (M x) r , (M-.) + 2(M_)
 = ---------  ‘ ---------- --------------—  (13)
d(M 2) 2(M2) 2i>2 +

w here (M^) and (M^) re p re se n t the  m olar co n cen tra tio n s o f th e  mono­

v inyl and d iv iny l com pound in  th e  fe e d , and dfM-^) and d(M 2) the 

m olar con cen tra tio n s of th e  monovinyl and d iv iny l monomer re s p e c ­

t iv e ly  in  the in s tan tan e o u s  copolym er. At low  conversion  the  above
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equation  can  b e  rew ritten  a s  follow s:

m 1 _ (M X)  ̂ r x (M x) + 2(M 2) 

m2 2(M2) 2r2 (M2)+ (M x)
(14)

or r 2 = ^ 2
2(M 2) mx

\
1 + r l * 2(M2)

(Mx)
(15)

In the  u se  of th is  equation  th e re  w as a q uestion  a s  to  w hether 

th e  proper v a lu e  to  b e  u se d  for m2  is  o n e -h a lf th a t of the  a n a ly tic a lly  

determ ined per cent o f d iv iny l monomer in the  copo lym er, a s  p rev iously

ra tio s  o f the  th ree  d iv iny lbenzene  iso m ers and e thy lene  g lycol 

d im ethacry la te  copolym erized with sty rene  using  equation  (15). They 

concluded  th a t the above equation  could  be u sed  to  e v a lu a te  th e  

monomer re a c tiv ity  ra tio s  of independen t sym m etrical di v inyl monomers 

on ly  w hen the mole percen t of d iv iny l monomer in  th e  copolym er w as 

u sed  for m2 , but no t m2/ 2 .  H ow ever, th ey  a lw ays lacked  a d e fin i­

tiv e  so lu tion  of the copolym erization  equation  far the s ty re n e -p a ra -  

d iv inybenzene sy s tem .

The experim ental tec h n iq u e s  u sed  in  th e  determ ination  of r e a c ­

tiv i ty  ra tio s  in  peroxide in itia ted  copolym erization  a re  u su a lly  re la tiv e ly  

s im p le . The m ethod u sed  in  the p re se n t w ork, for a ll  of th e  monomer 

p a ir s ,  c o n s is t  of sea lin g  w eighed  am ounts of th e  two monomers in an

su g g ested  by Alfrey e t a l . , ^  or the w hole  v a lu e .

W iley and cow orkers have determ ined the  re a c tiv ity
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ev acu a ted  tube w ith  th e  d e s ire d  amount of benzoyl perox ide . The 

po lym erizations a re  ca rried  out in a c o n stan t-tem p era tu re  bath  and 

th e  rea c tio n s  are  stopped  befo re  10 per cen t conversion  is  re a c h e d .

The copolym er i s  iso la te d  from th e  reaction  m ixture by p rec ip ita tio n  

of the polym ers w ith a n o n so lv e n t. The polym ers are  re d is so lv ed  or 

sw ollen  in  a proper so lv e n t and rep re c ip ita ted  w ith  a n o n so lv e n t.

This p rocedu re  is  rep ea ted  severa l tim es until th e  polymer is  free  

from m onom ers, and th en  the  polymer i s  dried  in  a vacuum  oven .

A freeze -d ry in g  techn ique can b e  u se d  to  iso la te  the  polymer in a 

dried  form. By w eighing the d ried  polym er, th e  y ie ld  i s  o b ta in ed .

The com positions c£ copolym ers are  then an a ly zed  chem ically  or 

p h y s ic a lly , and th e  r^ and T2 v a lu e s  are com puted.

The com position  of copolym er h as b e e n  determ ined by  standard  

e lem entary  a n a ly s i s ,19, ^0 c h a ra c te r is tic  group a n a ly s is ,  re frac tiv e  

index  m easu rem en t,^1 U .V . absorp tion  s p e c tra , ^  and I .R . absorp tion  

s p e c t r a . T h e  above m entioned an a ly stica l m ethods a re  not su ffi­

c ie n tly  a ccu ra te  to  provide re a c tiv ity  ra tio s  o f  the  degree of re lia b ility  

th a t m ight b e  d e s ire d  in  many c a s e s .  Pairs of isom eric  monomers such  

a s  m- and p -  ch lorobenzene or methyl c ro to n a te  and m ethyl m etha­

c ry la te  give copolym ers w hich show no v aria tio n  in  e lem ental com po­

s itio n  w ith  change in monomer r a t io .  The n itrogen  con ten t of po ly -

a c ry lo n itr ile 15 is  c o n s is te n tly  found to  be  low er than  expec ted  and

94co rrec tions have  to  .be m ade. G ilbert and W illiam s reported  th a t  

I .R . a n a ly s is  of isop rene-—-butadiene copolym ers w as not sa tis fa c to ry
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w here the concen tra tion  of isoprene w as m ere th a n  50 per c e n t .

D . U se of L abeled M onom ers.

A p o ss ib le  so lu tio n  to  th is  problem  is  th e  u tiliz a tio n  of lab e le d  

monomers for determ ination  of th e  copolym ar co m p o sitio n . The m ost 

usefu l p rocedures for th e  determ ination  o f  th e  ra d io a c tiv ity  of polym er 

sam ples prepared from lab e le d  monomers are  probably  th o se  b a se d  on 

com bustion of the polymer to  carbon d io x id e , w hich is  c o llec ted  in 

an  io n iza tio n  cham ber, and a ssa y ed  in  a v ibrating  reed  e le c t r o m e te r .^  

The com bustion tech n iq u e  offers ad v an tag es in  rap id ity  and p rec is io n  

in  the a s s a y  but invo lves d e stru c tio n  of the sam ple  and req u ires  

q u an tita tiv e  com bustion  of the  polym er.

E. S ign ificance  of th e  V alues of r-̂  and r 2 »

Since the ra te  co n s tan ts  for in itia tio n  and term ination  do not 

appear in  th e  copolym er com position  e q u a tio n , the  com position  of 

th e  copolym er is  independen t of o v e r-a ll  re a c tio n  ra te  and in itia to r  

co n ce n tra tio n . M oreover, the  re a c tiv ity  ra tio s  are unaffec ted  in m ost 

c a s e s  by th e  p re se n c e  of in h ib ito rs , chain  tra n s fe r  a g e n ts , or so lv e n t. 

Even in  heterogeneous sy s tem s th ey  rem ain unchanged u n le ss  th e  

a v a ila b ility  of th e  m onomers i s  a lte red  by  th e i r  d is tr ib u tio n  be tw een  

p h a s e s .  A change from a  free:', rad ic a l to  an io n ic  m echan ism , how­

e v e r , ch an g es ^  and r2 rem arked ly . When th e  v a lu e s  of ^  and r2

are  a v a ila b le , i t  en ab les  u s  to  look in to  the  re la tiv e  re a c tiv ity  of th e  

r a d ic a ls —u su a lly  the  crder of re a c tiv ity  of the ra d ic a ls  is  the
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re v e rse  of th a t for the monomers# hence  the natu re  o f th e  propagation 

s tep  and the s tru c tu re  of th e  copolym er.
o

W all paid a tten tio n  to  th e  c lo se  analogy  betw een  the  copolym er- 

monomer m ixture com position  re la tio n sh ip s  and vapo r-liqu id  equ ilib ria  

in  b inary  sy s te m s . He in troduced  the term  idea l copolym erization  for 

th e  c a s e  r -^ .^  = 1# in  recogn ition  of th e  analogy  to  v ap o r-liq u id  

eq u ilib ria  fo r id ea l liqu id  m ix tu res . When r ^ ) l #  th e  polym er i s  r ich e r 

in  than  in  the monomer fe e d . For r^< 1, th e  opposite  h o ld s . It 

i s  a lso  ap p aren t th a t the end group on the  growing chain  has no in ­

flu en c e  on th e  ra te  o f  addition# and the  two ty p e s  o f u n its  are arranged  

a t random  along  th e  chain  in re la tiv e  am ounts determ ined by the  com po­

s itio n  of the feed  and th e  re la tiv e  re a c tiv it ie s  of th e  tw o m onom ers.

The copolym er equation  red u ces to dM ^/dM g = r ^ .M j/M g .

If TjT2 > 1# the  tendency  for ra d ic a ls  of a g iven  kind to reg en era te  

th em se lv es  by  the add ition  o f  a like  un it ex ceed s  th e ir  tendency  for 

a lte rn a tio n . Such a copolym er would con tain  seq u en ces  o f l ik e  u n its  

in  g rea te r  abundance than  in  a random  copolym er of th e  sam e com posi­

tion# and th is  tendency  favoring seq u en ces  should be  g rea te r the 

la rg e r the  product r ^ .  W iley and c o w o r k e r s f o u n d  th a t the  r j ^  

product i s  g rea te r than 1 in  s ty re n e -p a ra -d iv in y l-b en z en e  copolym eri­

za tio n  and ra tio n a liz e d  i t  in  term s of b lo ck -p o ly m eriza tio n . If

r 1* r 2  = 0# each  rad ica l p refers to  re a c t e x c lu s iv e ly  with th e  other 

monomer and th e  m onom ers a lte rn a te  regu la rly  along the chain re g a rd le ss
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of the com position  of th e  monomer fe e d . The copolym er equation  

sim p lifies to  d M ]/d M 2 = l .  The l a s t  p o s s ib i l i ty /  w ith  both r^ and 

r 2  g rea te r than  u n ity , w ould e x is t  if  each  ra d ic a l preferred to  add i t s  

own monomer: in the  ex trem e , the  two monomers would sim u ltan eo u sly

hom opolym erize. Very few c a s e s  a re  known so  f a r .  M ost observed  

copo lym erizations l ie  betw een  the id e a l and th e  a lte rn a tin g  s y s te m s , 

i . e . ,  0< r^r2< l. There is  a t b e s t  bu t few e s ta b lis h e d  in s ta n c e s  of 

free rad ic a l po lym erization  in  w hich the  product r jr2  is  s ig n ific an tly  

g rea te r than  u n ity .

F . The Q and e  Schem e.

Mayo and W a l l i n g 25 su g g ested  the e x is te n c e  of a sem iq u an ti- 

ta tiv e  re la tio n sh ip  be tw een  a lte rn a tio n  and th e  po lar p ro p erties  of the 

monomers inv o lv ed . The m anner in  w hich such  po lar e ffe c ts  bring 

about ch an g es in the  ra te s  of ra d ic a l ad d itio n  reac tio n s  h a s  rece ived  

a good d e a l of d isc u ss io n  w hich  p a ra lle ls  c lo s e ly  sim ilar co n sid era tio n  

of th e  d e ta ile d  m echanism  by w hich e lectron  su p p ly  and w ithdraw al 

influence:; th e  r a te s  of s tr ic tly  p o la r  r e a c t io n s .

19In add ition  to  such  p o la r e f f e c ts ,  i t  h a s  been  su g g e s te d  th a t ,  

a t le a s t  in strongly  a lte rn a tin g  sy s te m s , the  energy of the  tran s itio n  

s ta te  may be low ered  by  th e  p a rtic ip a tio n  of reso n an ce  s tru c tu re s  in 

w hich e lec tro n  tra n s fe r  has occurred  be tw een  ra d ic a l and o le f in . In 

an attem pt to  exp la in  th e  a lte rn a tin g  copolym er of sty rene  and m aleic  

anhydride B artle tt and N ozak i26 ana lyzed  a c h a rg e - tra n s fe r  com plex
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w h ich , th e y  c la im ed , w as the  re a c tiv e  in te rm e d ia te . This work w as 

la te r  supported  by B a ib .^?  C om plexes of s e r ie s  of su b s titu ted  s ty ren es  

and m ale ic  anhydride , and th e ir  corresponding a lte rn a tin g  copolym ers 

w ere s tu d ied  by W alling  and h is  c o w o rk e r s .^  T hese re se a rc h e rs  con ­

c luded  th a t the  com plexes w ere determ ining  the na tu re  of th e  polym eric 

p roducts of f re e - ra d ic a l  in it ia t io n s . R ecen tly , c h a rg e -tra n sfe r  com ­

p lex e s  in  so lu tio n s  of oomonomers such a s  d iv iny l e ther and m aleic
Op

anhydride ° have been id en tifie d  by u se  of U .V . sp e c tro sc o p y . Of 

c o u rse , s te r ic  e ffe c ts  a ls o  con tribu te  to  the  ten d en cy  of some monomer 

to  a lte rn a te .

An in te re s tin g  q u a n tita tiv e  attem pt to  re la te  the  co n cep ts  of po lar 

e f f e c ts ,  together w ith  th a t of o v e r-a ll re a c tiv ity  a s s o c ia te d  w ith  re so n ­

an ce  s ta b iliz a tio n  h as  b een  made by Alfrey and P ric e . ^  They e x ­

p re sse d  the ra te  co n s tan t fcr th e  reaction  of a M i .  rad ica l w ith  M2  

monomer in  the  form:

*12 “  Pl Q 2 exp("e. l e 2 ) (16)

w here P i is  the g en era l re a c tiv ity  of th e  rad ic a l M ^ . ,  Q2 is  a quan tity  

re la te d  to  th e  re a c tiv ity  and th e  re so n an c e  s ta b liz a tic n  o f the monomer 

M2 , and e-̂  and e 2 are c o n s id e re d  to  b e  proportional to  th e  re s id u a l 

e le c tro s ta tic  ch arg es in  the  re s p e c tiv e  reac tin g  groups and re la te d  to 

th e  ch a rg es  on M i# and M 2 re sp e c tiv e ly  by  th e  re la tio n :

- l / 2
e i = C x( rDkT ) (17)
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w here is  th e  ac tua l ch arg e  on M-^. ,  r the  sep ara tio n  of th e  ch arg es 

in  the ac tiv a ted  com plex , D the  "effec tiv e"  d ie le c tr ic  c o n s ta n t, k the 

Boltzmann c o n s ta n t, th e  T the ab so lu te  tem p era tu re . If it  i s  further 

assum ed  th a t the same ej a p p lie s  both  to  the  monomer Mj and to the 

ra d ic a l M j . ,  the ra te  c o n s ta n t for the  reac tio n  of M ^. w ith  

becom es

kl l =PlQl* expt-^2) (18)

From th e  d efin itio n s  of th e  monomer re a c tiv ity  ra t io s  and E qs. (16) 

and (18), it  fo llow s th a t

r l  “  (Q 1/ Q 2 ) exp l “ e l^e l “ e 2)t (19)

r2 = (Q2/ Q i ) exp \  “ e 2^e 2"e l^l 

and r 1#r2 = exp ^ - ( e 1- e 2)2 ) (21)

O rig inally , Q and e w ere chosen  for sty rene  a s  1 a n d - 1 ,  re ­

sp e c tiv e ly . S ubsequen tly , Price h a s  changed th is  b a se  to  1 .0  and

- 0 .8  a s  g iving a s e r ie s  of Q v a lu e s  for monomers in b e tte r  accord

w ith  h is  ex p erim en ts . H en ce , a s s ig n in g  two p a ram ete rs , a  Q and an 

e ,  to  each of a s e t  o f com onom ers, i t  is  p o s s ib le  to  c a lc u la te  re a c ­

t iv ity  ra tio s  r^ and r 2 for any p a ir . In co n sid e ra tio n  of the  huge 

number o f monomer pa irs  w hich  may b e  se le c te d  from la rg e  number o f 

monomers th e  a d v a n ta g e s  of such  a schem e over copo lym erization  ex ­

perim ents on each  pair are  o b v io u s.

H ow ever, th e  above deriva tion  h as b e e n  c ritic iz e d  on th e o re tic a l  

g rounds. In th e  f i r s t  p la c e , th e re  i s  no a  p rio ri ju s tif ic a tio n  fo r th e
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assum ption  th a t th e  adtem ating e ffe c t a r is e s  so le ly  from e le c tro s ta tic

in te rac tio n  b e tw een  fixed  ch a rg es  and for assu m in g  equal charges for

monomer and derived  ra d ic a l .  If th is  is  th e  c a s e ,  th e  a lte rn a tin g

e ffe c t should depend on th e  re a c tio n  m edium , i e . , on i t s  d ie le c tr ic

25c o n s ta n t. This h a s  not been  found to  b e  the  c a s e .  The second  is  

th a t E qs. (19) and (20) do no t un iquely  define Q and e fcr any mono­

m er. R ather, they m ust be  a rb itra rily  chosen  fcr one monomer and 

th e  rem ainder of the sy s tem  bu ilt up on th is  b a se  as m entioned b e fo re . 

Furtherm ore, th e  s te r ic  fac to rs  a re  not accom m odated in  the  Q -e  schem e.

G . A pplication of M olecular Orbital Theory.

More re c e n tly  a ttem p ts have  been  made to  form ulate a rigorous 

th e o re tic a l b a s is  for p red ic ting  monomer rea c tiv ity  in  copo lym erization . 

Evans e t al .^® c a lc u la te d  the a c tiv a tio n  en erg ies  of the v a rious 

radical-m onom er ad d itio n  rea c tio n s  using  M olecu lar O rbital Theory 

under th e  assum ption  th a t  far a  se r ie s  of sim ilar monomers th e  entropy 

of ac tiv a tio n  is  approxim ately  e q u a l, and th ey  co n clu d ed  th a t  high 

monomer rea c tiv ity  c o rre la te s  w ith a su b s ta n tia l gain  in  reso n ace  

s ta b iliz a tio n  upon add ition  of monomer to  ra d ic a l .  Further th ey  made 

th e  suggestion  th a t th e  Q value  of a monomer can  be  id en tified  with 

the quan tity  exp [ (RA-R M)/RT) , w here RM and RA are  the re so n ace  

en erg ies  of monomer and rad ica l a d d u c t, re s p e c tiv e ly . In another 

approach  H ayash i e t a l . ^ l #  ^2 have c a lcu la te d  th e  p i  con jucation  

energy in  radicatanonom er system s by  using  a LCAO m olecular o rb ita l
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techn ique  and show ed th a t the  monomer re a c tiv ity  ra tio s  agreed  w ell

w ith reported  v a lu e s . The pi energ ies of severa l v inyl compounds

33have b een  determ ined by Fueno e t a l . ,  and co rre la tio n s  w ere shown

betw een  the b e ta  carbon lo c a liz a tio n  e n e rg ie s  and m ethyl a ff in itie s

of vinyl com pounds. T hese w orkers su g g e s t th a t  th ere  i s  a re la tio n ­

sh ip  be tw een  P and Q and the  lo c a liz a tio n  en e rg ie s  of ra d ic a l and 

monomer/ and th a t th e  e i e 2  product is  probably  re la te d  to  th e  r e s o ­

nance  s ta b iliz a tio n  energy in  the  tra n s itio n  s ta te  be tw een  monomer 

and rad ica l a d d u c t. R ecently  L e v in s o n ^  has im proved th e  approach 

of H ay ash i/ and inc luded  reso n ace  and po lar fac to rs  in  h is  ap p roach . 

He show ed the p a ra lle lism  betw een  th e  e v a lu e  and th e  e lec tro n  a f ­

fin ity  of a monomer and betw een th e  Q v a lu e  and the  lo c a liz a tio n  

e n erg y . Even though th e  above c a lc u la tio n  m ethods of monomer r e ­

a c tiv ity  ra tio s  give q u ite  sa tis fac to ry  r e s u l t s ,  i t  may be no ted  th a t 

th e s e  m ethods differ by a fac to r of 2 to  3 .

H . A pplication of th e  Hammett E quation .
35

Hammett found th a t ,  for many polar r e a c t io n s ,  the ra tio  of the 

ra te  or equilibrium  c o n s tan t for a  m eta or para  su b s titu te d  benzene 

d e riv a tiv e  to  th a t of th e  u n su b s titu ted  d e riv a tiv e  could  be given a s  the  

product of two p a ram ete rs , rh o , w hich is  sp e c if ic  for the  re a c tio n , and 

sigm a, sp ec ific  for the  su b s titu e n t, and  th is  can  be e x p re ssed  a s  

follow s:

log (K/Kq)=  ^  (22)
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In order to  exam ine th is  re la tio n sh ip  for a  rad ic a l re a c tio n / 

W alling / Mayo e t a l . ^  have stud ied  a co rre la tio n  betw een the  

<r- v a lu e  of a su b s titu ted  sty rene  and th e  re a c tiv ity  w ith  th e  sty rene  

type  of free  ra d ic a l .  I t w as found th a t the p lo t of th e  logarithm s of 

th e  re la tiv e  re a c tiv itie s  a g a in s t th e  Hammett (y- v a lu e s  for the par­

ticu la r su b s titu e n ts  f itted  to  a s tra ig h t l in e  w ith an approxim ate slope 

of 0 .5 1 . H ow ever, s ty re n es  w ith  e le c tro n -su p p ly in g  g ro u p s, e s p e c ia l­

ly  para-d im ethylam ino and para-m ethoxy  g ro u p s , show ed abnorm ally 

enhanced  re a c tiv itie s  and d ev ia ted  considerab ly  from the  l in e .  The 

sam e schem e w as ex tended  for th e  reac tio n s  of th e  su b s titu ted  s ty ren es  

w ith  the  m ethyl m ethacry la te  ra d ic a l and th e  p lo ts  o f log ( l /r^ )  

v e rsu s  H am m ett's < j-va lues fe ll on a rea so n ab ly  good s tra ig h t l in e  

(slope  o f 0 .33) w ith  th e  excep tion  of p a ra -m e th y l- , pa ra -d im ethy l­

a m in o -, and p ara -m eth o x y sty ren e .
OC

R ecently  W iley e t a l .  redeterm ined  the  monomer re a c tiv ity  

ra tio s  of the styrene -p a ra -d im ethy lam inosty rene  , s ty re n e -p a ra -m eth o x y - 

s ty re n e , s ty re n e -m e ta -m e th y ls ty ren e , and s ty ren e -p a ra -m eth y ls ty ren e  

p a irs  u sing  rad io a c tiv ity  a s s a y  for copolym er a n a ly s is .  They found 

th a t a  p lo t o f  log re a c tiv ity  ra t io s  a g a in s t the  sigm a v a lu es  for the  

io n iza tio n  of su b s titu ted  benzo ic  ac id  g iv es a plot w ith tw o lin e a r 

reg ions of d ifferen t s lo p e . Below 0 .0  sigm a (e lec tron  donor sub ­

stitu en ts)  th e  s lo p e  is  z e ro . From th is  o bserva tion  th ey  concluded 

th a t e le c tro s ta t ic  e ffe c ts  opera te  d iffe ren tly  in determ ining the  re a c ­

tiv ity  of s ty ren e  ra d ic a ls  w ith e lec tro n  donor su b s titu e n ts  than th ey
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do in  determ ining the re a c tiv ity  of styrene ra d ic a ls  w ith  e lec tro n  a t ­

trac tin g  su b s ti tu e n ts .

I .  S ta tis t ic a l  D istribu tion  o f  a  Monomer U nit in  Copolym er.

S a k a g u c h i^  h as derived  th e  follow ing re la tio n sh ip s  for a s c e r ta in ­

ing the se q u en tia l d is tribu tion  of sy n d io tac tic  and iso ta c tic  u n its  in  

a  polymer:

w here Fn is  th e  frac tio n  of polym er ch a in s  in b lo ck s of iso ta c tic  u n its  

n lo n g , f i so is  th e  to ta l  frac tion  of is o ta c tic  s truc tu re  in  th e  polym er. 

Gm is  the  frac tio n  of polymer ch a in s  ex is ting  in  b locks of iso ta c tic  

u n its  equal to  m and longer than  m , and r^ is  a p se u d o -re a c tiv ity  

ra tio  for the iso ta c tic  u n i ts .  A sim ilar e x p re ss io n  e x is ts  for synd io ­

ta c tic  u n i ts .  By appropria te  m anipultation  E q s. (23) and (24) w ere

38a lte red  by  Berger so a s  to  app ly  fo r copolym ers in  g enera l and thus 

be com patible  w ith th e  copolym er e q u a tio n .

n n-1
(23)

m-1
(24)

n-1

( 2 3 )  F n  =
(Mx/M 2) r x

( l  +  ( m / m ^  r i ) 2 1 + (M-j/Mg) ^
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(26) n-1

1 + (M 1/ M 2) r 1

m -  1

1+ (M 1/ M 2) t1

w here , and are  m ole or mole frac tio n s of monomers in the

feed  and the  m ole frac tio n  of in  th e  growing chain  or copolym er 

form ed. Fn now m eans th e  frac tion  o f polymer ex is tin g  in  b lo ck s  of 

monomer M]̂  u n its  n lo n g . Gm is  the frac tio n  o f polym er ex isting  in 

M i u n its  of m and lo n g e r . There are co rresponding  equations for M2 . 

Equation (25) te l l s  u s  th a t  i f  r^ i s  c o n s ta n t, Fn is  proportional to the  

mole frac tio n  of monomer in  the  growing c h a in .

W iley and cow orkers have stud ied  the polym erization  and c o p ly - 

m erization  c h a ra c te r is t ic s  o f  d iv iny lbenzene  isom ers in  some d e ta i l .

For the  o rth o -d iv iny lbenzene  and sty rene  copolym erization  sy s tem ,

17n o n cro sslin k ed  copolym ers w ere o b ta in e d , b a se d  on th e ir  so lu b ility .

They appeared  to have approxim ately  one doub le-bond  per d iv iny lbenzene

u n i t ,  b a se d  on the in fra red  abso rp tion  c h a ra c te r is t ic s .  This p a r tic u la r

behav io r of o rtho -d iv iny lbenzene  in d ic a te s  th a t  the  two vinyl groups

39th e re in  a re  n o np lanar, a s  i s  c o n s is te n t w ith  NMR d a ta  for the iso m ers ,

and th a t one of v inyl groups does no t copo lym erize . Fcr the  m eta

isom er copolym erization  w ith  styrene the  monomer re a c tiv ity  ra tio

18v a lu es  obtained  a t  d ifferen t conversion  le v e ls  a re  d iffe ren t. At low 

co nversions r^ (styrene) is  lo w er than  r2 (m eta-d iv iny lbenzene); a t 

high co n v ersio n s r 2 is  low er th an  r^ .  The la tte r  fa c t w as ra tio n a lize d
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by the  in c re a se d  p a rtic ip a tio n  of the second  of th e  d iv inyl u n its  in  

th e  h igh -con  version  copolym er. In th e  p a ra -d iv in y lb en z e n e  c a s e ,  no 

w e ll-d e fin e d  monomer re a c tiv ity  ra tio s  could  be ob tained  in i t s  copo ly ­

m erization  w ith  s ty re n e , and the  p roduct of the  b e s t  se le c te d  r^ and 

r 2 v a lu es w as g re a te r  th an  u n i ty .18 '  40 They exp la ined  th is  fac t in  

term s of b lock -po lym eriza tion  te n d e n c ie s , and th is  w as proved by

sev era l o ther ex p erim e n ts , for exam ple , ra te s  s tu d ie s  of su lfonation

41of po lysty rene  c ro ss lin k ed  w ith m eta- and p a ra -d iv in y lb e n z e n e s ,

pyro ly tic  deg radation  k in e tic  s tu d ie s  of copolym ers o f sty rene  w ith

42m eta- and p a ra -d iv in y lb e n z e n e s , and m ass sp e c tro sc o p ic  c h a ra c te r i-

43za tio n  of th e  d iv in y lb en zen e-s ty ren e  copo lym ers.
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Experim ental

Standard C * ^ -la b e le d  Monomers

M e th y l-C ^  m ethacry late  w as supplied  by T racerlab , In c . w ith 

a  sp e c if ic  a c tiv ity  of 0 .3 4  m illicu rie /m illim o le . The sam ple con­

ta in ed  293 .9  m illigram s (0 .314  m l.) w ith a to ta l  a c tiv ity  of 1 .0  m illi-  

cu rie  and w as s ta b iliz e d  w ith hydroquinone. This sam ple w as d ilu ted  

w ith  450 volum es of fre sh ly  d is t i l le d  un labe led  m ethyl m ethacry la te  

(Eastm an Q rg. C h e m ica ls) , n ^  1.4135 (L iterature v a l u e , ^  1 .4 1 3 6 ), 

and w as s ta red  under n itrogen  a t  -10°C  w ith  a  sm all quan tity  of 

2 ,6 -d i- te r t-b u ty l-p a ra -c re s o l  a s  a s ta b iliz e r  u n til u se d . This d ilu ted  

sam ple w as used  far the  copo lym erizations w ith  m eta - and p a ra - 

d iv iny lbenzenes .

D ilu tions w ere carried  out under n itrogen atm osphere in a po ly­

e thy lene  bag and a w ell v e n tila ted  hood. The c a lcu la te d  amount of 

un labe led  m ethyl m ethacry late  (141 m l . )  w as added to  a 500 m l. 

brown b o t t le ,  th e  se a le d  g la s s  tube con tain ing  C ^ - la b e le d  methyl 

m ethacry late  w as rin se d  w ith un labe led  methyl m e th ac ry la te , and 

p laced  in  th e  d ilu tio n  b o ttle  which w as being  flu sh ed  w ith  n itro g en .

A heavy g la s s  ro d , w h ich  w as rin sed  w ith  un lab led  m ethyl m etha­

c ry la te , w as in troduced  in to  the  b o ttle  touching  th e  sea led  tu b e .

The rod w as tapped  g e n tly  w ith  a hammer b reak ing  th e  tu b e  con ta in ing  

the  C-1 ̂ - la b e le d  m ethyl m eth ac ry la te . The d ilu ted  m e th y l-C ^  m etha­

c ry la te , th u s o b ta in ed , w as s ta b iliz e d  w ith  th e  c re so l u se d  before  and

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



th e  sam ple w as sto red  under n itrogen  atm osphere in  a d eep  freeze  a t

-1 0 °C . This d ilu ted  sam ple had a  sp e c ific  a c tiv ity  of about 7 .6 x 1 0 ” *

m icrocurie per m illim ole. The second  d ilu ted  lab e le d  methyl m ethacry l-

14a te  w as obtained by d ilu ting  54 m l. of the f i r s t  d ilu ted  m ethy l-C  

m ethacry late  prepared above to  60 m l. w ith  unlabeled m ethyl m ethacry l­

a te  to  g ive about 6 . 84  x  10 * m icrocurie per m illim ole and sto red  

under the  sam e cond ition  a s  u sed  for the  f ir s t  sam p le . This second 

sam ple w as used  for th e  copo lym erizations of m ethyl m ethacry la te  and 

p a ra -iso p ro p y ls ty ren e . Tf-p prepared  sam ples w ere allow ed to s e t  two 

or th ree  d ay s to  reach  equilibrium  before u s in g . All lab e le d  monomers 

w ere kep t under n itrogen atm osphere and th e ir  co n ta in e rs  w e re  opened 

only a t  room tem pera tu re .

S ty rene-B -C *^ , prepared and supp lied  by T racerlab , In c . w ith 

a  sp ec ific  a c tiv ity  of 0 .17  m illicu ri/m illim o le , con ta ined  6 1 2 .7  mg. 

and had to ta l  a c tiv ity  of 1 .0  m illicu rie . This sam ple w as s ta b iliz e d  

w ith  p ic ric  a c id . A quan tity  of un labe led  styrene supp lied  by Baker 

C hem ical C o . w as purified  by vacuum  d is t i l la t io n  in  w h ich  the  m iddle

fra c tio n , n j^  1 .5467 (L iterature v a l u e , ^5 1 .5465) w as c o lle c te d  and

14u se d  fcr the d ilu tion  of lab e led  monomer. S tyrene-B -C  (0 .665  m l.)

w as d ilu ted  w ith  210 volum es (140 m l.) of fresh ly  d is t i l le d  un labe led

14sty re n e . This d ilu ted  s ty re n e -B -C  had abou t the  sp e c if ic  ac tiv ity  

of 5 .2  x  10 * m icrocu rie /m illim o le . This d ilu tio n  w as carried  out 

in  the sam e m anner a s  w ith C -^ - la b e le d  m ethyl m eth ac ry la te  and 

sto red  under th e  same cond ition  u sed  for d ilu ted  lab e le d  m ethyl
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m eth ac ry la te . The sam ple w as u sed  fcr the  copolym erizations of sty rene  

and p a ra -iso p ro p y ls ty re n e .

D ivinylbenzene s

m eta-D iv iny lbenzene  w as prepared  and supp lied  by C en tre  de 

R echerches du Groupe P e tro fin a , B ruxelles w ith p u rity  of 95+  % and 

w as s ta b iliz e d  with 0 .25  % te r t-b u ty lc a te c h o l. The majcr im purity 

w as found to  be  m eta-e th y lv in y lb en zen e  by g as chrom atographic a n a ­

ly s i s .  This sam ple w as purified  using  ap rep ara tiv e  vapor fractom eter 

(Perkin-E lm er M odel 154) and Bentone* colum n. The com position  of 

th e  colum n support and  the  p repara tion  of th e  frac tio n a tio n  colum n 

w ere d escrib ed  in  d e ta il  e a r l i e r , a n d  th e  e x a c t same procedures 

w ere fo llow ed  in th is  experim en t. As a r e s u lt  c£ sev e ra l prelim inary 

ex p erim en ts , i t  w a s  d ec id ed  to  u se  a  tem perature o f  150°C and a 

helium  carrie r g a s  p re ssu re  of 15 p s i ,  a s  th e  re te n tio n  time of m eta- 

d iv in y lb en zen e  seem ed q u ite  rea so n ab le  w ith good re so lu tio n  betw een 

m etardivinylbenzene and th e  im purity  (ethy lv iny lbenzene) p e a k s .

Under th e s e  cond itions 2 m l. of impure m eta -d iv in y lb en zen e  so lu tion  

in  benzene  (2:3) w as in je c te d  and  the m e ta -d iv in y lb en zen e  part w as 

c o lle c te d . The m e ta -d iv in y lb e n z e n e  th u s  ob ta ined  w as 9 9 . 5 + %  pure 

by  gas chrom atographic a n a ly s is  u s in g  a Perkin-Elm er R column 

(polypropylene g lyco l on chrom osorb-W ) and flam e io n iza tio n  d e tec tc r 

(Figure 3 ). The purity  w as c a lc u la te d  by tak ing  a  sm all shou lder a t

*An o rg an o -c lay  w hose  com position  i s  d e sc rib ed  a s  dim ethyl 
d io c tad ecy l ammonium b e n to n ite .
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the  ta i l  p art of m -d iv iny lbenzene peak  a s  th a t  from a p o ss ib le  im purity  

(p -d iv in y lb en zen e). This m ateria l w a s  sto red  under n itrogen  a t -10°C  

w ith  a  sm all quan tity  of th e  s ta b il iz e r  2 ,6 -d i- te r t-b u ty l-p a ra -e re  sol 

un til u s e d .

para -D iv iny lbenzene  w as supp lied  by  C osden  C hem ical C o . w ith 

the  purity  of abou t 92 %. This p a ra -d iv in y lb en zen e  w as d isso lv e d  

in equal p a rt of b en zen e  and 2 m l. of th is  so lu tion  w as in jec ted  on 

th e  colum n. The above m entioned Bentone colum n and column tem pera­

ture o f 140°C and a helium  ca rr ie r  g as p re ssu re  of 5 p s i w ere u s e d . 

The purified sam ple had about 9 8 .7  % of para-d iv iny lbenzene  by  gas 

chrom atographic a n a ly s is  w ith  flam e io n iza tio n  d e te c to r . The p a ra - 

d iv iny lbenzene thus ob tained  w as d is so lv e d  in  an  equal amount of 

benzene and purified  once more by the  procedure m entioned ab o v e .

The d e ta ile d  p rocedures w ere d escrib ed  by V e n k a ta c h a la m .^  G as 

chrom atographic a n a ly s is  show ed th a t th is  sam ple w as 99 .5  + % pure 

by Perkin-Elm er R colum n and flam e io n iza tio n  d e te c to r  (Figure 4 ).

The pu rity  of p -d iv in y lb en zen e  w as c a lcu la te d  by tak ing  two sm all 

sh o u ld e rs , one a t  the  beginning of th e  p -d iv iny lbenzene p eak  and 

the  e ther a t the ta il  part o f  th e  p e a k , a s  th o s e  from im p u ritie s .

The per c e n t v a lu e s  w ere  determ ined a s  frac tio n  of th e  sum o f th e  

products of peak  w id ths a t  ha lf height tim es th e  peak  h e ig h ts .

pa ra-Isop ropv lstv rene

p a ra -Isop ropy lsty rene  w as sy n th esized  by decarboxy la tion
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of para-isop ropy lc innam ic  acid  p repared  from p a ra -iso p ro p y lb en z a ld e - 

hyde and m alonic ac id  v ia  the  Doebner co n d en sa tio n  re a c tio n . The 

p ro ced u res a re  a s  follow s:

1) P reparation  of para-Isop ropy lcinnam ic  Acid; A mixture of 62 .44  g .  

(0.6 mole) of m alonic ac id  (Eastm an Org. C h em ica ls), 74 .1  g .

(0.5 mole) o r pa ra -iso p ro p y lb en za ld eh y d e  (Eastm an Org. C h em .),

100 m l. of e th a n o l, and 12 .5  m l. of pyridine (F isher S c ien tific  C o .) 

w as h e a ted  on a s te am -b a th  o v e rn ig h t. The p a s ty  m ass w as broken 

u p , and 200 m l. of 1 N h y d ro ch lo ric , ac id  w as ad d ed . M ixing w e ll, 

the p re c ip ita te s  w ere filte red  off and w ashed  w ith  cold n -h e p ta n e ..  

The p roduct ob ta ined  w as re c ry s ta lliz e d  from e th a n o l. The y ield  w as 

4 9 . 3  g .  (0.26 mole; 52%) and the m elting  po in t w as 157.5 -  159°C 

(L iterature v a l u e , 157 -  159°). N eu tra liza tio n  equ ivalen t of th is  

ac id  w as found to  be  188 .6  (ca lcu la ted  v a lu e  for C 12H1 4 °2  18 190)-

2) D ecarboxy la tion  of para-isop ropy lc innam ic  Acid; S ix ty -five  gram s 

( 0 . 3 4  mole) of the above ac id  w as d isso lv e d  in  220 m l. o f  quinoline 

(Baker Analyzed reagen t) and 7 g .  of copper a c e ta te  (Baker Analyzed 

reagen t) w as ad d ed . The so lu tion  w as added dropw ise to  a 250 m l. 

th ree  neck  f la sk  w hich  con ta ined  7 g . of pu rified  copper pow der 

(Baker Chem ical C o . ) ,  25 m l. o f q u in o lin e . The f la s k  w as fitted  

w ith  a s tir re r  and  a d is t i l la t io n  a sse m b ly , and p reh ea ted  to  2 7 0 ° c  

on the  wood m etal b a th . A sm all quan tity  of in h ib ito r ( 2 ,6 -d i - te r t -  

b u ty l-p -c re so l)  w as added to  the  reac tio n  f la s k  and to  the re c e iv e r .
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The en tire  opera tion  w as carried  out under a  s te a d y  flow of n itro g e n . 

After a ll  the acid  m ixture w as a d d ed , another 25 m l. of qu ino line 

w as added  and th e  d is t i l la t io n  w as s to p p e d . An equal volum e o f  cold  

20% su lfuric  a c id  w as added to  the  d is t i l la te ,  to  w h ich  sm all p ie c e s
v*

of ice  had  been a d d ed , and the  mixture w as shaken tho rough ly . The 

upper layer con ta in ing  p a ra -iso p ro p y ls ty ren e  w as sep ara ted  and w ashed  

tw ice  w ith  3 N . sodium  hydroxide and tw ice  w ith  d is til le d  w a te r . 

A dditional product could be ob tained  from th e  qu ino line  la y e r  by ex ­

trac tin g  w ith chloroform . The w ashed  crude p roduct w as d ried  over 

sodium su lfa te  and w as kep t a t -  10°C under n itrogen a tm osphere .

The dried p a ra -iso p ro p y ls ty ren e  w as vacuum  d is t il le d  under n itro g en . 

The vapor chrom atographic a n a ly s is  w ith Perkin-Elm er flam e io n iza tio n  

d e te c to r  and anR column show ed the m ateria l to  b e  100% p u re . The 

y ie ld  w as 45 .2  g .  (0.31 mole: 91%, c a lc u la te d  a s  p a ra -iso p ro p y l­

cinnam ic a c id ) .

In itia to r

In a ll polym erizations and  copo lym erizations so lid  benzoyl 

peroxide w as u sed  a s  the in itia to r . Benzoyl perox ide supp lied  by 

F isher S c ien tific  j C o .  w as purified  by m ethanol p rec ip ita tio n  from con­

c en tra ted  chloroform  so lu tio n . It w as very  c a re fu lly  dried under 

vacuum .
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33.

Preparation  of Standard C -^ - la b e le d  Polym ers

14Standard polym ethyl-C  m ethacry la tes w ere  prepared in the  sam e 

manner a s  w ill be  d e sc r ib e d  la te r  in the nex t se c tio n , "Copolymer 

P reparation o"

After d is t i l la t io n  of 1 .50602 g .  of th e  f irs t  d ilu tion  of m ethyl-  

C 14 m ethacry late  (sp e c ific  a c tiv ity  of about 7 . 60  x lO” * m ic ro cu rie / 

m illim ole) in to  a reaction  c e l l ,  0 .2  w eigh t per cen t of so lid  benzoyl 

peroxide w as a d d ed . The c e ll w as d e g a s s e d , se a le d  under vacuum , 

and p lac ed  in  a 70°C c o n s ta n t tem perature b a th  for about 30 m inu tes. 

The polym er w as purified  four tim es a s  w ill be describ ed  la te r ,  freeze  

d r ie d , and dried  to  a c o n s tan t w eight for 48 hours in a vacuum  oven 

a t 40°C  and 1 mm. p re s su re . The polymer sam ple w as rem oved from 

th e  oven for w eighing a fte r  24 hours and every  8 hours a f te r . It w as 

found th a t the  w eigh t recorded  afte r 48 hours drying w as the  sam e th a t 

recorded  a fte r 32 and 40 hours w ith in+  0 .00002g . This polymer w as 

u sed  a s  a standard  fcr the  a n a ly se s  of th e  copolym ers of m ethyl

m ethacry late  and  m e ta - and p a ra -d iv in y lb e n z e n e .

14The second  po lym ethyl-C  m ethacry late  s tan d a rd , w hich w as 

u sed  a s  standard  fcr th e  a n a ly se s  of the m ethyl m e th ac ry la te -p a ra - 

isop ropy lsty rene  co p o ly m ers , w as  p repared  by u sin g  1 .91245 g . of 

th e  second  d ilu tio n  of m e t h y l - C ^  m ethacry late  monomer and 0 .1  per 

cen t by  w eigh t of so lid  benzoy l pe ro x id e . Polym erization w as carried  

out a t 70°C in  c o n stan t tem perature b a th  for 62 m in u tes . The pu rifi­

ca tio n  and freeze  drying procedures w ill be  d e sc rib ed  la te r  in the
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n ex t sec tio n  "Copolymer P rep a ra tio n ."  The polymer w as dried  to  a co n ­

s ta n t w eight fo r 48 hours in  a vacuum  oven a t 40°C  and 1 mm. p re s ­

su re .

P rev iously  d ilu te d  s ty re n e -B -C ^  w as vacuum  d is t i l le d  in to  a r e ­

ac tio n  c e ll b y  th e  procedure  w hich  w ill a ls o  b e  found in  th e  next 

"Copolymer P repara tion"S ec tion . Polym erization w as carried  out i n 

a  70°C c o n s tan t tem pera tu re  b a th  fcr 64 m inutes by using  1 .38520 g . 

of d ilu ted  s ty re n e -B -C -^  and 0 .1  per cen t by  w eight of so lid  benzoyl 

peroxide a s  in it ia to r . This p o ly s ty re n e -B -C ^  standard  w as u sed  a s  

a  standard  for th e  a n a ly se s  o f s ty re n e -p a ra - iso p ro p y ls ty re n e  copo lym ers.

Copolvm er P reparation

All work perform ed w ith  th e  C -^ - la b e le d  monomers w as carried  

out in  a w e ll-v e n tila te d  hood . The general p rocedures for copolym er 

p reparations w ill be described ; v a ria tio n s  for ce rta in  copolym er p re­

parations w ill be  exp la ined  under th e  p a rtic u la r  copolym er h ead ing .

A s ta in le s s  s te e l t r a y ,  w ith  1 .5  in ch es  d e p th , 20 .5  in ch e s  w id th , 

and 32 .5  in ch e s  le n g th , w as covered  w ith  th in  aluminum fo il and 

u sed  to  work o n . The covered tray  was lined  w ith  b lo ttin g  p ap er.

The p ap er and the  aluminum foil w ere rep laced  freq u en tly . H and ling , 

c lean ing  of con tam inated  g la s s w a re , and d isp o sa l of w a s te  were

47carried  out according  to  th e  d irec tio n s  given b y  Overman and C lark 

on rad io lo g ica l s a fe ty . All of th e  polym erization and copo lym erization  

reac tio n s  w ere  ca rried  out in  a h eav y -w a lled  Pyrex tu b e s  sim ilar to
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th o se  su g g ested  by Alfrey e t a l . . ^  Small rubber stoppers w ere u sed  

to  stopper th e  c e l ls .  The reac tio n  c e ll w as connec ted  to  a vacuum  

system  a s  shown in Figure 5. This vacuum  system  w as u se d  to  d i s ­

t i l l  v o la tile  monomers d irec tly  in to  polym erization c e l ls  a t room tem pera­

tu re  ju s t  p rior to  p o lym eriza tions. L ess v o la t i le  monomers (divinyl -  

b enzenes) w ere vacuum  d is t il le d  in  a m ic ro d is tilla tio n  ap p ara tu s under 

n itrogen  ju s t  prior to  po lym erization  and tran sfe rred  in to  th e  reac tio n  

c e l ls  w ith a long dropper under a  b lan k e t of n itro g en .

The C * 4 - l a b e l e d  m onom er, w hich  w as d ilu te d  a s  d e sc rib ed  e a r l­

ie r  under the se c tio n  "Standard C -^ - la b e le d  M onom er," w as p laced  in 

a  15 m l. g raduated  cen trifuge  tube  a t B and the  o th e r  monomer in a 

sim ila r tube a t  C a s  show n in  Figure 5 . All monomers w ere sto red  

under n itrogen and th e  vacuum  system  w as flu sh ed  w ith n itrogen  prior 

to  a ttach ing  the cen trifuge  tu b es  con ta in ing  m onom ers. Each monomer 

w as d e g a sse d  by the follow ing procedure: the stopcock  to  the monomer 

tube  w as c lo sed ; and th e  co n ten ts  w ere frozen e ither in liqu id  n itrogen 

or in  a dry ic e -a c e to n e  m ix tu re . The rem ainder of the  vacuum  lin e  

w as ev acu ated  and the  stopcock lead ing  to th e  monomer tube  w as 

opened for abou t five  m inutes w hile  keeping  th e  monomer fro zen .

C losing  the  s topcock  the frozen  monomer w as allow ed to  m elt a t room 

tem perature  one or two m inutes; th is  p ro c e ss  could be  h asten ed  by im ­

m ersing the  c e l l  in  a b e ak e r of w ater a t  room tem p era tu re . The monomer 

w as then  re fro z e n , d e g a s s e d , and rem e lted . The p ro c e ss  w as re p e a te d  

a t l e a s t  four tim e s . After d e g ass in g  th e  s to p co ck s at B and C w ere
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kep t c lo s e d . A w eighed  re a c tio n  c e ll w as connec ted  to  th e  vacuum  

lin e  a t A. After evacuating  for 15 m in u te s , th e  re a c tio n  c e l l  w as 

im m ersed in e ith e r  liq u id  n itrogen  or dry ic e -a c e to n e  m ixture. Stop­

cock  D w as c lo sed  and stopcock  C w as opened s lo w ly , in  o rder to 

avoid  bum ping, un til d is t i l la t io n  s ta r te d . After the  proper amount of 

monomer w as d is t il le d  in to  the re a c tio n  c e l l ,  s to p co ck s A and C w ere 

c lo sed  and D w as o pened . After th e  c o n ten ts  o f the  rea c tio n  c e ll  w ere 

allow ed  to  m elt a t  room tem p era tu re , th e  reac tio n  c e ll  w as f ille d  w ith 

n itro g en , and then  rem oved from th e  vacuum  lin e  and sto p p ered . The 

vacuum  g re a se  on th e  ground g la s s  jo in t of the  reac tio n  c e ll  w as re ­

moved w ith a piece of t i s s u e  paper dam pened w ith  b e n z e n e . After 

w eighing the  reac tio n  c e ll  w as g rea se d  ag a in  and connec ted  to  the  

vacuum  lin e  a t A under a  continuous n itrogen  s tre am .

Approxim ately the requ ired  amount of th e  second monomer w as 

d is til le d  in to  th e  reac tio n  c e l l  through th e  stopcock  B, and  w eighed 

a s  w as d escrib ed  before fo r th e  f ir s t  monomer. The app rop ria te  am ount 

of solid  benzoyl perox ide  w as added in to  the  reac tio n  c e l l .  After 

reconnec tion  of the  re a c tio n  c e ll  to  th e  vacuum  l in e ,  stopcock  A and 

n itrogen  in le t  w ere c lo se d . The co n te n ts  o f th e  c e ll  w ere  frozen  

in liqu id  n itrogen  cr dry ic e -a c e to n e  m ix tu re , s to p co ck s D and A w ere 

reo p en ed . After evacuating  the  reaction  ce ll for five  m in u te s , s to p ­

cock  A w as c lo s e d , and th e  co n ten ts  w ere allow ed  to  m elt a t  room 

tem pera tu re . The c o n ten ts  w ere  re fro z en . This d eg ass in g  p ro c e ss  

w as rep e a te d  th re e  t im e s . The co n ten ts  in the reac tio n  c e ll  w ere
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frozen  and th e  stopcock  A w as o p en ed . The re a c tio n  c e ll  w as se a le d  

about 2 in ch e s  below  th e  ground g la s s  jo in t under vacuum  by  using  

a  sm all flam e from a torch  w h ile  s topcock  A w as c lo s e d .

The co n ten ts  of th e  c e lls  w ere polym erized to  l e s s  than  ten  per 

c e n t co nversions (exact conversions a re  given in  Tables 6-10) in  a 

c o n s tan t tem perature ba th  m aintained a t 7 0 °C . Trial ru n s w ith non­

lab e led  monomers w ere carried  out in  order to  determ ine the  le n g th s  

of tim e  needed  to  ob tain  co n v ersio n s of l e s s  than 10 p e r c e n t .  After 

polym erization  the c e ll  w as  removed from th e  b a th  and qu ick ly  frozen 

in  a dry ic e -a c e to n e  m ixture o r in liqu id  n itro g en . The c e ll  w as then 

e tched  w ith  a f ile  on  th e  neck  and w as broken o pen . The co n ten ts  

w ere carefu lly  tran sfe rred  to  a 15 m l. ce trifuge  tube  w hich had been 

w eighed . The polym erization c e l l  w as rin se d  th ree  tim es w ith  app rox i­

m ately  0 .5  m l. of benzene  each  tim e and th e  r in se s  w ere added  to  the 

c in trifuge  tu b e . About 10 m l. of m ethanol w as added to  th e  cen trifuge  

tube  to  p rec ip ita te  th e  polym er or copolym er form ed, and the  c o n ten ts  

o f the tube w ere thoroughly  mixed by a po in ted  s ta in le s s  s te e l sp a tu la . 

After cen trifug ing  the tube  a t approxim ately  4000 r . p . m .  on an  In te rn a ­

tional C lin ica l C entrifuge far te n  to  tw enty  m in u te s , the  su p e rn a tan t 

liqu id  w as d ecan ted  in to  a sp e c ia l co n ta in e r for rad io a c tiv e  w a s te  and 

d isp o sed  of a t a  la te r  t im e . The p rec ip ita te d  polymer or copolym er 

w as red isso lv ed  in  a  minimum amount of benzene (approxim ately one 

to  two m illil i te rs ) . The c ro ss lin k ed  copolym ers from th e  copo lym eriza­

tio n s  with d iv iny lbenzenes could net b e  d is s o lv e d , b u t w ere sw ollen
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in  b e n z e n e . It w as th en  re p re c ip ita ted  w ith  m ethanol a s  before and 

c en trifu g ed . This p ro c e ss  w as rep e a te d  four to  f iv e  tim es to  rem ove 

a ll  u n reac ted  m onom ers. After f in a l d e c a n ta tio n  th e  c o n ten ts  of th e  

cen trifuge  tube  w ere re d is so lv e d  or suspended  in  about one to  two 

m illilite rs  of b e n ze n e . The tube w as then  ro lled  in a nearly  hori­

zon ta l p o s itio n  on a  bed  of fine  dry ic e  allow ing a re la tiv e ly  uniform 

d is tr ib u tio n  of the  frozen  co n ten ts  on the w all c£ the cen trifuge  tu b e . 

After freez in g  the  co n te n ts  thoroughly  and covering th e  tube  mouth 

w ith  f i lte r  paper th e  tube  w as p laced  in a vacuum  d e ss ic a to r  and a 

vacuum  w as ap p lied  im m edia te ly . The f i lte r  paper c o v er w as u se d  

to  p reven t the  lo s s  w hich  might occur from bumping during evacuation  

of the d e s s ic a to r . A 0.1 mm. vacuum  w as ap p lied  to  th e  d e s s ic a to r  

far a t le a s t  four hours to  rem ove the  benzene leav in g  the copolym er in  

an e s s e n t ia lly  dried  form . The tube  w as th en  dried  to  a constan t 

w eight in  a vacuum  oven a t 40°C  and 1 mm. p re s su re . The tube  w as 

cooled  to  room tem p era tu re , w e ig h ed , and  th e  copolym er w eigh t w as 

de te rm ined . The y ie ld  w as determ ined by d iv id ing  th e  w eight of the 

copolym er produced by the  to ta l  w eigh t of the two m onomers u s e d . 

D eterm ination  of re a c tiv ity  ra tio s  w as accom plished  by preparing  a t  

le a s t  five d u p lic a te  sam ples of th e  monomer p a irs  w ith  d ifferent mono­

mer feed  com position .

C opolvm erization R eactions

1) M ethyl M ethacry la te  and m -D iv iny lbenzene
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m eta-D iv iny lbenzene  w as prepared  a s  m entioned e a r l ie r . A quan tity  

of m eta-d iv in y lb en zen e  w as w ashed  th ree  tim es w ith  I N .  KOH and 

w ith  d is t i l le d  w a te r , d ried  over calcium  c h lo r id e , and vacuum  d is t i l le d  

in  a m ic ro d is tilla tio n  a p p a ra tu s . The m iddle f ra c tio n , b .p .  3 4 °C /1  m m .,

1 .5755 (L iterature v a lu e s ,1®' 3 4 °C /lm m . and nj^5 1 .5 7 5 4 ), w as 

u se d  for the  p repara tion  of seven copolym ers o f m eta-d iv iny lbenzene  and 

th e  f ir s t  standard  m e th y l-C 14 m eth ac ry la te , m eta-D iv iny lbenzene  w as 

p lac ed  in  th e  re a c tio n  c e l l s  w ith  a  P asteu r p ip e tte  under a  b lan k e t of 

n itrogen  and w as d e g a s s e d . M ethyl m ethacry late  w as d is til le d  in to  

th e  reac tio n  c e ll  by  using  th e  vacuum  lin e  a s  d esc rib ed  under "C opoly­

mer P reparation" s e c t io n . Solid benzoyl peroxide (0.2%  by w eigh t of 

th e  monomers) w as u sed  a s  the  in tia to r . The monomer m ixtures w ere 

d e g a s s e d , se a le d  under vacuum , and  polym erized a t 70°C  for 30 to 

100 m inutes g iving 3 to  6 .5%  of copo lym er. The copolym ers w ere 

iso la te d  and dried  a s  d e sc rib ed  b e fo re . A nalyses of copolym ers w ere  

carried  out (as we ill  be  d e sc rib ed  la te r  under the  se c tio n  "A nalysis 

and D eterm ination  of A ctiv ity  of Standard C 1 ̂ - la b e le d  Polymers) by 

u sing  the v ib ra ting  ree d  e le c tro m ete r-io n iza tio n  cham ber ra d io a c tiv ity  

a s sa y  te c h n iq u e . D ata  and re s u lts  are show n in  Table 6 .

2) M ethyl M eth ac ry la te  and p -D iv in y lb en zen e

p ara -D iv iny lbenzene  w hich had been  p rep ared  a s  d esc rib ed

e arlie r w as w a sh e d , d r ie d , and d is t i l le d  tw ice  in  a m anner s im ila r

to  th a t u sed  for m e ta -d iv in y lb e n ze n e . The m iddle f ra c tio n , m .p .
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2 9 .7 ° C , n 65 1 ,5855 (L ite ra tu re  v a lu e s ,16, 49 2 9 .5 -3 0 °C  and 1 .5 8 5 7 ), 

in  the  second d is til la tio n  w as p laced  in the  re a c tio n  c e l ls  w ith a 

P asteu r p ip e tte  under a  n itrogen  b la n k e t. Six copolym ers o f m ethyl 

m ethacry late  and para -d iv in y lb en zen e  w ere p repared  by u sing  th e  f i r s t  

standard  m eth y l-C 1^ m eth ac ry la te . Polym erization w as carried  out 

a t  70°C  w ith  0.1%  of so lid  benzoyl peroxide by w eight of monomers 

a s  the  in itia to r  for 10 to  55 m inutes giving copolym er y ie ld s  of 1 to  

3%. Purifica tion  and drying m ethods of the  copolym ers w ere d esc rib ed  

p rev io u s ly . C ro ss lin k ed  copolym ers w ere sw o lle n , bu t not d isso lv e d  

in  b en zen e . The sw ollen copolym ers w ere p rec ip ita te d  w ith m ethano l. 

The p ro cess  w as rep e a te d  a t l e a s t  five t im e s . A nalysis w as carried  

out in th e  sam e manner a s  w ill be  d e sc rib e d  in  th e  n e x t s e c tio n .

D ata  and re s u l ts  a re  show n in  Table 7 .

3) Styrene and p -I  sopropy lsty rene

Five copolym ers o f sty rene  and p a ra -iso p ro p y ls ty r  en e , njiO 

1 .5290; b .p .  85°/12m m  (L itera tu re  v a l u e s , 1.5190  and 4 5 ° /1 .3  

mm), w are prepared  u s in g  the  sy n th e s ize d  p a ra -iso p ro p y ls ty ren e  m en­

tio n ed  e a r l ie r .  The vacuum  line  w as used  for th e  p reparation  of the  

monomer m ixture a s  d e sc rib ed  in  "Copolymer P reparation" s e c tio n .

The polym orization w as c a rr ied  out a t 70°C w ith 0.1% of so lid  benzoy l 

peroxide by w eight a s  th e in i t t to r  and required  30 to  86 m inutes to  

g ive  the  conversions g iven  in  Table 8 . A naly tica l d a ta , w hich  w ere 

ob tained  in the  sam e m anner a s  w ill be  d esc rib ed  la te r  in th e  sec tio n

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



42

"A nalysis and  D eterm ination  of A ctiv ity  o f Standard C * ^ -la b e le d  

P o lym ers,"  are included  in the  sam e Table 8 .

4) M ethyl M ethacry la te  and p -Iso p ro p y lsty ren e

Six copolym ers of m ethyl m ethacry la te  and p a ra -iso p ro p y ls ty ren e  

w ere made by using  the second  standard  m e th y l-C 1^ m ethacry late  

monomer. Solid benzoyl perox ide  (0 .1%  by w eight o f m onom ers)w as 

u sed  a s  th e  in it ia to r . Polym erization w as carried  out a t  70°C  and 

required  56 to  62 m inutes to  g iv e  th e  conversions of 2 .5  to  4% 

copolym er. The p rocedures for th e  p reparation  of monomer m ixture 

and a n a ly s is  o f copolym er form ed w ere  the sam e a s  the s ty re n e -p a ra -  

iso rpopy lsty rene  copo lym erization  s y s te m . The re su lts  and d a ta  are 

shown in Table 10.

14A n a ly s is  and  D eterm ination of A ctivity  of Standard C - la b e le d  

Polym ers

14Two sam ples of the  f irs t po lym ethy l-C  m ethacry la te  standard

w ere an a ly zed  for th e  ra d io a c tiv ity  by  the  io n iza tio n  cham ber-v ib rating

1 7reed  e lec tro m ete r rad io a c tiv ity  a s s a y  te c h n iq u e *  ' The sam ples of 

the  polym er w ere burned in a m icro carbon-hydrogen  com bustion tra in  

sim ilar to  the  one d esc rib e d  by N iederl and  N i e d e r l .^  An Applied 

P hysics C orporation  Cary M odel 31 v ib rating  reed  electrom e e r  w as 

used  w ith a H oneyw ell E lectron ic  15 s tr ip  c h a rt chrom atography 

rec o rd e r. The com busion train  c o n s is ts  of a w ell c lean ed  com bustion
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tube  w ith  f i ll in g s  of p latinum  w ire , cup ric  o x id e , lea d  perox ide , and 

s ilv e r  w ire . The procedure for filling  th e  com bustion  tube a s  d e sc rib ed  

in  d e ta il  by N iederl and N iederl w as em ployed in  th is  experim en t.

W ater form ed during the com bustion p ro ce ss  w as rem oved by an 

abso rp tion  tu b e  con ta in ing  m agnesium  perch lo ra te  (Anhydrone; flak es 

3 to  5 mm. long) which had b een  in se r te d  be tw een  the  cap illa ry  

ending of the  com bustion  tra in  and  the flow  m ete r. The io n iza tio n  

cham ber w as connec ted  to th e  flow m eter, a s  shown in F igure 6 , to  

c o lle c t  th e  g a se s  produced from com bustion  of th e  polym er con ta in ing  

- la b e le d  monomer.

14Two sam ples of th e  f ir s t  polym ethyl-C  m ethacry late  standard  

for com bustion w ere w eighed  on a m icrobalance . Porcela in  microcom­

b u stio n  b o a ts  approxim ately  4mm. d e e p , 5mm. w id e , and  17mm. long  

w ere  u se d  fo r  w eighing and burning the  p o ly m ers . T he b o a ts  w ere 

a lw ays handled  w ith s ta in le s s  s te e l  fo rceps u se d  only  for th is  p u rp o se . 

In o rder to avoid  m oisture p ick  up and to  g e t more acc u ra te  w eigh ts  o f 

po lym ers, th e  in s id e  of th e  b a lan ce  w as kep t dry w ith d e s ic c a n t 

p laced  in  the  b a la n c e  b o x . The boa t w as w eighed  a f te r  pu tting  a 

p iec e  o f aluminum foil under the b o a t on th e  b a la n ce  p a n . After 

w eighing the  boat w as f ille d  w ith  d ried  polym er. The b o a t ,  w hile 

be ing  filled  w ith polymer sam p le , w a s  p laced  in  a c le an  p la s t ic  bag 

on the s ta in le s s  stee l tray  (w hich w as covered  w ith  aluminum foil) 

to  preven t sm all f lak e s  of polymer from b e in g  blow n aw ay . Copolym er
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Figure 6 . C om bustion Train: A P ressu re  r e le a s e  va lve ; B Oil trap ; C Rubber stopper;
D Q uartz com bustion tube; E Furnace; F H eating  mortar; G W ater absorp tion  
tube; H G as flowm eter; I Ion ization  cham ber.



w as care fu lly  tran sfe rred  from th e  cen trifuge  tu b e  in to  th e  boat and 

packed  w ith  the  s ta in le s s  s te e l  sp a tu la » After each  u se  th e  sp a tu la  

w as c lean ed  w ith dry  t is s u e  paper th en  w ith  t i s s u e  paper m oistened 

w ith  b en zen e  and p la c e d  in  a sp e c ia l d isp o sa l co n ta in e r in  the  hood 

u sed  for rad io ac tiv e  w ork . T issu e  papa: used  for sp a tu la  c lean ing  

w as p laced  in  the p la s t ic  bag w hich w as then  c lo se d  at the top  and 

held  secu re  with a rubber b an d . The bag w as p laced  in  a container 

for th e  rad io a c tiv e  w a s te s  to  be d isp o sed  of l a te r .  The b o a t w ith  

polymer w as again  p laced  on the b a lan ce  pan w hich had  been covered 

w ith  th in  alum inum  fo il and w a s  a llo w e d  to  reach  equilibrium  for 

fifteen  m inutes before  w eigh ing . C om bustion sam ples ranged from 

approxim ately  4 to  12 m g. in w e ig h t.

A com bustion  fu rnace  tem perature of 700°C  w as u s e d . The h e a t­

ing m ortar had  a p re se t tem pera tu re  of 175 to  180°C . M edical oxygen 

con ta in in g  5% carbon d io x id e  w as u se d  a s  a  com bustion g a s .  The 

g as flow ra te  through th e  com bustion system  w as in d ica ted  by a flow ­

m eter. As the furnace w as heating  to  operating  tem pera tu re  th e  flow ­

m eter w as se t  about 0 .1  to  0 .2  u n its  to  allow com bustion g as  to  

flow slow ly  through the com bustion tr a in . This w as done to preven t 

im purities and m oistu re  from e n te rin g  the com bustion  tra in . A C ary - 

Tolbert s ta in le s s  s te e l sp h e ric a l io n iza tio n  cham ber hav ing  a 500 m l. 

c ap a c ity  w as u sed  throughout th is  w crk . After evacuating  the  io n i­

za tio n  cham ber fo r 15 to  20 m in u te s , i t  w as p la c e d  in  p o s itio n  a t 

th e  end of th e  com bustion assem b ly  a s  shown in Figure 6 . The
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b o a t con ta in ing  th e  w eighed polymer sam ple w as p laced  in  th e  com bus­

tion  tube  a fte r  rem oving the  rubber s topper by using  a g la s s  rod to  

push  th e  b o a t to  w ithin  5 cm . of th e  fu rn a c e . After rep lac in g  the  

s to p p e r, the  com bustion g as  flow ra te  w as in c re a se d , and th e  need le  

va lv e  in  th e  io n iza tio n  cham ber w as opened slow ly  in  such  a w ay as 

to  a tta in  a gas flow ra te  of about 15 m l. per m inute a s  in d ic a te d  by  

a  flow m eter read ing  of about 3 .5  u n i ts .

C om bustion w as s ta rte d  by p lac ing  a h is s in g  Bunsen burner abou t 

10 cm . from the end of th e  com bustion tube and gen tly  heating  the 

polymer w ith a sm all flam e of a m icroburner in crder to  decom pose i t .  

This w as done ca re fu lly  to  avoid overheating  w h ich  would c a u se  the  

sam ple to  explode lead in g  to  sp a tte r in g , e x c e ss  b ack  p re s s u re , and 

p o ss ib le  lo s s  of rad io a c tiv e  carbon d io x id e . D ecom position  u su a lly  

requ ired  about 10 m in u tes . Once th e  decom position  of the  sam ple w as 

co m p le ted , th e  m icroburner w as rem oved, and the Bunsen burner w as 

u sed  to  carry  o u t the com bustion to com pletion . During a period of 

5 m inutes the  Bunsen burner w as g radually  moved from i ts :  o rig inal 

p o sitio n  to  a  p o sitio n  under the b o a t w here  i t  w as le f t  fcr an  ad d i­

tional five m in u te s . Then another five m inutes w as u se d  to  g radually  

move the burner from th e  b o a t to  th e  fu rn ace .

The sam e procedure w as rep ea ted  w ith  the  Bunsen burner but 

u sing  1 .5 ,  2 , and 1 .5  m inutes re sp e c tiv e ly  in  going  from the  o rig inal 

p o sitio n  to  one ju s t  under the  boat; under the  boat; and from th e  boat 

to  the  fu rn ac e . The Bunsen burner w as then  rem oved, the  com bustion
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gas w as allow ed to  flush  the  com bustion  tra in  u n til th e  flow m eter 

dropped to  z e ro . A to ta l of 40 to  50 m inutes w as requ ired  to  com ­

p le te  the  en tire  decom position and combustion p ro c e s s .  It w a s  n e c e ­

s s a ry , during th e  com bustion p ro c e s s , to  r e s e t  the  flowm eter by 

s lig h tly  opening the  need le  v a lv e  to  com pensa te  fo r  the  d e c re a se  

in  gas flow ra te  c au sed  by the d e c re a se  in vacuum  in  the  io n iza tio n  

cham ber. When not in u se  the com bustion tra in  w as cooled  g radually  

by the flow ing com bustion g as and  then shut o ff from the atm osphere 

before turn ing  off the g a s .

The io n iza tio n  cham ber w as ca re fu lly  p laced  on the  v ib rating  

reed  e lec trom eter h e ad . Three hand screw s on the  side  o f  th e  e le c tro ­

m eter head  w ere u se d  to  hold th e  cham ber tig h tly  in  p la c e . The p o s i­

tiv e  term inal of two 90 vo lt b a tte r ie s  w ired  in se r ie s  w as connected  

to  the  e lec trom eter head and the n ega tive  term inal w as a ttach ed  to  

the  io n iza tio n  cham ber. The e lec trom eter head  w as provided w ith  a 

m anually  operated  tu rre t sw itch  w ith s ix  p o s i t io n s .  Tfe sw itch  had  

a  ground p o s itio n , an open p o s it io n , and 4 o ther positions in w hich  

• condensers or re s is to rs  could be co nnec ted  in  se r ie s  w ith  the  feed  

back  lin e  of th e  e lec trom eter c ir c u it .  The c o n d en se rs  w ere  d esig n ed  

for u se  w here large  am ounts of rad io a c tiv ity  w ou ld  be  en co u n te red . 

R esisto rs w ere d esig n ed  fcr ra d io a c tiv ity  de te rm ina tion  by  th e  high 

re s is ta n c e  le a k  m ethod . Throughout th is  s tudy  th e  open p o sitio n  w as 

u s e d , b ecau se  it  w as found that th e . le v e ls  o f rad io ac tiv ity  w ere not 

su ffic ien t to  w arran t u s e  of co n d en se rs  or r e s is to r s  in  th is  w ork.
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R adioactiv ity  w as determ ined by the  ra te  of charge m ethod.

The e lec trom eter and the  reco rd er w ere allow ed to  rem ain on con­

tin u o u s ly . W hen not u sed  th e  e lectrom eter w as le f t on the  ground 

p o sitio n  a t 30 v o lts .  After se ttin g  th e  vo ltage  se lec to r on th e  ap ­

p ropriate  s c a l e ,  th e  tu rre t sw itch  w as p laced  on  the open position  

and the  reco rder pen w as allow ed to  trave l from th e  10 d iv is io n  to 

th e  90 d iv is io n  a s  show n in Figure 7 . The e lec trom eter w as m anually 

d isch arg ed  by tu rn ing  the  tu rre t sw itch  to  th e  ground p o s itio n  causing  

th e  reco rder pen to  re tu rn  to  z e ro . The procedure  w as repea ted  by 

sw itch ing  to  th e  open  p o s i t io n . The average tim e of one recording 

ranged approxim ately  from 3 to  15 m in u tes , and the record ing  w as re ­

peated  five  to  sev en  t im e s . After rem oval of th e  io n iza tio n  cham ber 

th e  d u s t cover w as rep la ce d  on the e le c tro m e te r  head  and the  cham ber 

wdt. ev acu a ted  fcr at l e a s t  15 m inutes before being  u se d  a g a in .

C hecks by determ ining  backgrounds afte r ev acu a tio n  show ed te n  

m inutes w ere su ffic ien t to  rem ove a ll of the  rad io a c tiv e  carbon d io x id e . 

The rad io a c tiv e  carbon d iox ide  w as rem oved from th e  io n iza tio n  cham ber 

b y  e v a c u a tio n  through an abso rp tion  "U" tube  con ta in ing  A sca rite . At 

le a s t  two a n a ly se s  o f each  polym er w ere made and the a n a ly tic a l v a lu e s  

w ere found to  be w ith in  1.6% of th e  m ean of th e  two a n a ly se s  a s  can  

be seen  in  T ables 1 to  10.

A fa irly  uniform background could be ob ta ined  by ev acu a tin g  and 

filling  th e  io n iza tio n  cham ber w ith  com bustion  gas ju s t  prior to  u s e .
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Background w as a lw ays determ ined using  the 30 m illivo lt s c a le  un til 

a t  le a s t  five uniform reco rd ings w ere o b ta in ed . Figure 8 show s a 

typ ica l background d e te rm in a tio n . When not in  u se  the io n iza tion  

cham ber w as kep t f illed  w ith com bustion g a s .

Table 1.

14A nalysis of F irs t S tandard Polym ethyl-C  M ethacry la te  
(Background, 0 .1 4 2 0 m v /sec ; c h a rg e , 8000 m v.)

Sample T im e, Specific  C harge
N o. W t. mg. s e c .  ra te , m v . / s e c . /m q .

1- 5 .2 7  450 .9 5  3 .3393

2 7 .9 9  298 .5 4  3 .3361

Average sp e c if ic  charge  ra te  and standard  v a lu e , 3 .3 3 7 7 + 0 .0 0 1 6 .

A naly tical d a ta  for th e  f irs t  s tandard  p o ly m e th y l-C ^  m ethacry late

i s  shown in  Table 1 . The background count i s  the  average  o f 7 re a d in g s

and 2 d e te rm in a tio n s . The average  chart advancem ents in  in c h e s , w ere

m ultip lied  by  120 to  obtain  time in s e c o n d s . One inch  of v e rtic a l

d is ta n c e  rep re se n te d  a trav e l tim e  of two m in u te s . The v a lu e s  for the

sam ple c a lc u la t io n , shown below  for the ra d io a c tiv ity  of th e  f i r s t  p o ly -  

14m ethyl-C  m ethacry la te  standard  are  taken  from Table 1 . The charge  

in  m illivo lt is  d iv id ed  by tim e  in  s e c o n d s , th en  background count is  

su b s tra c te d , and th e  r e s u l t  i s  d iv ided  by th e  sam ple  w eigh t in  m illi­

gram s giving a v a lu e  in  m illiv o lts  per second  per m illigram , w hich i s  

th e  sp e c ific  charge  r a t e .  The c a lc u la tio n  of th e  background w ill be
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shown la te r  in  the  sec tio n  "Sample C a lc u la tio n s  fo r th e  D eterm ination  

of Monomer R eactiv ity  Ratios

( - 8000 .. -  0 .1420  ) m v /sec
450.95

3 .3393  m . / s e c . /m g .

5 .2 7  mg

A second sam ple of th e  same p o l y m e t h y l - C 1 ^  m ethacry la te  s tandard  

w as ana lyzed  and  then  averaged a s  shown in Table 1 . This standard  

v a lu e  i s  u sed  for the a n a ly s is  of copo lym ers of m ethyl m ethacry la te  

and m eta - and p a ra -d iv in y lb en z e n e .

Specific  ac tiv ity  o f  the second s tan d ard  p o ly m eth y l-C 1^ m etha­

c ry la te  w as ana lyzed  by the sam e m ethod a s  th e  f ir s t  s ta n d a rd . The 

a n a ly tic a l d a ta  and re s u l ts  a re  shown in  Table 2 .

Table 2 .

A nalysis of Second Standard P o l v m e t h y l - C ^  M eth ac ry la te  
(Background, 0 .18895 m v . / s e c . ;  C h a rg e , 8 0 00m v.)

Sample Tim e, S pecific  C harge
N o. W t. m g. s e c ,  r a t e ,  m v . / s e c . /m g .

1 6 .7 7  380.26 3 .0797

2 7 .8 9  330.00  3 .0486

Average sp e c if ic  charge ra te  and ; andard v a lu e , 3 ,0642  + 0 .0 0 4 5 .

The tim e g iven fo r both  sam ples is  the  av erag e  ra te  of charge  

tim e for e ig h t read ings a t 8000 m ill iv o lts . The standard  v a lu e  of th is  

polymer w as u sed  for the  a n a ly s is  of m ethyl m e th a c ry la te -p a ra -  

isop ropy lsty rene  copo lym ers.
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Table 3,

A nalysis of Standard P o ly sty ren e-B -C 1^
(Background, 0 .18895 m v . / s e c . ;  C h a rg e , 240jnv .)

Sample T im e, S pecific  C harge
N o. W t . , mg. s e c .  r a te ,  m v . / s e c . /m g .

1 6 .9 7  318 .90  0 .080866

2 8 .1 3  284 .33  0 .080583

**2Average sp e c if ic  charge  ra te  and standard  v a lu e , 8 .0 7 2 5 x 1 0 ' ± 0 .0 0 1 1 .

14Two sam ples of th e  standard  p o ly sty ren e-B -C  w ere an a ly zed  

to  determ ine th e  sp e c ific  a c tiv i ty . The spherica l io n iza tio n  cham ber 

w as u se d  and  a n a ly s is  w as carried  out by the same manner a s  d e s ­

c ribed  above for p o ly m e th y l-C ^  m ethacry late  s ta n d a rd s . D ata  and 

re s u lts  a re  show n in Table 3 . Tfte tim e g iven  fcr both sam ples i s  the  

av erag e  ra te  of charge  tim e for seven re a d in g s  at 240 m ill iv o lts . The 

standard  value o f  th is  lab e le d  polymer w as u se d  for the a n a ly s is  of 

sty rene  -p a ra - is o  propyl sty rene  copolymer s .

Copolym er R ad ioactiv ity  A ssay

The copolym ers prepared for th is  work w ere an a ly zed  for ra d io ­

a c tiv ity  by  a  m ethod s im ila r to  th e  o n e  u sed  for the standard  C^^~  

la b e le d  polym ers a s  d e sc rib ed  in  th e  p rev ious s e c tio n . The v ib rating  

reed  e lec trom eter w as u se d  w ith a reco rd er and ra d io a c tiv ity  w as d e ­

term ined by using  th e  open po sitio n  of th e  tu rre t sw itc h . D up lica te  

a n a ly se s  w ere made for each sam ple and each  a n a ly s is  w as  ob tained  

from 5 to  7 counting d e te rm in a tio n s . All the  d e ta i ls  of th e  a n a ly s is
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for the  ra d io a c tiv ity  of the  copolym er sam ples w ere  e x ac tly  th e  sam e 

a s  d esc rib ed  in th e  previous sec tio n  and th e  an a ly tic a l d a ta  and 

re s u lts  a re  included  in  T ables 6 -  10.

Sample C a lc u la tio n s  for D eterm ination o f Monomer R eac tiv ity  Ratios

Figure 8 show s a ty p ic a l record ing  of background using  a 500 m l. 

sp h e rica l ion iza tion  cham ber. Table 4 show s d a ta  from the  reco rd ing . 

The 30 m illivo lt e lec tro m ete r se ttin g  w as u sed  w ith  the tu rre t sw itch  in 

an  open  p o s itio n . The v e rtic a l d is ta n c e s  trav e led  by  th e  recorder pen 

from th e  10 d iv is io n  to  th e  90 d iv is io n  are  p resen ted  in Table 4 .

Table 4 .

T ypical Background R ad ioactiv ity  (C harge . 24 m v.)
i

N o. 1 2______3 JL  _5___  _§  7 Average

C hart
in ch e s  1 .36  1 .38  1 .51  1 .34  1 .33  1 .4 4  1 .48  1.406

The average  of the  c h a rt in ch e s  for th is  run w as m ultip lied  by  120 to  

ob tain  tim e in  se c o n d . The ch arg e  in m illiv o lts  i s  then  d iv ided  by 

th e  tim e in  second  to  g e t  th e  background in m illiv o lts  p e r seco n d .

From zero  to  100 on the chart paper i s  30 m illiv o lts  u s in g  the  30 

m illivo lt e lectrom eter s c a le  s e ttin g , th e re fo re  th e  charge  in m illivo lts  

from 10 to  90 i s  24 m ill iv o lts . The ac tu a l c a lc u la tio n  is :

------------------------------------------------  =  0 .1423  m v . / s e c .
1 .406  in ch es  x  120 se c  . / in c h
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One more de te rm ina tion  of background ob tained  by  th e  sim ilar 

method to  th e  one d e sc rib e d  above gave 0 .1417  m v . / s e c . .  H ence 

the  average value of the  background is  0 .1 4 2 0  m illiv o lts  per seco n d .

A typ ical copolym er a n a ly s is  w hich w as o b ta in ed  from the  

second  a n a ly s is  of the  copolym er num ber 2 (Table 6) of m ethyl 

m eth acry la te /m eta -d iv in y lb en zen e  copo lym eriza tions i s  p re se n te d  in  

Table 5 and Figure 7 .

Table 5 .

T ypical Copolymer A nalysis for R ad ioactiv ity  (C h arg e , 2400 m v.)

N o. 1 2 3 4 5 Average

C hart
in ch es  2 .41  2 .40  2.41- 2 .37  2 .4 2  2 .402

The average  c h a rt in ch e s  i s  m ultip lied  b y  120 seco n d s per inch  ob­

ta in in g  the  tim e req u ired  to  bu ild  up a ch arg e  of 2400 m illivo lts; 

then  the charge in  m illiv o lts  i s  d iv ided  by th e  seco n d s and background 

is  sub trated :

--------------------- Q..'~ f--------- t---- - — 0 .1 4 2 0  m v . / s e c .  =  8 .1844  m v ./s e c ,
2 .402  in c h e s  x  120 s e c . / in c h

The charge ra te  o f th is  sam ple i s  8 .1 8 4 4  m illiv o lts  per seco n d . This 

va lue  is  d iv ided  by the sam ple w eight in  m illigram s w hich g ives th e  

sp e c ific  charge ra te  o f  th is  sam ple .
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Figure 8 . C h art Paper Showing a  Recording of Typical Background 
R ad io ac tiv ity . (Recorder R ange, 30 m v.)
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.8 ,1 8 4 4  mvt / s e c t =  u 0 0 5 4  m v > /se 0 . /m g .
8 .1 4  mg.

Another sam ple of th is  copolym er w as ana lyzed  using  9 .0 3  m g. a s  

shown in  Table 6 . The sp e c if ic  charge  ra te  o b ta in ed  for th is  sam ple 

w as 0 .9919 m v . / s e c . / m g . . The av erag e  of th e s e  two a n a ly se s  is  

0 .9987  m v . / s e c . / m g . .

The sp e c if ic  ch arg e  ra te  o f  th e  copolym er is  th en  d iv ided  by 

the  sp ec ific  charge ra te  of th e  f i r s t  polymethyl-C-*-^ m ethacry late  

standard  and m ultip lied  by 100 to  ob ta in  th e  p e r  c e n t of m ethyl m etha­

c ry la te  in  the  copolym er.

0 ,9987  m v , / s e c , /m g ,  10Q =  29,92%
3.3377 m v . / s e c . /m g .

H ence the p e r cen t of m eta-d iv iny lbenzene  is  7 0 .0 8 .

From Table 6 i t  can  be seen  th a t th e  monomer feed  u sed  to  p re ­

pare copolym er number 2 w as com posed of 0 .6947  g . of m eth y l-C 1^ 

m ethacry la te  and 0 .8621 g .  of m e ta -d iv in y lb e n ze n e . The m olar ra tio  

of th e  two monomers in  the f e e d , M -j/M 2 , i s  found by div id ing  the 

number o f m oles of m ethyl m ethacry la te  by  the  num ber of m oles of 

m e ta -d iv in y lb e n ze n e . H ow ever, w hen we u se  d iv iny lbenzene  a s  a 

com onom er, we have to  u s e  M ^ /2 M 2  in s te a d  o f M ]/M 2  a s  m entioned 

in  th e  "H isto rica l"  s e c t io n .
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0.6947  g .
__   100 .12  q ./m o le ________________ =  0 .5239

2nT2
2 x 0 .8621  q ._____

130.19 g ./m o le

The m olar ra tio  of m eta-d iv iny lbenzene  to m ethyl m ethacry late  in  the  

copolym er formed i s  ob tained  a s  shown below :

70 .08  (% of m -div iny lbenzene)____________
m2  _  130.19 (m olecular w t. of m -d iv iny lbenzene)_____________
mi

29 .92  (% of m ethyl m ethacrylate)_________________
100.12  (m olecular w t. of m ethyl m ethacry late)

= 1 .801

These two q u a l i t i t i e s ,  M j/ M 2 and m2/m ^  ̂ are  USed to  ev a lu a te

r^ and r 2  v a lu es  u sing  th e  copolym er com position  equation  w here r 2  

i s  ex p re ssed  a s  a l in e a r  function  of r^ .

A ssigning tw o v a lu e s ,  for exam ple , zero and  one fcr r-^, two 

v a lu es  for r 2  can  be o b ta in e d . Each two v a lu e s  o f r-̂  and ^  w ill 

re p re se n t a  line  on th e  f in a l g raph ical so lu tion  of the  copolym er 

e q u a tio n . A ssigning va lue  of zero  for r-̂  we get 

r 2 =  0 .5239  ̂ 1 .801 (1 + 0) -1  ) = 0 .4196; a ss ig n in g  r 1 a va lue  of

o n e , r 2 = 0 .5239 \ 1 .801  (1+  0 .5239) -  l) = 0 .9 1 4 0 .

V alues of r^ and r 2 w ere ob ta ined  by the  above procedure from 

th e  s ix  o ther copolym ers of m ethyl m e th ac ry la te /m e ta -d iv in y lb e n ze n e .
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Plotting  th e  v a lu es  of r 2 v e rsu s  seven  l in e s  w ere  ob tained  a s  shown 

in  Figure 9 , the in te rse c tio n  of w hich  g iv es  th e  monomer re a c tiv ity  

ra tio s  for methyl m ethacry la te  (r^) and m eta-d iv in y lb en zen e  .

The Finem an-R oss method for the determ ination  of th e  re a c tiv ity  

ra tio s  invo lves th e  u se  of the follow ing e x p re ss io n  fo r the  above 

copo lym erization  equation :

w here f =  m-j/rr^ and F = M -j/M g.

For the m onovinyl-d iv iny l co p o ly m eriza tio n s , F i s  m odified to
o

M 1/2 M 2 . The v a lu e s  o f  (f -  1)/F  and f/F  a re  determ ined for each  

copolym er and (f -  iK f is  p lo tted  v e rsu s  f /F 2 . The b e s t  lin e  is  

draw n through th e s e  p o in ts  by th e  m ethod of le a s t  sq u a re s . The in ­

te rc ep t on th e  (f -  1)/F ax is  is  r^ and th e  n e g a tiv e  slope o f the  line  

i s  r 2 . A F in em an - Ross p lo t for th e  m ethyl m ethacry la te  -  m eta- 

d iv iny lbenzene  copolym erizations is  show n in  F igu re . 10.
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R esu lts and D isc u ss io n s

The so lu tio n s o f the  d iffe ren tia l copolym er equation  w ere ob­

ta in ed  by th e  in te r s e c t  method and by th e  F inem an-R oss m ethod, ̂  

and a re  shown on the  fo llow ing p a g e s . All the  a n a ly se s  of copolym er 

com positions w ere carried  out by using  a  C ^ - la b e l e d  comonomer in 

p repara tions of copolym ers and u sin g  the  v ib rating  reed  e lec trom eter 

and io n iza tio n  cham ber m ethod for th e  determ ination  of copolym er 

ra d io a c t iv it ie s .  The only one in te rse c t  p lo t ,  w hich is  for th e  copo ly­

m eriza tion  of m ethyl m ethacry la te  and p a ra -d iv in y lb e n z e n e , does n o t 

g ive a sa tis fa c to ry  so lu tio n  fo r the  copolym er com position  eq u atio n . 

R easons w ill be  given la te r .  D up lica te  a n a ly se s  w ere  ca rried  out for 

each  copolym a: sam ple and average  v a lu es  of th e  a n a ly se s  w ere u sed  

in  the ev a lu a tio n  of the  monomer re a c tiv ity  r a t io s .

C opolym erization  o f M ethyl M ethacry la te  and m -D ivinylbenzene

According to  th e  c la s s if ic a tio n  of d iv iny l monomers made by  

A lfrey, Bohrer and M a r k ,^  m -d iv iny lbenzene  i s  an  exam ple of a sym ­

m etrica l independen t d iv iny l monomer w here th e  tw o v inyl groups have 

approxim ately  equal r e a c t iv i t ie s .  And i t  h a s  been  show n em p irica lly  

th a t th e  rev ised  copolym er com position  eq u a tio n  fo r th e  copo lym eriza- 

tio n s  of mono v iny l and d iv iny l monomers should  b e  u sed  to  d e sc rib e  

copolym er com positions for th e  copo lym erization  of sty rene  and m e ta -  

d iv iny lbenzene .

The v a lu e s  of monomer re a c tiv ity  ra tio s  for th e  oopolym erization
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of methyl methacrylate (Mj) and m eta-divinylbenzene (M2) , which

w ere ob tained  by the  in te rse c tio n  method and by  th e  F inem an-R oss

m ethod and are  rep re sen ted  in F igures 9 and 10 , a re  r i= 0 .4 1 ,  and

r2 = 0 .6 1 . The le a s t  sq u a res  a n a ly s is  w as used  for the  l in e a r  p lo t.

T hese v a lu e s  a re  in  accord  w ith  p rev io u sly  observed  v a lu e s  fcr the

copo lym erization  of sty rene  and m ethyl m e th a c ry la te . The reported  

52v a lu e s  of monomer re a c tiv ity  ra t io s  for the m ethyl m e th ac ry la te -

sty rene  copo lym eriza tion , w here  a C ^-^-labeled monomer and v ib rating

reed  e lec tro m e te r- io n iz a tio n  cham ber a s s a y  tech n iq u e  w ere u s e d ,  a s

in  th is  experim en t, a re  r^ (methyl m ethacry late) = 0 .46  and r 2 (styrene)=

0 .5 2 . The re a c tiv ity  ra tio s  ob tained  for th is  copo lym erization  system

u sin g  chem ical a n a l y s i s a r e  a lso  r-̂  (m ethyl m ethacry late) = 0 .46

and ?2 (sty rene) = 0 .5 2 .

The Q and e v a lu e s  of m eta -d iv in y lb en zen e  c a lc u la te d  by the

A lfrey-P rice  equations w ith  th e s e  v a lu e s  are 0 = 1 . 1  and e = - 0 . 8 .

T hese v a lu es  a re  very  c lo s e  to  th o se  of sty rene(Q  = 1 .0  and e = -0 .8 )

and a re  in th e  sam e range a s  th o se  for m eta-m eth y lsty ren e

(Q = 0 . 9 5 ,  e s - 0 . 8 ) 1^ and p a ra -m eth y ls ty ren e  ( Q = 1 . 0 5 ,  e = - 0 . 9 ) . 15

18The p rev io u sly  reported  v a lu e s  of the  monomer re a c tiv ity  ra tio s  for 

th e  copolym erization  of s ty ren e  and m e ta -d iv in y lb en zen e  are qu ite  

c lo se  to  u n ity . T hese v a lu es a re  in  accord  w ith  th e  e s tim a te s  b a sed  

on H uckel MO c a lcu la tio n  of r^ ^  *2 = 1 .

All the  above r e s u l ts  in d ic a te  th a t  the  v inyl groups of m e ta -  

d iv iny lbenzene  have re a c tiv it ie s  a lm ost equal to  th o se  of the s ty ren e
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Table 6 . Copolymerization of Methyl Methacrylate(Mi) with m-Dlvlnylbenzene

Monomer Feed
Molar r a t io Conv. Sample

No. Mx , g. m2 , g. M2 / 2M2 % w t. ,  mg

1. 0.3166 1.1105 0.1854 5.62 10.68
6.40

2. 0.6947 0.8621 0.5239 6.62 9.03
8.14

3. 0.8349 0.8055 0.6739 5.98 6.46
9.21

4. 1.0375 0.6630 1.0174 5.47 4.84
6.53

5. 1.2325 0.5242 1.5286 5.29 9.04
9.62

6. 1.3177 0.4873 1.7581 4.22 5.81
9.35

7. 1.7693 0.2003 5.7434 3.10 3.92
4.58

a Average o f 5-7 readings. 
b Average o f two determinations. 
c Deviation: average, ±  0 .4  Z ;  maximum, + 0 . 7  %. 

Background, 0.1420 m v . / s e c . .

Copolymer Composition
Spec. chg. Molar

Charge Charge rate ml  V.
ra t io

time, sec? mv. mv. / s e c .  / mg? wt. Z b m2 /mi

403.20 2400 0.5440 16.28 3.956
663.84 2400 0.5427
263.75 2400 0.9919 29.92 1.801
288.24 2400 1.0054
324.96 2400 1.1212 33.77 1.509
226.94 2400 1.1328
360.16 2400 1.3474 40.21 1.144
268.92 2400 1.3368
541.87 8000 1.6174 48.18 0.8272
515.44 8000 1.5986
241.20 2400 1.6881 50.30 0.7599
507.90 2400 1.6694
257.88 2400 2.3379 70.02 0.3291
223.50 2400 2.3360
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In te rse c t p lo t fo r C opolym erization  of M ethyl M ethacry la te  
(r-ĵ  = 0 .41) and m -D iv iny lbenzene (r2 = 0 .6 1 )  a t 7 0 °C .
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Finem an-R oss p lo t for C opolym erization  of M ethyl M ethacry la te  
(r1= 0 .41) and m -D iv iny lbenzene (rg= 0 .6 1 ) .
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vinyl g ro u p s, and th a t in  the  s ty ren e-m eta -d iv in y lb en zen e  copolym er 

th e  m eta-d iv iny lbenzene  un it i s  d isp e rse d  ra th e r uniform ly throughout 

the  copolym er c h a in . And the  fa c t th a t the  d a ta  for th e  copo lym eriza­

tio n s  of m eta -d iv in y lb en zen e  w ith ty p ica l m onovinyl monomers (sty rene  

and m ethyl m ethacry late) g ive  fa irly  p re c ise  so lu tio n s  of th e  rev ised  

copo lym erization  equation  confirm s th e  fa c t th a t  m eta-d iv iny lbenzene  

i s  a good exam ple o f  sym m etrical independen t d iv iny l monomer. M ore­

over th e re  is  l i t t le  lik e lih o o d  of any c o n sid e rab le  conjugation  betw een 

th e  two v inyl groups in m e ta -d iv in y lb e n ze n e . H ow ever, i t  m ust b e  

no ted  th a t  w hen a d iv iny lbenzene  m olecule is  inco rpo ra ted  in to  a copo ly ­

mer ch a in  through one o f  i t s  tw o v iny l g ro u p s , the  re a c tiv ity  of the  

second un rea ted  v iny l group w ill b e  red u ced  c o n s id e rab ly  by a sh ie ld in g  

e ffec t of th e  benzene n u c le i of th e  nearby  sty rene or m eta -d iv in y l­

b en zen e  monomer u n it in  the  copolym er c h a in .

C opolym erization  of M ethy l M ethacry la te  and p -D iv in y lb en zen e

p ara -D iv iny lbenzene  i s  qu ite  d iffe ren t from th e  m eta isom er by 

v irtue  of the  d ire c t co n ju g a tio n  be tw een  the  two v inyl groups in p o s i­

t io n s  para to  one a n o th e r. As m entioned a b o v e , the  behav io r of th e  

m eta compound can  be ad eq u a te ly  rep re se n te d  by th e  re v ise d  copolym er 

com position  equation  for m onoviny l-d iv iny l c o p o ly m eriza tio n s , bu t th e  

b ehav io r of p a ra -d iv in y lb en zen e  i s  no t so  p red ic tab le  and In d ic a te s  

th a t  th e  degree  of hom ogeniety  of the  copolym er formed is  m uch l e s s  

th an  th a t  of m eta-d iv in y lb en zen e  copolym er. W hen pure p a ra -d iv in y l-
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14ben zen e  w as copolym erized w ith C - la b e le d  m ethyl m ethacry la te  

and th e  copolym ers w ere analyzed  by th e  techn ique  d escrib ed  h e re in , 

i t  w as found th a t  n e ith e r th e  o rd inary  copolym er com position  equation 

nor th e  re v ise d  equation  cou ld  su itab ly  ex p ress  th e  monomer re a c tiv ity  

ra tio s  for th is  copolym erization  s y s te m . Table 7 g iv es  the  d a ta  and 

re s u l ts  and F igures 11 and 12 show th e  in te rse c tio n  and th e  F inem an- 

Ross p lo ts  fo r the  so lu tio n s  of the  copolym er com position  e q u a tio n .

The rev ised  copolym er com position  equation  w as used  for th e  sake of 

c o n s is te n c y . The in te rs e c t  p lo t d o es not g ive a  sa tis fa c to ry  so lu tion  

fo r the  equation  and dev ia tions from the  lin e a r  p lo t a re  c o n s id e ra b le .

The in te rse c t plot re sem b les  th a t for th e  s ty re n e -p a ra -d iv in y lb e n z e n e  

co p o ly m eriza tio n . If a l l  o f  th e  experim ental d a ta ,  g iven  in  Table 7 , 

and F igures 11 and 12 , are  u s e d , v a lu e s  o f  ^ (m e th y l m ethacry late) »

0 .1 0  and r2 (p -d iv iny lbenzene) = 0 . 9 3  a re  o b ta in ed  by th e  l e a s t  squares 

a n a ly s is  of the  F inem an-R oss p lo t (so lid  l in e  in  Figure 12). T hese 

re s u lts  w ere  ob ta ined  from d a ta  w hich include  tw o co p o ly m eriza tio n s , 

th o se  w ith 9 .4  mole % (N o. 1) and 87 .3  mole % (N o. 6) of p a ra -  

d iv in y lb en zen e , w hich d ev ia te  from the  d a ta  from the  o ther ru n s . If 

th e s e  tw o a re  om itted from th e  a n a ly s is  of the  d a ta ,  v a lu e s  of r^ =  0 .62  

and r 2= 1 .30  are  o b ta in ed  from the l in e a r  p lo t (dotted  lin e  in  Figure 12). 

T hese v a lu e s  are  in  only fa ir  accord  w ith  th o s e  from s ty re n e -p a ra -d iv in y l­

b enzene  copo lym erizations (r^(styrene) = 0 . 7 7 ,  ^ (P -d iv in y lb e n z e n e ) =

, 18 
2 .0 8 ) .

One can  g ive  se rv e ra l d iffe ren t re a so n s  w hy the  copo lym eriza tions 

w ith p a ra -d iv in y lb en zen e  d o  no t g ive  w e ll-d e fin e d  so lu tio n s  of th e
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Table 7. Copolymerization of Methyl Methacrylate(Mi) with p-Divinylbenzene

Copolymer Composition
Monomer Feed______________  Spec. chg. Molar

Molar r a t io Conv. Sample Charge Charge rate “1 h ra t io
No. Mr  g. g- Mi /2M2 % w t . , mg. tim e, sec? mv. mv./sec./mg? wt. %b n^/m^

1. 1.1034 0.1489 4.8182 2.81 4.35 349.38 2400 1.5465 46.53 0.8838
8.25 184.50 2400 1.5375

2. 0.9553 0.4386 1.4161 2.77 6.35 239.71 2400 1.5115 45.59 0.9177
7.26 213.05 2400 1.5321

3. 0.7322 0.7384 0.6447 3.07 4.45 212.27 800 0.8149 24.57 2.361
6.07 465.96 2400 0.8251

4. 0.5120 0.8102 0.4109 2.85 5.76 207.59 800 0.6444 19.24 3.229
5.91 203.95 800 0.6397

5. 0.4454 0.9954 0.2910 2.95 4.00 393.25 800 0.4731 14.40 4.572
5.73 272.26 800 0.4880

6. 0.1451 1.2929 0.0729 1.04 8.71 473.21 800 0.1778 5.363 13.57
7.63 527.40 800 0.1802

a Average of 5-8 readings, 
b Average of two determinations. 
c Deviation: average, ± 0 . 7  %; maximum, ±  1.55 %. 

Background, 0.1420 m v ./se c . .
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F igure 11 . In te rse c t p lo t for C opolym erization of M ethyl M ethacry la te  
(r^ = 0 .62 ) and p -D iv in y lb en zen e  = 1 .3 )  a t  7 0 °C .
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-1 5 .0
15 .01 0 . 05 .00 . 0

f /F 2

Figure 12 . F inem an-R oss p lo t for C opolym erization  of M ethyl
M ethacry la te  (r^ = 0 .62) and p -D iv in y lb en zn e  ( ^ = 1 .3 ) .
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copolym er com position  e q u a tio n . I t  is  c e rta in  th a t  the  d ev ia tio n  from 

lin e a r ity  and the  a rea  o f in te rse c tio n  in  the in te rs e c t  p lo ts  is  too 

large  to  b e lie v e  th a t th is  phenom enon is  due m erely to  experim ental 

e rro r.

A lo g ic a l ex p lan a tio n  of th e s e  re s u lts  can  be  p o stu la ted  by c o n ­

sidering  the s tru c tu ra l c h a ra c te r is t ic  of p a ra -d iv in y lb e n z e n e . It is  a 

w e ll-k n o w n  fa c t  th a t a  monomer ex h ib its  a strong rea c tiv ity  tow ard  

any free  ra d ic a l w hen th e  re su ltin g  adduct is  h igh ly  s ta b iliz e d  by 

re s o n a n c e . B ecause of th e  d irec t con jugation  betw een th e  tw o v inyl 

groups through th e  benzene  r in g , pa ra -d iv in y lb en zen e  w ould ofEer a d ­

d itio n a l re so n an c e  s ta b il iz a tio n  in  th e  re su ltin g  adduct and would show 

g rea te r re a c tiv ity  in  copo lym eriza tion  rea c tio n s  than  a monomer w ithou t 

such  a c o n ju g a tio n , e .  g . ,  s ty re n e .

CH e tc .

S ince m ethyl m ethacry la te  i s  known to be  le s s  re a c tiv e  than 

s ty re n e , w hen m ethyl m ethacry la te  and p -d iv iny lbenzene  com pete w ith  

a  free  r a d ic a l ,  p a ra -d iv in y lb en zen e  w ill be  m ore re a c tiv e  th an  methyl 

m ethacry la te  and w ill p re fe ren tia lly  polym erize w ith i t s e l f .  This w ill 

re s u lt  in  a  g rea te r  v a lu e  of monomer re a c tiv ity  fa r p a ra -d iv in y lb en zen e  

than  fo r m ethyl m e th ac ry la te . This supposition  i s  supported  by the 

fa c t  th a t  the  v a lu e s  of r^ a re ,  no m atter how th e  d a ta  are t r e a te d ,
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ra the r low and th e  v a lu e s  for a re  ra th e r  h ig h .

If th e  d iv iny lbenzene  does re a c t predom inantly  w ith i t s e l f ,  it

i s  p o ss ib le  to  have much c lu s te rin g  of th e  d iv in y lb en zen e  u n its  in

th e  copolym er chain  b e c a u se  the pendant v inyl groups in  th e  copolym er

53chain  w ill tend  to  favor th e ir  undergoing a chain  re a c tio n . Storey 

re c en tly  stud ied  the  in itia l ra te s  and gel po in ts  for the  copo lym eriza­

tio n  of styrene and p a ra -d iv in y lb e n z e n e , and h is  re s u lts  im ply th a t 

in trach a in  c ro ss lin k in g  to  produce m icrogels is  an im portan t rea c tio n  

even  a t low  c ro ss lin k e r  (p -d iv iny lbenzene) le v e ls  and  i s  th e  dom inant 

reac tio n  a t  m oderate to  high le v e ls  even  before g e la tio n .

On the other h a n d , i t  m ust be  no ted  th a t th e  re a c tiv ity  of a 

pendant v iny l group of th e  d iv iny lbenzene  u n it in  the  copolym er ch a in  

can n o t be  th e  sam e a s  the  re a c tiv ity  of a  v iny l group in  the  u n reac ted  

d iv iny lbenzene  m onom er. T herefo re , a s  soon a s  p a ra -d iv in y lb en zen e  

is  incorporated  in to  a copolym er chain  through a re a c tio n  o f  one o f 

i t s  tw o v inyl g ro u p s , the  m ixture becom es a th ree  com ponent oopoly­

m eriza tion  system  c o n sis tin g  of m ethyl m e th a c ry la te , p a ra -d iv in y l­

b e n z e n e , and p a ra - iso p ro p y ls ty re n e - lik e  u n it. In a  th re e  com ponent 

copo lym erization  th e re  a re  n ine p o ss ib le  re a c tio n s  and a to ta l of s ix  

monomer re a c tiv ity  ra tio s  to  b e  c o n s id e re d . In th e  above th ree  com­

ponent sy s te m , how ever, one h as  no w ay to  e v a lu a te  th e  m olar co n cen ­

tra tio n  o f  p -a lk y ls ty re n e  com ponent, a lthough  th e re  should  e x is t  some 

so rt of re la tio n sh ip  b e tw een  i t  and p a ra -d iv in y lb e n z e n e . Also the
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6 9 .

ra tio s  involv ing  th e  d iv iny l monomer or ra d ic a l cannot b e  e s tim a te d  

in  th is  com plica ted  system  s in c e  th e  d iv iny lbenzene. : a lk y ls ty ren e  

re la tio n sh ip  is  su b je c t to  co n stan t f lu c tu a tio n . It is  th e re fo re  very 

d iff ic u lt to  d e sc r ib e  the m ethyl m e th ac ry la te -p a ra -d iv in y lb en zen e  

copo lym erization  even  by  a u su a l copolym er com position  equation  for 

th ree  com ponen ts.

C opolym erization  of p -Iso p ro p y ls tv ren e  and S tyrene

As m entioned befo re  in the copo lym erizations of m ethyl m etha­

c ry la te  or sty rene  and p a ra -d iv in y lb e n z e n e / s a tis fa c to ry  so lu tio n s  

for the copolym er co m p o sitio n  equation  could not be  o b ta in e d , and 

th is  h a s  been ex p la in ed  by the p o s s ib le  p a rtic ip a tio n  of th e  second  

vinyl group of p a ra -d iv in y lb en zen e  u n it in  the  copo lym erization  re ­

a c tio n s  even  in  th e  early  (low conversions) s ta g e s .  In order to  

verify  th is  su p p o sitio n  p a ra -iso p ro p y ls ty re n e , w hich  is  sim ila r to  

the  u n it w hich would be  formed from having  one v iny l group of the  

d iv iny lbenzene  incorpora ted  in to  th e  copolym er c h a in , w as taken  as 

a  m odel compound and s tu d ie s  of i t s  copo lym erization  k in e tic s  w ith  

sty rene  w ere  u n d e rtak en .

Braun and K eppler5̂  determ ined the monomer re a c tiv ity  ra t io s  

for the  copo lym erization  of sty rene  and p -iso p ro p y ls ty ren e  using  in fra ­

red abso rp tion  m easurem ent. The v a lu e s  ob tained  a re  r^ (sty rene) =

1.11 and  r2 (p - iso p ro p y ls ty re n e ). = 0 .5 4 . Comparing th e se  v a lu e s  w ith  

th o se  of sty rene and o ther p a ra -su b s ti tu te d  s ty ren es  copo lym erizations 

i t  c an  be se en  th a t th is  r2 va lue  i s  unex p ec ted ly  lo w . One canno t
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Table 8. Copolymerizatlon of Styrene(M^) with p-Isopropylstyrene

Copolymer Composition
Monomer Feed_________________  Spec. chg. Molar

Molar ra tio Conv. Sample Charge Charge rate r a t io
No. Ml» 8* M2 . 8* mx/ m2 % w t . , mg. time, sec? mv. mv./sec./mg? wt. Zb M2/m^

1. 1.92604 0.78410 3.4488 3.31 6.36 472.91 240 0.059939 74.85 0.2392
12.84 264.20 240 0.060913

2. 0.97545 0.40772 3.3591 5.74 9.53 350.52 240 0.059637 73.88 0.2518
12.23 276.37 240 0.060679

3. 0.67733 0.64609 1.4719 5.37 7.92 500.63 240 0.044584 55.02 0.5823
6.40 586.20 240 0.044238

4. 0.79158 1.92366 0.57777 4.94 13.62 498.74 240 0.026058 32.66 1.4685
9.84 617.44 240 0.026667

5. 0.26807 1.07953 0.34865 2.08 10.70 762.00 240 0.017632 22.04 2.5197
7.26 311.79 80 0.017946

® Average of 5-10 readings.
Average of two determinations. 

c Deviation: average, ± 0 .8  %; maximum, ±  1.2 %. 
Background, 0.12629 m v ./se c . .
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Figure 13. In te rse c t p lo t for C opolym erization  of Styrene ( r^ = 1 .2 2 )  
and p -Iso p ro p y ls ty ren e  (r2 = 0 .89) a t  7 0 °C .

0 . 0

- 1 . 0

Figure 14 . F inem an-R oss plot for C opolym eiization  of Styrene (r^ = 1 .22) 
and p -Iso p ro p y ls ty re n e  (r2 = 0 .89) a t 7 0 °C .
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ju s tify  the  p red ic tio n  of th e  p o ss ib le  e a rly  p a rtic ip a tio n  of th e  pedant 

v inyl group (p -iso p ro p y ls ty re n e -lik e  u n it in  th e  m ethyl m ethacry late  

or sty rene  and p a ra -d iv in y lb en zen e  copolym erization  system s) in to  the  

cha in  reac tio n  w ith su ch  a low r 2  v a lu e  (p -iso p ro p y ls ty ren e ). The 

monomer re a c tiv ity  ra tio s  for th is  copolym erization  system  w ere  re ­

ev a lu a ted  to  g e t  more rea so n a b le  v a lu e s . The experim ental re s u lts  

from s ty re n e -p -iso p ro p y ls ty ren e  copolym erizations are  g iven  in  Table 8 

and the  r j  and r£ p lo ts  from th e  copolym er com position  equ atio n s are  

shown in  in te rs e c t  and lin e a r  p lo ts  in  F igures 13 and 14 , re s p e c tiv e ly .

The le a s t  sq u a res a n a ly s is  of the  F inem an-R oss p lo t g iv es the  v a lu es  

of r-̂  (s ty rene)=  1 .22  and r 2(p -iso p ro p y lsty ren e) =  0 .8 9 . The r ^  prod­

u c t is  s lig h tly  g rea ter th an  one (1 .0 9 ) . This va lue  of th e  r^ r2 product 

i s  in con trad ic tion  to  an em pirical g e n e ra liza tio n  th a t th e  re a c tiv ity  

ra tio s  product r^ r2 is  a lm ost a lw a y s , but w ith  a few  e x c e p tio n s , equal 

to  or l e s s  th an  u n ity . It a p p e a rs , how ever, from th e  ob ta ined  v a lu e s  

th a t  a  s itu a tio n  e x is ts  for th is  copo lym erization  sy stem  w here r^ is  

s lig h tly  g rea te r than  un ity  and r 2 i s  s lig h tly  l e s s  th an  u n ity . T hese 

re s u lts  to g e th e r  w ith  th o se  from the copolym erization  of s ty ren e  and 

p -d iv in y lb en zen e  e s ta b lish  th a t  p -isop ropy l styrene i s  som ew hat, but not 

c o n s id e ra b ly , l e s s  re a c tiv e  to  th e  styry l ra d ic a l than  s ty re n e . And 

s ty re n e , in tu rn , is  much le s s  re a c tiv e  to  th is  rad ic a l th an  p -d iv in y lb en ­

z e n e . S in ce , as w e have  seen  a b o v e , p -iso p ro p y l sty rene  and s ty rene  

do not have so g rea t a d ifference  in  th e ir  r e a c t iv i t i e s , th is  may be c o n s id ­

ered  to  su g g e s t th a t  th e  s ty ren e -p -d iv in y lb en zen e  copolym erization  system
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Table 9.

C om position Ecruation 

Run N o .a r^
r2 Run N o. r l r 2

12. 1 .278 0.998 34 . 1 .291 0.999

13. 1 .269 0.975 35. 1 .290 0 .999

14. 1 .279 0.999 41 . 1.501 0.998

15. 1 .279 0.999 42 . 1 .497 0.999

21 . 1 .244 0.998 4 3 . 1 .498 0.998

23. 1 .244 0.999 45 . 1.437 0.968

24. 1 .245 0.999 51 . 1 .538 0 .998

25. 1 .244 0.999 52 . 1.538 0.998

31. 1 .269 0.975 53 . 1.539 0 .998

32. 1.289 0.999 54. 1 .534 0.997

Average 1 .36 0 .99

For exam ple , run number 45 m eans th a t experim ent 4 w as taken  a s  th e  

f ir s t  member of the  p a ir  and  experim ent 5 w as used  a s  the  second  mefnber 

of th e  inpu t d a ta .
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should be regarded as a three component copolymerization system .

T his i s  a  co n c lu sio n  c o n s is te n t  w ith  th a t su g g ested  e a r l ie r .

55U sing  the com puter program d e sc r ib e d  by  M ontgomery and F ry , 

th e  monomer re a c tiv ity  r a t io s  for th is  copolym erization  system  w ere 

c a lc u la te d  u s in g  th e  in te g ra te d  form of the copolym er com position  

e q u a tio n . The re s u l ts  a re  g iven  in  Table 9 .  The monomer charge  

r a t io s ,  copolym er co m p o sitio n s, and  c o n v e r s i o n  d a ta  for a ll tw enty  

com binations (1 w ith  2 being a d ifferen t p a ir  from  2 w ith  1 , e tc .)  of 

p a irs  of experim ents in  Table 8 w ere u sed  in  th e  Fortran II program as 

input d a ta .  V alues of r^ = 1 .3 7  and ^  = 0 .99  w ere o b ta in ed  a s  averages 

of re s u lts  for a ll  tw enty  p a ir s .  Of th e s e ,  experim ents 4 and 5 (used 

a s  the  f i r s t  member o f th e  pairs) gave much h ig h er v a lu e s  of r^ 

(1 .4 4 -1 .5 4 )  th an  th o se  (r^ 1 .2 4 -1 .2 9 )  from experim en ts 1 , 2 , and 3 

(taken  a s  f i r s t  mem bers of the  p a ir s ) .  Although num bers 4 and  5 are 

for the  low s ty ren e  com position  experim en ts , th e re  i s  no  b a s is  for 

exclud ing  them from the av erag es  for th is  r e a s o n . It w as no ted  by 

M ontgom ery and Fry th a t  the  r^ v a lu es they  o b ta in ed  for v iny l a c e ta te -  

v inyl ch lo ride  re a c tiv ity  ra tio s  w ere h igher than  th o se  from d iffe ren tia l 

a n a ly s is .

C opolym erization  of M ethyl M ethacry la te  and p -Iso p ro p y ls ty ren e

Since the  monomer re a c tiv ity  ra tio s  fo r th e  copolym erizations of 

m ethyl m ethacry late  and m -d iv in y lb en zen e , and m ethyl m ethacry late  

and p -d iv in y lb en zen e  have  been  o b ta in ed , the  monomer re a c tiv ity
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ra tio s  for the  copo lym erization  of m ethyl m ethacry la te  and  p - iso p ro -  

py lsty rene  have been  determ ined in  order to  s e e  th e  struc tu ra l 

c h a ra c te r is t ic s  of th e s e  copolym ers and to  com pare one to  an o th e r.

The experim ental re s u l ts  from th e  copo lym erization  of m ethyl m etha­

cry la te  and p -isop ropy l sty rene  are g iven in Table 10 and the  v a lu e s  

of the  monomer re a c tiv ity  ra tio s  for th is  sy s te m , w hich w ere ob tained  

by in te rse c tio n  and lin e a r  p lo ts ,  are shown in  F igures 15 and 16.

The v a lu e s  o f the  monomer re a c tiv ity  ra tio s  ob tained  by th e  le a s t  

sq u a res  a n a ly s is  of the  F inem an-R oss p lo t a re  r^ (m ethyl m ethacry late)

0 .4 4  and ^ (p - iso p ro p y ls ty re n e )  = 0 .3 9 .  The Q and e v a lu e s  for 

p -isop ropy l sty rene  c a lc u la te d  by A lfrey-P rice eq u a tio n s  using  the  

above monomer re a c tiv ity  ra tio  v a lu es  a re  Q = 1 .1  and e = - 0 .9 .

These v a lu e s  a re  in  th e  sam e range a s  th o se  for p -m ethy lsty rene

1 s(Q = 1 .0 5 , e = - 0 .9 ) .  T hese re s u lts  to g e th er w ith  th o se  for th e  

copo ly  me riza tio n  of m ethyl m ethacry late  and p -d iv in y lb en zen e  in d ic a te  

th a t both of p -d iv in y lb en zen e  and p -iso p ro p y ls ty ren e  a re  mere r e a c ­

tive  tow ard th e  m ethyl m ethacry la te  rad ica l th a n  m ethyl m e th ac ry la te . 

The re s u l ts  c le a rly  su g g e s t th a t the pendant v inyl groups (p -iso p ro ­

pyl s ty re n e -lik e  un its) in  th e  copolym er cha in  of m ethyl m ethacry la te  

and p -d iv in y lb en zen e  w ill tak e  part in  th e  subsequen t ch a in  re a c tio n s  

even  in  the  early  s ta g e s  of th e  reac tio n  and  th a t  a copolym er w ith  

much lo c a l c lu s te rin g  of p -d iv in y lb en zen e  u n its  w ill be produced a s  

in  the copolym erization  of styrene and p -d iv in y lb e n z e n e .
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Table 10. Copolymerization of Methyl Methacrylate(M^) with p-Isopropylstyrene

Copolymer Composition
Monomer Feed Spec. chg. Molar

Molar r a t io Conv. Sample Charge Charge rate ®1 h ra t io
No. Hi, g. h2 , g- M]/M2 Z w t . , mg. time, sec? mv. mv./sec./mg9 wt. Zb m2/m^

id 1.98845 0.78977 3.6773 3.51 7.93 543.99 8000 1.8307 60.43 0.4483
12.93 327.84 8000 1.8726

2? 1.98845 0.78977 3.6773 3.35 9.82 435.36 8000 1.8520 60.44 0.4483
8.71 490.28 8000 1.8517

3. 0.72210 0.64345 1.6391 2.60 7.42 218.68 2400 1.4536 47.67 0.7516
4.62 344.35 2400 1.4677

4. 0.60373 0.70438 1.2518 2.99 7.21 246.07 2400 1.3266 44.00 0.8715
6.32 271.31 2400 1.3698

5. 0.45655 0.93177 0.71564 3.28 5.87 353.40 2400 1.1247 36.74 1,1789
8.25 253.04 2400 1.1267

6. 0.31075 0.95468 0.47541 2.97 5.96 409.08 2400 0.95268 31.09 1.5172
6.83 358.37 2400 0.95287

a Average of 4-8 readings.
b Average of two determinations
c Deviation: average, ± 0 .55 Z ;  maximum, + 1.6 %.

Background, 0.18895 m v ./se c . .  
d A monomer mixture was divided in to  two portions.
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r 1
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1 . 00 . 5
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Figure 15 . In te rse c t p lo t for C opolym erization o f M ethyl M ethacry la te  
(r^ -0 .4 2 ) and p -Isop ropy lsty rene  (r2  = 0 .38) a t 70 °C .

1 . 0

0 . 0

- 1 . 0

1 . 0 2 . 0 3 .02f /F

Figure 16. F inem an-R oss p lo t for C opolym erization  of M ethyl M ethacry la te  
(rl = 0 . 4 4 )  and p -Iso p ro p y ls ty ren e  (r_=0.39) .
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U sing the monomer re a c tiv ity  ra t io s  for th e  copolym erizations 

of p -d iv in y lb en z e n e , m -d iv in y lb en zen e , and p -iso p ro p y lsty ren e  w ith 

m ethyl m ethacry la te  one can com pare the  struc tu ra l d iffe ren ces  of 

th e  copolym ers formed from e a c h  copolym erization  by s ta t is t ic a l  c o n ­

s id e ra tio n s . As m entioned ea rlie r in the "H is to rica l"  sec tio n  the 

frac tion  o f th e  copolym er ex is tin g  in  b locks of n-m onom er u n its  long 

can  be c a lc u la te d  using  equation  (25). Such c a lcu la tio n s  fcr the  

monomer I ^ ' s  (p -d iv in y lb en zen e , m -d iv in y lb en zen e , and p - iso p ro ­

py lsty rene) w ere carried  out for the above th ree  copolym ers using  

th e  observed  monomer re a c tiv ity  ra tio s  and are rep resen ted  in  

F igure 17 . The number on each  line  d eno tes  th e  experim ent number 

u sed  for th e s e  c a lc u la t io n s , w hich i s  th e  same a s  the  num ber re p re ­

se n ted  in  th e  Table for each copo lym eriza tion . For the methyl 

m eth ac ry la te -p -d iv in y lb en zen e  system  the  v a lu e s  of r^ =  0 .62  and 

r2= 1 .30  w ere u sed  for th is  c a lc u la t io n . This figure show s th a t ,  a s  

th e  number of u n its  of monomer 2 in  a row , n , in c re a s e s ,  th e  f ra c ­

tio n  of m ethyl m ethacry late  -  p -d iv iny lbenzene  copolym er ex is ting  

in  n long b lo ck s c£ monomer 2 (p -d iv iny lbenzene) d e c re a se s  much 

more slow ly  than  that of m ethyl m ethacry la te-m -d iv iny lbenzene  copo­

lym er e x is tin g  in  n  long b lo ck s of monomer 2(m -divinylbenzene) d o e s .

The frac tio n  of m ethyl m eth acry la te -m -d iv in y lb en zen e  copolym er 

e x is tin g  in  n b locks of monomer 2 (m -d iv iny lbenzene), in tu rn , d e c re a se s  

more slow ly  a s  n in c re a s e s  th an  th a t  of methyl m e th ac ry la te -p -iso p ro p y l— 

sty rene  copolym er ex is tin g  in n long b locks of monomer 2 (p -iso p ro p y l-
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styrene) d o e s . In o ther w o rd s , one h a s  th e  g re a te s t  p robab ility  to  

have longer b lo ck s of M 2 (p -d iv iny lbenzene) in  m ethyl m eth ac ry la te - 

p -d iv in y lb en zen e  copolym er and the. le a s t  in m ethyl m e th ac ry la te -p - 

iso p ro p y lsty ren e  copo lym er.

It m ust be  no ted  th a t th e  monomer feed  c o m p o s itio n s , M g /M ^ , 

u se d  for th e se  c a lc u la tio n s  are  s lig h tly  d iffe ren t from one  an o th e r, 

and th e  m agnititude of th is  va lue  i s  sm a lle s t for the copolym erization  

w ith  p -d iv in y lb en zen e  and la rg e s t for the copolym erization  w ith  p - i s o ­

p ro p y lsty ren e . If the  sam e M g/M ^ v a lu e s  w ere u sed  for th is  com pari­

so n , the  d iffe ren ces be tw een  th ese  th ree  copolym ers would be  more 

favorab le  for the co n c lu sio n  draw n above— i . e . ,  a g rea te r frac tio n  of 

p -d iv in y lb en zen e  copolym er, but a sm aller frac tion  of p -iso p ro p y l­

s ty rene  copolym er would be  p red ic ted  to  have longer b locks of Mg 

(p -d iv in y lb en zen e  cr p -iso p ro p y ls ty ren e ).

In a d d itio n , one can  compute the  m ean len g th  of th e  seq u en ces  

of each monomer and th e  se q u en c e -le n g th  d is trib u tio n  of each  mono­

mer in  th e  copolym er formed from th e  monomer feed  com position  and 

th e  monomer re a c tiv ity  ra t io s  u sing  th e  equations of M iller and
cc

N ie lso n . T hese eq u a tio n s are:

r.M  . M 
1 i +

M.

n , - l
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w here n^ is  the  m ean leng th  of the seq u en ces  o f monomer i ,  Mj and 

Mj are th e  in itia l molar co n cen tra tio n s of monomers i and j re s p e c ­

t iv e ly , q  is  th e  monomer re a c tiv ity  ra tio  for monomer i ,  W (np is  

th e  p robab ility  th a t a seq u en ce  of monomer i c o n ta in s  ex ac tly  nj 

u n its  of monomer i .

The r e s u l ts  of such  c a lcu la tio n s  for the th re e  copolym erizations 

are  shown in  F igures 18 and 19. Figure 18 in d ic a te s  how the m ean 

leng th  of the  sequence  of M2 changes a s  the  m ole frac tion  of Mg 

in  the  feed  in c re a se s  and show s th a t the  m ean leng th  of the  sequence  

of p -d iv in y lb en zen e  in the methyl m eth ac ry la te -p -d iv in y lb en zen e  

copolym er in c re a s e s  f a s te s t  and th a t  o f p -iso p ro p y lsty ren e  in  the 

methyl m e th ac ry la te -p -iso p ro p y ls ty ren e  copolym er in c re a s e s  most 

s lo w ly . For any a rb itra rily  chosen  mole frac tio n  o f M2 in  feed 

( e .g .  0 .6 ) the  m ean leng th  of th e  sequence  of p -d iv in y lb en zen e  is  

a lw ays lo n g e s t (approxim ately  3) and th a t  of p -iso p ro p y ls ty ren e  is  

a lw ays sh o rte s t (about 1 .5 ) in  th e ir  copolym ers w ith m ethyl m etha­

c ry la te . And the  m ean leng th  of m -d iv iny lbenzene  is  a lw ays in -  

betw een  th o se  for the  o th e r  tw o copolym ers, e . g . ,  approxim ately  

2 w hen the  m ole frac tion  of m e ta -d iv in y lb en zen e  in  th e  feed  is  0 .6 .

Figure 19 show s w hat frac tion  of Mg (p ara -d iv in y lb en zen e , 

m -d iv in y lb en zen e , or p -iso p ro p y ls ty ren e ) in the copolym er h as the  

sequence  leng th  of n .  The d a ta  from the th ree  copo lym eriza tions, 

w hich w ere u sed  for the c a lc u la tio n s  for F igure 17, w ere u sed  for
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th is  re p re se n ta tio n . T his Figure a lso  show s th a t a higher frac tion  o f 

p -d iv in y lb en zen e  in  i t s  copolym er w ith m ethyl m ethacry late  has 

longer seq u en ce  leng th  than  th a t  of m eta-d iv iny lbenzene  in  i ts  

copolym er w ith m ethyl m ethacry late  d o e s , and th a t th e  la t t e r ,  in  

tu rn , has longer seq u en ce  length  than  th a t of p -iso p ro p y ls ty ren e  in 

i ts  copolym er w ith m ethyl m eth ac ry la te .

All of th e s e  s ta t is t ic a l  c o n s id e ra tio n s  a re  c o n s id e re d  to  support 

th e  conclu sions th a t  the  copolym erization  of m ethyl m ethacry late  and 

p -d iv in y lb en zen e  p roduces the copolym er w ith  m ost c lu s te rin g  of the  

d iv in y lb en zen e , and th a t  methyl m e th ac ry la te -p -iso p ro p y ls ty ren e  

copo lym erization  g iv e s  th e  m ost a lte rna ting  copolym er. It i s  a lso  

in d ica ted  th a t th e re  i s  more c lu s te rin g  of th e  d iv iny l u n its  in the  

para  than in  the  m eta-d iv iny lb enzene  copo lym ers. This i s  c o n s is te n t 

w ith  various prev iously  reported  p h y sica l d a t a ^  '^ 2  ch arac te riz in g  th e  

two ty p es  of po ly sty rene  c ro ss lin k ed  w ith m e ta - and p a ra -d iv in y l­

benzene  and w ith  recen tly  reported  m ass spectrom etric  a n a ly se s  of 

th e  copolym ers
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Summary

The monomer re a c tiv ity  ra tio s  for fou r monomer p a irs  involv ing  

m ethyl m ethacry late  and d iv in y lb en zen e  m onomers have  been determ ined 

using  the v ibrating  reed  e le c tro m e te r-io n iz a tio n  cham ber te c h n iq u e . .

By the  u se  of the  re v ise d  copolym er com position  equation  for 

d iv iny l m onom ers, i t  h as  b een  confirm ed th a t m -d iv iny lbenzene  fu n c­

tio n s  e s se n tia lly  a s  a sym m etrical independen t d iv iny l monomer, for 

w hich the  re a c tiv ity  ra t io s  a re  no t g rea tly  d iffe ren t from th o se  for 

the  methyl m ethacry late .: sty rene  sy s tem . The ob tained  v a lu e s  of 

r^=0.41 and ^ = 0 . 6 1  a lso  su g g e s t th a t  th is  d iv iny l monomer produces 

ra ther hom ogeneous c ro s s lin k in g s .

R esults ob tained  for th e  copo lym eriza tion  of m ethyl m ethacry late  

and p -d iv iny lbenzene  have  su b s ta n tia te d  the fa c t  th a t  the  behav io r of 

the  la tte r  compound i s  ra th e r u n p red ic tab le , lead in g  to  a nonhom o- 

geneous copolym er in  w h ich  th e  c ro s s lin k a g e s  do not show a uniform 

d is tr ib u tio n . No sa tis fa c to ry  v a lu es  of th e  re a c tiv ity  ra tio s  for th is  

monomer p a ir could be o b ta in e d , a lthough  it  ap p ea rs  th a t th e  v a lu e s  

of r^ = 0 .62  and ^ = 1 . 3 0  a re  rea so n a b le  o n e s . The copolym erization  

of sty rene  and p -iso p ro p y ls ty ren e  gave monomer re a c tiv ity  ra tio s  of 

r^ = 1 .22  and ^ = 0 . 8 9 .  T hese v a lu e s  in d ic a te  that p - iso p ro p y ls ty re n e , 

w hich is  a sim ilar un it to  th a t formed from having one v inyl group of 

p -d iv iny lbenzene  re a c te d , is  s lig h tly  l e s s  re a c tiv e  th an  s ty re n e , and 

in d ica te  that th e  s ty re n e -p -d iv in y lb e n z e n e  copolym erization  system
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should  be regarded  a s  a  th ree  com ponent copolym erization  sy s tem  a s  

su g g ested  e a r l ie r .

The monomer re a c tiv ity  ra tio s  ob tained  for th e  copo lym erization  

of m ethyl m ethacry la te  and p -iso p ro p y ls ty ren e  are  r ^ = 0 .4 4  and 

r 2 = 0 .3 9 .  T hese v a lu e s  su g g e s t th e  p o ss ib le  p a rtic ip a tio n  o f  th e  

pendant v inyl group of the  p -d iv iny lbenzene  copolym ar in th e  su b s e ­

qu en t chain  re a c tio n s  even in  th e  early  s ta g e s  of the  copo ly m eriza tio n .

Structural d iffe ren ces  betw een the  th ree  m ethyl m ethacry late  

copolym ers w ere s tu d ied  by  s ta t is t ic a l  co n s id e ra tio n s  using  th e  ob­

ta in ed  re a c tiv ity  ra tio  v a lu e s  for the  above m entioned th ree  copolym eri­

z a t io n s . The r e s u l ts  show  th a t  th e re  is  the  g re a te s t  p robab ility  for 

longer b lo ck s  of monomers ( le a s t a lte rna ting  structu re) in  p -d iv in y l­

benzene  copolym er and the  le a s t  (m ost a lte rn a tin g  structu re) in  

p -iso p ro p y ls ty ren e  copolym er. The conclu sions a re  c o n s is te n t w ith 

th e  p red ic tio n s by the  m agn ititu d es of th e  product r - ^  for the  a l te r ­

n a ting  te n d e n c ie s  of the copo lym ers .
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PART II

KINETICS OF SULFORATION OF POLYSTYRENE CROSS- 

LINKED WITH MIXTURES OF DIVINYLBENZENES
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Introduction

One of th e  m ost w ide ly  u sed  c ro sslink ing  reag en ts  fo r the 

p repara tion  of c ro ss lin k ed  copolym ers is  d iv in y lb e n ze n e . Various 

su lfona ted  p o ly sty ren es  c ro ss lin k ed  w ith d iv iny lbenzene  have been  

u sed  a s  ca tion  exchange r e s in s .  I n  o rder to  in v e s tig a te  the  s tru c ­

tu re  of th e s e  re s in s  k in e tic  s tu d ie s  for the  copolym erization  rea c tio n s

of d iv iny lbenzene iso m e rs , m easurem ents o f  sw elling  ra tio s*  and

2
su lfona tion  v e lo c itie s  of th e  c ro ss lin k ed  bead  co p o ly m ers, m ass

3
sp e c tra l s tu d y  of the  bead  co p o ly m ers , and s tu d ie s  on  th e  d e g ra d a -

4 5
tion  v e lo c itie s  of copolym ers and su lfonated  b ead  copolym ers have 

been  carried  ou t in  th is  labora to ry  e a r l ie r .

In e a rlie r  s tu d ie s  i t  w as found th a t  th e  po ly sty rene  beads c ro s s -  

linked  w ith  2 : 1 m ixture of m e ta -  and p a ra -d iv in y lb en zen e  show an

enhanced su lfonation  ra te  a s  com pared to  those  of th e  copolym er b ead s  

c ro ss lin k ed  w ith pure  p a ra - ,  and pure m e ta - , and com m ercial d iv in y l­

b e n ze n e .

To d e lin ea te  th e  p re c is e  re la tio n  betw een th e  su lfona tion  v e lo c ity  

and m eta to  para ra tio  of th e s e  d iv in y lb e n ze n es , q u an tita tiv e  com pari­

so n s w ere  m ade of the  r a te s  of su lfona tion  of a  s e r ie s  of bead  copo ly ­

m ers prepared  from s ty ren e  and d iv iny lbenzene  in  w hich  th e  m eta to  

para  ra tio ., of the two iso m ers  w as v a ried  over the  en tire  ran g e .

In a d d itio n , a  new m ethod fo r the preparation o f  more co n cen tra ted  

p a ra -d iv in y lb en zen e  from com m ercial d iv in y lb en zen e , w hich c o n s is ts  of
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sev era l m onovinyl and d iv in y lb en zen es  along w ith other com pounds, 

i s  d e sc r ib e d .
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H isto rica l

In th is  sec tio n  a short h is to rica l rev iew  o f sy n th e tic  ion 

exchange re s in  chem istry  and of ea rlie r  re la te d  experim ental s tu d ie s  

are  d e sc rib ed  to  provide a background for the  experim ental s tu d ie s  

and d is c u s s io n s  in  the  la te r  s e c tio n s .

An ion exchange r e s in  i s  a  high m olecu lar w eigh t polymer 

con ta in ing  ch a in s  of atoms tie d  together by c ro sslink ing  chem ical 

s tru c tu re s . Such re s in s  a lso  have ion ic  groupings a s  in teg ral pa rts  

of the polymer stru c tu re  and th e se  exchange e ith e r  c a tio n s  or an ions 

on c o n ta c t w ith  an e le c trd y te  so lu tio n .

Ion ex ch an g e  re s in s  are e s s e n tia lly  h igh ly  in so lu b le  e le c tro ly te s  

c o n s is tin g  of an enorm ous nond iffu sib le  io n s  and many sim ple d iffu ­

s ib le  (or exchangeable) c o u n te r- io n s . C a tion  exchange  re s in s  and 

anion exchange re s in s  a re  defined  a s  polym ers con ta in ing  an ion ic  

groups and c a tio n ic  g ro u p s , re s p e c tiv e ly , w ith eq u iv a len t amount of 

exchangeab le  ions of o p p o site  ch a rg e .

The ca tio n  exchange  re s in s  u su a lly  co n ta in  p h e n o lic , c a rb o x y lic , 

su lfu r ic , or phosphoric  ac id  groups a s  n o n d iffu s ib le  ion ic  groups; th e  

an ion ic  exchange re s in s  contain  quaternary  amm onium, su lfon ium , or 

phosphonium  b a s ic  groups as n o n -d iffu s ib le  groups; and am photeric 

exchangers con ta in  both  ty p es  of io n ic  groups a s  n o n -d iffu s ib le  o n e s .

Although io n -ex ch an g e  phenom ena have been  u sed  throughout
g

human h is to ry , th e  phenom enon w as n o t reco g n ized  u n til Thompson
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and W ay7 in  England in v e s tig a te d  th e  fa te  of ammonia in s o i l s .  They 

noted th a t w hen fe r t i l iz e r  w as ap p lied  to  s o i ls ,  th e  ammonia w as a b ­

sorbed by the  so il in  exchange for the  po tassium  and calcium  -already
g

p resen t on th e  so il p a r t ic le s .  In 1876 Lemberg found th a t i t  w as 

p o ss ib le  to  transform  the  m ineral le u c ite  (K ^O tA ^O g^SiC ^) in to  a n a l-  

c ite  (N a20 ;A l2 0 3 .*4Si02 *2 H 2 0 ) by leach in g  the m ineral w ith a so lu tio n  

of sodium c h lo r id e , and th a t the  transfo rm ation  cou ld  be  re v e rse d  by  

trea tin g  th e  a n a lc ite  w ith a so lu tion  of po tassium  c h lo r id e . The re ­

search  done by Way and Lemberg stim ula ted  many so il s c ie n t is ts  and 

g e o c h e m is ts . H ow ever, i t  w as not un til th e  beginning  of the  tw en ­

tie th  cen tu ry  th a t ion exchange  w as u se d  for in d u stria l w a ter so f te n in g . 

G ans^ em ployed both n a tu ra l and sy n th e tic  aluminum s i l ic a te  for 

in d u stria l w a te r  so ften ing  and a lso  for trea tin g  sugar so lu tio n s . How­

e v e r , th e  lim ita tio n s of s ilic e o u s  ion  exchangers becam e more and 

more ev id en t a s  com m ercial e x p lo ita tio n s  of th e s e  su b s ta n c e s  w ere 

a ttem p ted .

In 1935 Adams and Hcimes1^ observed  th a t c e rta in  sy n th e tic  re s in s  

w ere c ap a b le  o f exchanging io n s .  They further i llu s tra te d  tha t s ta b le  

and h ig h -ca p ac ity  c a tio n  ex ch an g ers  cou ld  be sy n th esized  a s  a su lfon ic  

a c id  r e s in ,  and th a t th e  poly am ine-type  re s in s  exh ib ited  anion exchange  

p ro p e rtie s . The u til i ty  of th e s e  r e s in s  w as rap id ly  recogn ized  by many 

c h e m is ts , w ith th e  r e s u l t  th a t a  la rg e  number of new and unique u s e s  

w ere found for ion exchange  and m any a ttem pts w ere m ade to  modify 

and im prove th e s e  r e s in s .
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94.

For re s in s  to  b e  u se fu l in  an ion  exchange p ro c e s s , i t  m ust 

be su ffic ien tly  hydroph ilic  to  perm it d iffusion  of ions through th e  

struc tu re  a t a f in ite  and  u sa b le  ra te  and be su ffic ie n tly  c ro ss lin k ed  

to  have bu t a n eg lig ib le  so lu b ility  in  w a te r or o ther so lv e n ts .

Other im portant p ra c tic a l requirem ents are:l)the re s in  m ust con ­

ta in  a su ffic ien t number of a c c e s s ib le  io n ic  exchange g ro u p s, 2) the  

struc tu re  of th e  r e s in  m ust be chem ically  s ta b le  so a s  not to  undergo 

deg radation  during u s e ,  and 3) th e  sw ollen  re s in  shou ld  be d e n se r 

th an  w a te r .

There are  tw o sy n th e tic  m ethods to  in troduce  the io n izab le  

groups (ca tio n ic  or an ion ic) in to  th e  monomers of the  ion  exchange 

r e s in s .  The f irs t m ethod i s  to  form a polymer unit f i r s t  and then  to  

in troduce the  io n ic  groups in to  the  polymer s tru c tu re . The second  

method c o n s is ts  of in troduction  of the  io n ic  groups in to  the  monomer 

f i r s t  and th en  subsequen t po lym erization  of th e s e  ion ic  group con­

ta in in g  m onom ers.

Ion exchange re s in s  have b een  made by both the condensa tion  

and addition  po lym eriza tion  m ethods. The phenol-form aldehyde re s in  

is  a ty p ic a l exam ple of a co n d en sa tio n  ty p e  of polym ers u sed  for 

ion  exchange re s in s  and  po lysty rene  c ro ss lin k ed  w ith d iv iny lbenzene 

is  the  m ost commonly u sed  add ition  type polym er.

The p ioneering  w ork of Adams and H>lmes w as follow ed by th e  

stim ula ting  d isc o v e rie s  of D 'A lelio*1 who sy n th e s ize d  th e  extrem ely 

s ta b le  and v e rs a ti le  ion exchange  re s in s  derived  from sty rene  and
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a c ry lic s . D 'A lelio  took  th e  f i r s t  pa ten t on th e  sy n th e s is  of high c a p a ­

c ity  nuc lear su lfon ic  ac id  ca tio n  exchange r e s in s  by the  su lfona tion  

w ith su lfu ric  ac id  of the  copolym ers p repared  from a m ixture of sty rene  

and d iv in y lb en zen e . It is  n e c e s s a ry  to  m ention th a t the d iv iny lbenzene  

u sed  in  a ll  th e  p rep a ra tio n s of th e  re s in s  w as com m ercial m a te r ia l, 

w hich i s  a m ixture o f d ifferen t com ponen ts . As m entioned a b o v e , two 

m ethods can  b e  u se d  in  the  p repara tion  of su lfona ted  copolym er from 

sty rene  and d iv in y lb en zen e . One is  th e  copo lym erization  w ith one of 

comonomers con tain ing  su lfon ic  ac id  g ro u p s , u su a lly  p a ra -d iv in y lb en - 

zenesu lfon ic  a c id .  The o ther method is  to  su lfo n a te  the copolym er 

prepared from a m ixture of sty rene  and d iv iny lbenzene  and  th is  w as 

follow ed in  th e  p resen t w ork.

W iley and cow orkers2 re c e n tly  found th a t  the  po lysty rene  b ead s 

c ro ss lin k ed  with pure p a ra -d iv in y lb en zen e  su lfona ted  fa s te r  th an  did 

th o se  c ro ss lin k ed  with pure m e ta -d iv in y lb e n z e n e . They exp la ined  th is  

phenomenon on the  b a s i s  of the  netw ork s tru c tu re  of the  copolym ers 

and concluded  th a t the copolym erization  of sty rene w ith p a ra -d iv in y l­

benzene g iv es  a s tru c tu re  w ith  a tig h tly  c ro ss lin k ed  n u c leu s to  w hich 

long ch a in s of p o ly sty rene  a re  a t ta c h e d , and th e  a )  po lym eriza tion  of 

sty ren e  w ith  m eta-d iv iny lbenzene  g ive  a s truc tu re  in  w hich the c ro s s ­

lin k s a re  more w idely  d is tr ib u te d  than  in  th e  s ty re n e -p a ra -d iv in y lb e n ­

zen e  copo lym er. In a d d itio n , the  copolym er b e a d s  p repared  from 

sty rene  and a m ixture o f 2:1 m e ta - and p a ra -d iv in y lb en zen e  show ed 

m arkedly enhanced ra te s  of su lfo n a tio n . They-1- a lso  co rre la ted  the
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sw elling  ra tio s  of the  copolym er beads w ith th e  p o ss ib le  ne t-w ork  

stru c tu re s  th e re o f.

The fac t th a t  over a period o f approxim ately  th irty  y e a rs  the  

u tiliz a tio n  of ion  exchange re s in s  for se p a ra tio n s , re c o v e r ie s , d e ­

io n iz a tio n s , c a ta ly s e s ,  a s  w ell a s  for w ater so ften ing  on  an in d u s ­

t r ia l  s c a le ,  h a s  becom e a r e a l i ty  i l lu s tra te s  th e  im portance o f  th e se  

re s in s  and i s  in d ic a tiv e  of the fu tu re  u se fu ln e ss  th a t  may b e  e x ­

p ec ted  c£ them .
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Experim ental

Monomers

Styrene w as supp lied  by Baker Chem ical C o . and w as s ta b iliz e d  

w ith  te r t-b u ty lp y ro c a te c h o l. This w as w ashed  four tim es w ith  1 N . 

sodium  hydroxide so lu tio n  and four tim es w ith d is t il le d  w a te r . The 

w ashed  styrene w as d ried  over calc ium  ch lo ride  under a n itrogen 

a tm osphere  and vacuum  d is t i l le d  over a po tassium  hydroxide p e lle t 

in  w hich  only th e  m iddle f ra c tio n , n ^ l . 5 4 6 7  (L iterature value  

1 .5 4 6 5 ), w a s  c o lle c te d  and u sed  for the p reparation  of the copolym er 

b e a d s .

The m eta -d iv in y lb en zen e  u sed  for th is  work w as prepared  by the

p rep a ra tiv e  g as chrom atographic method in the manner d esc rib ed  in th e

13f ir s t  p a rt of th is  t h e s i s .  A quan tity  of prepared m eta -d iv in y lb en zen e  

which had been s ta b iliz e d  w ith a sm all am ount of inh ib ito r u n d er n i­

trogen  and k e p t a t  -  10°C w as w ashed  th ree  tim e s  w ith 1 N . sodium 

hydroxide so lu tion  and w ith  d is t i l le d  w a te r , d ried  over calcium  c h lo r id e , 

and vacuum  d is t i l le d  over one or tw o p e lle ts  o f po tassium  hydroxide 

to  in su re  the  com plete  rem oval of in h ib ito r from th e  monomer. Only the  

m iddle tra c tio n , b .p .  3 4 ° C / 1m m ., n^4 1 .5755 (L iterature v a lu e s ,1 ' 14 

3 4 ° C /lm m ., and 1 .5 7 5 4 ), w as c o llec ted  and u sed  for the  preparation 

of the copolym er b e a d s .

p a ra -D iv iny lbenzene  w as iso la te d  from com m ercial d iv in y lb e n ze n e , 

w hich is  a com plex m ixture of m eta- and p a ra -e th y lv in y lb e n z e n e ,
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m eta- and p a ra -d iv in y lb e n z e n e , w ith  t ra c e s  o f  naph thalene  and in d e n e ,,  

by com plexing w ith cuprous c h lo rid e . ^ ^  The p rocedures are a s  

follow s:

One hundred gram s of com m ercial d iv in y lb en zen e  (supp lied  by 

Dow C hem ical C o . w ith p a ra -d iv in y lb en zen e  co n ten t of 20.5%) w as 

p laced  in  a 400 m l.  b eak e r and w as cooled  to  be tw een  0 and 5 °C .

A 30 g .  portion o f anhydrous cuprous ch lo ride  (Baker Analyzed Re­

agent) w as added slow ly  w ith con tinuous s tir r in g . As the slu rry  b e ­

cam e v isc o u s  sm all q u a n titie s  of to luene w ere added (to ta l about 

50 m l.)  to  render the slu rry  m o b ile . After stirring  for 30 m inutes 

the  yellow  so lid  com plex  w as c o lle c te d  on a  Buchner funnel w ith 

su c tio n . The so lid  w as re s lu rr ie d  w ith 100 m l.  of to luene  cooled  

to  betw een  0 and 5°C  and w as again  c o lle c te d . The to luene  w ashing  

w as rep e a te d  tw ice  m ere . F ina lly  the  so lid  w as guspended in 100 m l. 

of to luene  and w as decom posed by h ea tin g  to  80 °C . The g rey  slurry  

w as filte re d  hot and th e  c a k e  of cuprous ch lo ride  w as w ashed  w ith 

hot to lu e n e . The to luene  w as sep ara ted  from the com bined f iltra te  

and w ash ings by frac tio n a tio n  under vacuum . Before frac tio n a tio n  of 

to luene  a sm all q u an tity  of d i- te r t-b u ty l-p a ra -c re s o l  w as ad d ed  to  the 

m ixture of f iltra te  and w a sh in g s . The re s id u e  w as then  vacuum  d is ­

t i l le d  to  g ive 12 to  13 g„ (60 to  65% yield) o f p a ra -d iv in y lb en z e n e . 

W ith 10 g . of com m ercial d iv in y lb e n ze n e , tw ice  com plexed , th e  y ie ld  

w as 40 to  50%. The p a ra -d iv in y lb en zen e  th u s  ob tained  w as found to  

be 80 to  90% pure in a  s e r ie s  of th ree  ch eck  ru n s . For further
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99,

p u rific a tio n , th is  para -d iv in y lb en zen e  w as p a r tia lly  c ry s ta l l iz e d  by 

cooling to  5 °C , and th e  unfrozen liq u id  w as d e c a n te d . The re ­

m aining so lid  c ry s ta ls  (5 .8  g .  from 13 .2  g .)  w ere 96.5%  p u re .

Further p u rifica tio n  by  one p repara tive  g a s  chrom atographic 

sep ara tio n  on a Bentone colum n, a  method u se d  for th e  p repara tion  

of pure p a ra -d iv in y lb en zen e  in the  p rev ious w c r k , ^  gave m aterial 

of 9 9 .5  + % purity  in  40% y ie ld . If th e  u n c ry s ta lliz e d  80 to  90% 

purity  m aterial is  chrom atographed d ire c tly , i t  m ust have been passed  

through the  column a t l e a s t  tw ice  to g e t a purity  of 99+% w ith c o n ­

siderab ly  le s s  favorab le  y ie ld . The p u rity  of th e  sam ples w as c a l­

c u la te d  from th e  r e la t iv e  peak  a re a s  of the a n a ly tic a l chrom atogram s 

w hich  w ere ob tained  by using  a Perkin-Elm er vapor frac to m ete r,

Model 154D w ith an R (Foly(propylene g lycol) on Chrom osorb-W ) 

colum n and a flam e ion ization  d e te c to r . p a ra -D iv in y lb en zen e  prepared  

by the above method w as vacuum d is t i l le d  under n itrogen  over p o ta s ­

sium  hydroxide p e lle ts  and the m ateria l u se d  fcr th is  work had m .p . 

30°C , 1 .5856 (L iterature v a lu e s , 2 9 .5  -  30°C and 1 .5857)

and w as found to  be 99.5+%  pure by g as  chrom atographic a n a ly s is .

In itia to r

Solid b en zo y l peroxide w as u sed  a s  the  in it ia to r  throughout th is  

work and w as purified  by  p rec ip ita tio n  from a co n cen tra ted  chloroform  

so lu tio n . Benzoyl peroxide w as supplied  by F ish er S c ien tific  C o . ,  

Purified benzoy l peroxide w as dried  under vacuum  v e ry  c a re fu lly  at 

room tem p era tu re .
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D ispersion Agent

Carboxym ethyl c e llu lo se  e th er sodium  s a l t ,  supplied  by 

M atheson  Colem an & Bell (9 9 .5  % pure in  dry b a se ; premium refined  

g ra d e ), w as u sed  a s  such  w ithout further trea tm e n t.

P reparation  of Copolymer Beads

One gram of carboxym ethyl c e llu lo se  e th er sodium  s a lt  w as d is ­

so lv ed  in  250 m l. of d is t i l le d  w ater w ith  vigorous s tir r in g . This 

d isp e rs io n  so lu tio n  w as in troduced  in to  a 500 m l . ,  3 -n eck  round 

bottom ed f la s h  ha lf im m ersed in  an o il b a th  m ain tained  a t 8 0 °C .

The f la sk  w as f itted  w ith  a n itrogen in le t ,  an a ir  c o n d en se r, and a 

"V" shaped  s t ir re r . The so lu tion  w a s  s t i r r e d  under a n itrogen  b lan k e t 

w ith  a  s tir re r  w hich w as pow ered by a Thyratron con tro lled  motor run ­

ning a t  a c o n s tan t sp eed  of about 300 r .p .m .  un til the so lu tion  a t ­

ta in e d  therm al equilibrium  w ith the b a th .

After stopping the  s tirr in g , th e  m ixture of monomer and so lid  

benzoy l perox ide (0.1%  by w eigh t o f monomer m ixture) w as added 

to  th e  su sp en s io n  so lu tio n . The stirring  w as th e n  resum ed and the  

copo lym eriza tions w ere a llow ed  to  proceed  fcr tw enty  h o u rs . At the 

end of th is  tim e the  m ilky em ulsion w as t r a n s fe r r e d  to  a 2 l ite r  

b e ak e r and one lite r  of d is t i l le d  w ater w as added to  th is  m ix ture.

This w as thoroughly  m ixed . N ex t, the  em ulsion  w as d ecan ted  and 

th e  b ead s  w ere w ashed  se v e ra l tim es w ith  d is t i l le d  w ater to  w ash  off 

a ll  th e  d isp e rs io n  agen t and rem ove im perfect b e a d s . The w et b e ad s
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w ere th en  s iev ed  through a se t of 10/ 2 0 , 30 , and 40 m esh standard  

sc re e n s  under a c o n stan t flow  of d is t il le d  w a te r . T hese b e a d s  on 

th e  sc ree n s  w ere w ashed  w ith  d is t i l le d  w a ter th ree  or four tim e s .

Then th e  b ead s w ere d ried  a t 80°C  fo r 40 m inutes on  the  sp e c if ic  

s c re e n s . The d ried  b ead s  w ere tran sfe rred  from the  s ie v e s  a fte r  

coo ling  and b o ttled  se p a ra te ly  accord ing  to  th e ir  m esh s i z e s .  The 

copo lym eriza tions w ere carried  out by using  8 m ole % of th e  c ro s s -  

link ing  a g e n t, a m ixture of m e ta -  and p a ra -d iv in y lb en z e n e , in  w hich  

the  m e ta /p a ra  ra tio  of th e  tw o isom ers w as varied  over a range  from 

4 to  22%. The monomer feed  com position  fo r the  bead  copo lym eriza­

t io n s  are given in  Table 1 .

M easurem ent of th e  Rate of Sulfonation

Copolym er b e ad s  on ly  in  the  20 -  30 m esh range w ere u se d  for 

studying  the ra te  of su lfo n a tio n . About 5 g .  of the  copolym er b e ad s  

w ere  p resw o llen  in  100 m l.  of d is t i l le d  e th y len e  d ich lo rid e  (F isher 

C ertified  Reagent) o v e rn ig h t, and the  e x ce ss  e th y len e  d ich lo rid e  w as 

rem oved by vacuum  f iltra tio n  on a s in te red  g la s s  Buchner fu n n e l. 

Twenty m illilite r  of co n cen tra ted  su lfric  ac id  prepared  from 8 p a rts  

of 97.5%  su lfu ric  ac id  (Baker C hem ical C o .)  and 1 part of 30% fuming 

su lfu ric  ac id  (F isher S c ien tific  C o .)  w as u sed  to  flu sh  th e  sw ollen  

b ead s through a w id e , long-stem m ed funnel in to  a 250 m l . ,  3 -n eck  

round bottom ed f la sk  to  w hich 130 m l.  of th e  sam e ac id  had  been  

added and m ain tained  a t a c o n s ta n t tem perature  o f  80°C in  an  o il
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Table 1.

Composition for Bead Copolymer!zations

E xp.N o .
W t. of 
p-DVB ,g .

W t. of 
m-DVB ,g .

T o t.w t.
DVB,g.

W t. of 
Styrene ,g .

W t. % 
of p-DV

1. 0 .0 1 .6780 1 .6780 15.4867 0 .0

2 . 0 .2113 1.5714 1.7827 16.4005 11.85

3 . 0 .3624 1.4011 1.7635 16.2239 20 .55

4 . 0*3998 1.2009 1.6007 14.7262 24 .98

5 . 0.4626 0 .7470 1.2096 11.1281 38 .24

6 . 0.77'48 1.0542 1 .8290 16.8265 42 .36

7 . 0.9646 0 .8556 1.8202 16.7455 52 .99

8 . 1.1297 0.6530 1.7827 16.4014 63 .37

9 . 1.4402 0.2463 1.6865 15.5155 85 .40

10. 1.4815 0 .0 1 .4815 13.6087 100.00
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b a th . The f la sk  w as h a lf  im m ersed in  the  b a th  and w as f itted  w ith 

a s t ir re r , a  stopper and an a i r  condenser c lo se d  w ith  a s i l ic a  gel 

drying tu b e . W hen a ll the b e ad s  w ere in  th e  a c id ,  s tirring  w as 

s ta rte d  and the speed  o f stirring  w a s  so  reg u la ted  to  ensure  th a t  

th e  b ead s w ere uniform ly d isp e rse d  in  th e  ac id  m edium . Approxi­

m ately  the  sam e speed  w as m ain tained  in th e  su lfona tions o f d iffe r­

ent sa m p le s . Bead sam ples w ere tak e n  out a t a reg u la r tim e in te r­

v a ls  and w ashed  w ith d e c re a s in g  s tren g th s  of su lfu ric  a c id  a s  p re -

2
v io u sly  d escrib ed  by W iley  and V enkatachalam . The su lfona ted  b ead s  

w ere fin a lly  w ashed  sev e ra l tim es w ith  d is t i l le d  w ater un til the  w ash ­

ings w ere free  from any a d d .  The b e a d s  w ere th en  allow ed to  s tand  

in  d is t i l le d  w ater o v e rn ig h t, a t the end  of w hich they  w ere  w ashed  two 

or th ree  tim es m ore w ith  d is t i l le d  w a te r .

The ra te  of su lfona tion  w as follow ed by  determ ining the to ta l

c ap a c ity  of th e  b ead s for d ifferen t time in te rv a ls  by the s a lt  sp littin g

18method a s  fo llow s: The w ashed  su lfona ted  b e ad s  w ere  dried  in  a

vacuum  oven a t 80°C fo r five  d ay s to  a co n stan t w e ig h t. After coo l­

in g , abou t 0 .2500  g . of the d ried  beads w ere weighbd qu ick ly  and 

added to  a 250 m l.  beaker con ta in ing  100 m l .  of 0 .02  N . po tassium  

c h lo rid e . The m ixture w as stirred  m agne tica lly  fcr one hour to  

ach iev e  com plete  equ ilib rium . The lib e ra te d  ac id  w as then  titra te d  

a g a in s t 0 .1000  N . sodium  hydroxide so lu tion  to  an  end point of 

pH 7 . During the  t itra tio n  th e  re a c tio n  m ixture con tinuously  w as
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Table 2.

a
Rates of Sulfonation of P o lystyrene C ro ss lin k ed  w ith 8% of 
p a ra -  and m eta-D iv iny lbenzene  M ix tu re .

E xp .N o .
T im ,m in . 1 2 3 4  5 6 7 8 9  10

20 1 .09  1 .01

30 1 .51  0 .16

50 ~  - 2 .5 7  2 .99

60 3 .32  0 .8 0  0 .7 8  0 .6 8  1 .35  0 .57

80 4 .7 3

90 4 .3 9  5 .08  1 .78

120 0 .40  5 .2 3  5 .1 8  5 .2 5  1 .8 7  1 .9 3  2 .67  1 .13

150 5 .41  3 .1 0  2 .3 0

180 1 .28  2 .5 7  4 .09

210 1 .55  4 .1 1  3 .0 8  2 .35

240 0 .75  5 .25

270 1 .93  5 .49  4 .2 2

300 3 .57

330 4 .8 9

360 1 .15

420 3 .28

540 2 .08

a C ap ac ity  in  m illiq u iv a len t per gram is  ta b u la te d .
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being  stirred  m ag n e tica lly . The pH w as follow ed w ith  a pH m eter.

The c ap a c ity  a s  m illieq u iv a len ts  per gram o f dry b ead s w as c a lc u la te d  

using  the  follow ing formula:

Total C ap ac ity  = m l* of NaOH so ln . x  N . of NaOH so ln .

grams of dry sam ple

The c a p a c itie s  at d iffe ren t tim e in te rv a ls  of each  su lfona ted  

copolym er are  shown in Table 2 .
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Results and D iscussion

As m entioned in  th e  p rev ious p a rt of th is  t h e s i s ,  the s tru c tu re s  

of copolym ers o b ta in ed  from th e  copo ly m eriza tions of styrene w ith 

chem ically  pure isom eric  d iv in y lb en zen es  a re  l ik e ly  to be  d ifferen t 

b e c a u se  of the ir d iffe ren t c h a ra c te r is t ic s  in  the  co p o ly m eriza tio n s .

If th is  i s  th e  c a s e ,  one should  expec t th a t th e  p o ly sty ren es  c ro s s -  

lin k ed  w ith a m ixture o f m e ta - and p a ra -d iv in y lb en zen e  would be  

d iffe ren t from th o se  c ro ss lin k ed  so le ly  w ith  m eta - or p a ra -d iv in y l­

b e n z e n e , and that p o ly sty ren es  c ro ss lin k ed  w ith  various ra tio  of 

m eta and para isom er a ls o  would be d iffe ren t from one another in 

th e ir  s tru c tu re s . It has b e e n  show n th a t th e  m easurem ent of th e  

r a te s  c£ su lfona tion  c£ po lysty rene  b ead s  copolym erized  w ith  d iv in y l­

b e n z e n e s , a  method w hich is  b a sed  on th e  in c re a se  in the c a p a c ity  

of the su lfona ted  b ead s  w ith  su lfona tion  tim e , e n a b le s  one to  com­

pare  th e  s tru c tu ra l d iffe ren ces  be tw een  th e  b e a d ; copolym ers. H en ce , 

i t  i s  not u n reaso n ab le  to  expec t th a t th e  ra te s  of su lfona tion  of bead  

copolym ers prepared  from styrene and d iv iny lbenzene  m ixture in  w hich  

th e  ra tio  of the  two isom ers v a rie s  may a lso  d if fe r . Using co n cen ­

tra ted  su lfu ric  a c id 11 i s  one c£ th e  s im p le s t m ethods to  su lfona te  

th e s e  bead  copolym ers. The p resw elling  of th e  b e ad s  is  n e c e s s a ry .

It g rea tly  a c c e le ra te s  su lfo n a tio n  b e ca u se  i t  lo o se n s  the c h a in s .

Since the  su lfonation  of th e se  copolym er b e ad s  h a s  b e e n  reported  to 

p roceed  from the o u te r su rface  tow ard the  c e n te r , c a re  w as tak e n  to
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h av e  a uniform stirring  speed  throughout the  en tire  s e r ie s  o f ex p eri­

m en ts .

The d a ta  in  T ables 1 and  2 are re p re se n te d  in  Figure 1 w here 

c a p a c itie s  w ere p lo tted  a g a in s t tim e o f su lfona tion  and the num ber 

on each  line  re fe rs  to  th e  experim ent number g iven  in  Table 1 or 2 .

The da ta  show th a t th e  po lysty rene  b ead s c ro ss lin k e d  w ith 8 m ole % 

of d iv iny lbenzene  have m arkedly d iffe ren t ra te s  of su lfona tion  a s  the  

m eta to  p a ra  ra tio  of the  two isom ers v a r ie s .  Far ex am p le , the  b ead s 

c ro ss lin k ed  w ith 63% p -d iv in y lb en zen e  in  the 8 mole % of d iv in y l­

b enzene  h av e  th e  low c a p a c ity  of 1 .9 3  m e q . /g .  a f te r  two hours of 

su lfona tion  com paring to  th e  corresponding va lue  of 5 .1 8  m e q ./g .  

observed  for th e  b e ad s  c ro ss lin k ed  w ith 25% para  isom er (in the 

mixture) in  tw o hours of su lfo n a tio n . In order to se e  more c le a r ly  

the  changes in th e  su lfo n a tio n  ra te s  of the  bead  copolym ers a s  the  

ra tio  of pa ra  and  meta isom er v a r ie s ,  th e  in i t ia l  s lo p es of th e  ra te  

cu rves (in  m e q . /g . / h r . )  a re  g iven  in  Table 3 and a re  rep re se n te d  in 

F igure 2 . Far com positions con ta in ing  20 to  40% of p -d iv in y lb e n z e n e , 

in the 8 mole % of d iv in y lb en zen e  u sed  a s  c ro ss lin k in g  a g e n t ,  th e  

ra te  of su lfo n a tio n  is  enhanced  by a fac to r of up to  four. Except 

fo r the copolym er beads c ro ss lin k ed  w ith  pure m e ta -d iv in y lb e n ze n e , 

for which th e  ra te  o f su lfo n a tio n  is  very  low (about 0 .2  m e q . / g . / h r . ) ,  

a  v a rie ty  of c o m p o s itio n s , o u ts id e  th e  20-40% of p -d iv in y lb en zen e  

ran g e , show su lfo n a tio n  ra te s  o f  0 .5  to  1 .5  m e q . / g . / h r . .  For compo­

s itio n s  con ta in ing  20 to  40% of p -d iv in y lb en zen e  (in th e  8 mole %
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of divinylbenzene) the values are 2.8 to 3.9 m e q ./g . /h r . .

In a d d itio n , the d a ta  show  tha t the  copolym er b ead s  c ro ss lin k ed  

w ith  8 mole % m eta-d iv iny lbenzene  have a much low er ra te  of su lfo n a - 

tio n  (0 .21  m e q . /g . / h r . )  a s  com pared to  the  ra te  o f  su lfona tion  of 

copolym er b e ad s  c ro ss lin k ed  w ith 8 mole % para -d iv iny lbenzene  

(0 .69  m e q . / g . / h r . ) .

Since th e  monomer re a c tiv ity  ra t io s  g ive an in d ica tio n  of the  

p ropagation  re a c tio n s  tak ing  p la c e  in the co p o ly m eriza tio n s , th e  s tru c ­

tu ra l in te rp re ta tio n  of th e  above r e s u l ts ,  ob tained  w ith p u re  para and 

pure m eta iso m ers , can  be exp la ined  by th e  d iffe ren ces  in  th e  v a lu es  

of the monomer re a c tiv ity  ra tio s  for th e  copo lym erizations of s ty ren e  

w ith  th e s e  tw o isom eric  d iv in y lb e n ze n es . The monomer rea c tiv ity  

ra tio s  for the s ty re n e /d iv in y lb en z en e  s e r ie s 3-® are  r^ (styrene) =

0 .6  05/r2(m eta) = 0 .8 8  a t  low er (1 .8  to  3.7%) c o n v e rs io n s , r^ (sty rene)

1 .2 7 /r2 (m eta ) = 1 .08  a t h igher (2 .7  to  7.5%) c o n v e rs io n s , and r-̂  

(sty rene) = 0 . 7 7 /r2(para) = 2 .0 8 .  T hese v a lu es  ap p ear to  su g g e s t 

th a t the copo lym erization  of sty rene  w ith  p -d iv in y lb en zen e  r e s u l ts  

in  a stru c tu re  w ith  a tig h tly  c ro ss lin k ed  n u c leu s connected  by  long 

c h a in s  of p o ly s ty re n e . In  com parison , th e  s ty ren e /m -d iv in y lb en zen e  

copolym er would b e  ex p ec ted  to  have a stru c tu re  in  w hich the c ro s s ­

lin k s  are  mare w ide ly  d is tr ib u te d  than in  t h e  s ty ren e /p -d iv in y lb en z en e

20copolym er. And i t  has been  shown th a t th e  d is ta n c e  b e tw een  the  

m e ta -c ro ss lin k in g  in  d iv iny lbenzene is  sm aller (5.5A°) than  th a t b e ­

tw een  the para c ro ss lin k in g  (5 .8 A °). Thus i t  seem s th a t m eta
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Table 3

R ates of Sul fm  at Ion (m e c r ./q ./h r .)  of Polvstvreae, C ro ss lin k ed  w ith  
8 m ole % M ixture of m - and p -D iv lny lbenzene

E xp .N o . 1 2 3 4 5 6 7 8 9  10
* I

W t.o f
p-DVBa 0 .0  11 .85  20 .55  24 .98  3 8 .2 4  42 .36  5 2 .9 9  63 .37  8 5 .4 0  100 .0

m e q ./  . 0 .19  0 .39  2 .78  3 .6 0  3 .2 7  1 .16  0 .87  0 .9 0  1 .3 2  0 .6 4
g . / h r .

P e r c e n ta g e  of p -d iv iny lbenzene  in  th e  8 mole % of d iv iny lbenzene 
m ix tu re .

3 .0

2 . 0

0 . 0

806040200
% p -D iv iny lbenzene

Figure 2 . Rates of Sulfonation in  m e q . / g . / h r .  of 
Copolymer B ead s.
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c ro ss lin k a g e s  do not provide la rg e  enough h o les  for the su lfonating  

sp e c ie s  (the e x ac t n a tu re  o f w hich i s  n o t known) to  d iffu se  th rough . 

Therefore the  m eta c ro ss lin k ed  copolym er show s a low er ra te  of 

su lfona tion  com pared to  th e  para  c ro ss lin k ed  copolym er b e a d s .

Although it  might be  prem ature  to  d e sc r ib e  th e  e x ac t s tru c tu re s  

of the copolym er b ead s c ro ss lin k ed  w ith a m ixture of m e ta - and 

p a ra -d iv in y lb en zen es  w ithou t inform ation about k in e tic  s tu d ie s  fcr 

the  te rnary  copo lym erization  of th e s e  th ree  (sty rene  and the  two i s o ­

m eric d iv iny lbenzenes) com pounds, the ra te s  of su lfona tions fcr th e se  

copolym er b e ad s  in d ic a te  th a t  th e  prim ary gel netw ork s tru c tu re  i s  

d iffe ren t in th e se  bead  copolym ers and th a t the  struc tu re  farm ed from 

th e  m ixture o f 30% of p -d iv in y lb en z e n e  (70% m eta isom er) is  c h a ra c ­

te r is t ic a l ly  s ig n ifican t i n  de te rm in ing  a maximum for the ra te  of su lfo ­

n a tio n . Presum ably the in te r s t ic e s  of the  netw ork in the  copolym er 

b ead s c ro ss lin k ed  w ith d iv in y lb en zen e  m ixture o f  30% para  isom er a re  

of th e  optimum size  to  allow  a c c e s s  of the  su lfonating  sp e c ie s  to  the 

reac tin g  benzenoid  r in g s  in  th e  copolym er.

The follow ing com m ents concern  th e  iso la tio n  of p a ra -d iv in y l-  

b enzene  from com m ercial d iv in y lb en zen e  by  com plexing  w ith  cuprous 

ch lo ride  a s  d esc rib ed  in  th e  "Experim ental" se c tio n . Even today 

a fte r d e ca d es  o f s tu d y , i t  canno t be  sa id  th a t  pure p a ra -d iv in y l-  

ben zen e  is  rea d ily  a v a ila b le  co m m erc ia lly . T echniques fcr the  sy n ­

th e s is  of pure p a ra -d iv in y lb en zen e  have been s tu d ied  in  d e ta i l .  A
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u sefu l method is  decarboxy la tion  of p -p h e n y le n e -p , p -d ia c ry lic  

21
a c id . The u s e s  of vapor p h a se  chrom atography in the sep ara tio n  

and p u rifica tio n s  of isom eric  d iv in y lb en zen es from com m ercial d iv in y l­

benzene  a lso  have been  reported  p re v io u s ly .2 2 ,2 3  H ow ever, th e se  

m ethods a re  no t p ra c tic a l b e c a u se  th e y  are  tim e-consum ing  and give 

lew  .y ie ld s .  In th e  sy n th e tic  m ethods th e  y ie ld s  a lw ays w ere  found 

to  be around 30%. The p rep a ra tiv e  g a s  chrom atographic sep ara tio n  

of p -d iv in y lb en zen e  req u ire s  a t  l e a s t  two p a s s e s  o f  th e  com m ercial 

d iv iny lbenzene  through th e  frac tio n a tio n  colum n to  g e t pure monomer. 

This in v o lv es a c o n sid e rab le  lo s s  o f m a te r ia l. T herefore , a  p o ss ib le  

new method of iso la tin g  p -d iv in y lb en zen e  from com m ercial d iv in y l­

benzene  h as b e en  s tu d ie d . The u s e  o f com plexes in  th e  sep ara tio n  

o f hard to  se p a ra te  m ixtures of arom atic  com pounds h as been em ploy­

e d , ^ ^  and re c en tly  p -d iv in y lb en zen e  w as r e p o r te d ^  #16,17 to  form

a so lid  com plex w ith  cuprous ch lo ride  a t an optimum ra tio  of 1:1 a t

0 - 5 ° C . The p o ss ib ili ty  of u s in g  th is  com plex form ation to  sep a ra te  

p -d iv in y lb en zen e  from com m ercial d iv in y lb en zen e  w as in v e s tig a te d  and 

conven ien t experim en tal p rocedures w ere d esc rib ed  in  th e  prev ious 

s e c t io n . By th is  method one can  e a s i ly  g e t h ig h ly  concen tra ted  

p -d iv in y lb ezen e  from com m ercial d iv in y lb e n z e n e . In order to  obtain  

h ighly  pure p -d iv in y lb en zen e  (99 ,5  % or more) the concen tra ted  

sam ple need  be p a sse d  only once through the  vapcr p h ase  gas 

chrom atograph.
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Summary

The k in e tic  s tu d ie s  on the su lfona tion  of po lysty rene  c ro s s -  

linked  w ith  8 mole % d iv in y lb e n ze n e , in w hich  th e  m e ta /p a ra  ra tio  

of the two isom ers w as varied  over the  en tire  ran g e , show th a t  the 

ra te s  of su lfona tion  of th e s e  b ead s are rem arkedly  s e n s it iv e  to  the  

isom eric  (para /m eta) com position  of the m ixture of the  tw o d iv in y l-  

b en zen es  u sed  in preparing the copo lym ers. T h u s, beads c ro s s -  

linked  w ith 20 to  40% para  isom er su lfona te  much fa s te r  than  do 

th o se  c ro ss lin k ed  w ith th e  d iv iny lbenzene  m ixture of the  com positions 

o u ts id e  th e  20 to  40% range of p a ra -d iv in y lb en z e n e . For exam ple , 

a t  80°C  25% para (in th e  8 mole % of d iv iny lbenzene) c ro ss lin k ed  

b e ad s  su lfona te  to  a c a p a c ity  of 4 .7 3  m e q ./g .  in 80 m in u te s , w here­

a s ,  the b e ad s  c ro ss lin k ed  w ith  53% para isom er acqu ire  a c ap a c ity  

of 2 .5 7  m e q . /g .  in  180 m inutes a t the  sam e tem p era tu re .

The d ifference  in  the  ra te s  of su lfona tion  h as  b een  ex p la in ed  

on the  b a s is  of th e  netw ork s tru c tu re  o f  th e  copo lym ars. It ap p ea rs  

th a t  the  in te r s t ic e s  of th e  netw ork in  the copolym er b ead s c ro s s -  

linked  w ith  20 to  40% p -d iv in y lb en zen e  have th e  optimum s iz e  for 

the  su lfonating  sp e c ie s  to  perm eate and re a c t w ith  bezeno id  r in g s .

The copolym er b ead s  u sed  fo r th is  ra te  study  w ere  p repared  a t 80°C 

for 20 hours by u s in g  0 .1  w eigh t % so lid  benzoy l peroxide a s  the 

in it ia to r  and 0 . 4 % so lu tio n  o f  carboxym ethyl c e llu lo s e  e ther sodium  

s a l t  in  w a ter a s  th e  d isp e rs io n  a g e n t. The m eta-d iv iny lbenzene
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u se d  in  th is  work w as prepared  by m ethods developed  p rev iously  in 

th is  lab o ra to ry . The para isom er w as a ls o  p repared  by  a  new ly 

developed  method b a se d  on th e  form ation of an in so lu b le  com plex 

b e tw een  cuprous ch lo rid e  and p -d iv in y lb en zen e  and subsequen t
o  c

se p a ra tio n  u s in g  p rep a ra tiv e  g a s  chrom atograph.
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Introduction

In the previous pa rts  of th is  th e s is  i t  h a s  been shown th a t  

m eta - and p a ra -d iv in y lb en zen e  have qu ite  d iffe ren t c h a ra c te r is tic s  

and th a t the  second vinyl groups of th e s e  two isom ers have d is s im i­

la r  e ffe c ts  on the  copolym erizations w ith monovinyl m onom ers.

The polyfunctional monomers like  m eta- or p a ra -d iv in y lb en zen e  

form a chem ical s tru c tu re s  of m acroscopic  d im e n s io n s , a so  ca lled  

in fin ite  ne tw ork . The o ccu rrence  of a sharp ge l point is  o f forem ost 

s ig n ifican ce  among the  p h y sica l c h a ra c te r is tic s  of the  non linear th ree  

d im ensional polymer fo rm ations . W iley  and DeVenuto* have shown 

th a t  it w as p o ss ib le  to  obtain  v iscom etric  da ta  fa: th e  k in e tic s  of the  

p re -g e la tio n  period  in  th e  polym erization of m eta- and p a ra -d iv in y l­

ben zen e  and th e ir  d a ta  show ed sig n ifican t d iffe ren ces  in  th e  overall 

po lym erization  ra te s  for the  two iso m ers .

In order to  u n d ers tan d  fu rther th e  d e ta ils  of the polym erization  

k in e tic s  of th e se  two d iv iny l m onom ers, overa ll po lym erization  ra te s  

of the  two iso m ers , gel t im e s , and the  co n v ersio n s a t gel po in ts  

w ere  determ ined in  the  p resen t s tu d y .

O verall reac tio n  r a te s  for the p re -g e la tio n  periods w ere m easured  

d ila to m etrica lly  and th e  gel p o in ts  w ere determine d using  ro ta tin g  

m agnetic s tirre rs  in the reac tio n  c e l l s .  Based on th e s e  a n a ly s e s ,  

i t  has been shown th a t 1) the overa ll reac tio n  ra te  for both isom ers 

is  proportional to  th e  square  root of th e  in itia to r  concen tra tion ;
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2) the  d ep en d en ces  o f the  g e l- tim e s  for the  two d iv iny lbenzens on the 

square  roo ts  of the  in it ia to r  co n cen tra tio n s a re  d ifferen t; and 3) the  

dependences of the co n v ers io n s  a t the  g e l-p o in ts  for the  two isom ers 

on the  square  ro o ts  of the  in itia to r  co n cen tra tio n s are  d iffe ren t.

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



H isto rica l

A sh c rt review  on th e  p rev ious re sea rch  on  po lym eriza tion  k in e tic s  

i s  made in  th is  sec tio n  to  provide some background for th is  w ork.

Polym erization rea c tio n s  have been known for over a cen tu ry  and 

during m ost o f th is  tim e th e ir study w as sc ru p u lo u sly  avo ided  by 

ch em ists  s in c e  th ey  are  n o n -d is t i l la b le , n o n -c ry s ta l l in e , form no 

c ry s ta llin e  d e r iv a tiv e s , and g enera lly  are q u ite  r e s is ta n t  to  th e  m ethods 

of c la s s ic a l  organ ic  c h em is try . In re c e n t y e a rs  chem ical m ethods ap ­

p lic ab le  to  high m olecular w eight su b s ta n c e s  have been d ev e lo p ed , 

p h y sica l ch em is ts  have  becom e in trigued  w ith th e ir  p ro p e r tie s , and the  

ro le  of polym eric su b s ta n c e s  in  na tu ra l b iochem ical system s has b e ­

come w idely re c o g n iz e d . M oreover, i t  h a s  b e en  n o ticed  th a t many 

polym ers are o f in d u s tr ia l im portance .

The p ro c e s s e s  of po lym erization  w ere d iv ided  by C aro thers and

2
Flory in to  tw o  groups known as  c o n d en sa tio n  and add ition  polym eri­

z a tio n  o r ,  in  more p re c ise  term ino logy , s te p - re a c tio n  and c h a in - re a c -  

tio n  po lym eriza tion . C ondensa tion  or s te p - re a c tio n  polym erization is  

en tire ly  analogous to  condensa tion  in  low -m olecu lar w eigh t com pounds.

In polymer form ation the condensa tion  ta k e s  p la c e  betw een  tw o po ly ­

functional m o lecu les to  produce cne la rg e r  po ly functional m olecule w ith  

the  p o ss ib le  e lim ination  of a sm all m olecu le  such  a s  w a te r . Polyam ides 

and p o ly e s te rs  are prime exam ples of co n d en sa tio n  po lym ers.
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A ddition or c h a in -re a c tio n  polym erization  invo lves chain  re a c ­

t io n s  in  w hich the  cha in  ca rrie r may b e  an ion  (e ith e r a c a tio n  or an 

anion) or a re a c tiv e  su b s ta n c e  w ith one unpaired  e lec tro n  c a lle d  a 

free  ra d ic a l .  P o lysty renes and p o ly e th y len es  a re  ty p ica l exam p les of 

ad d itio n  po lym ers. In th is  se c tio n  only  add ition  polym erization  by  a 

free ra d ic a l chain  m echanism  w ill b e  c o n sid e red . In 1839 S im o n ^  r e ­

ported  the conversion  of styrene to  a g e la tin o u s  m a ss . B erthelot^ 

in  1866 f i r s t  app lied  the term  polym erization  to  th e  p ro c e ss . Poly­

m eriza tion  of isop rene  to  a rubberlike  su b s tan ce  and depolym erization  

of a v inyl polymer to  i t s  monomer and o th e r  products a s  w ell by h e a t­

ing to  e le v a ted  tem pera tu res w ere  then  su b seq u en tly  re p o rte d .^  Poly-

6m ethacry lic  ac id  w as p repared  in  1880 by F ittig  and Engelhom  and in
7

1910 Stobbe and P osn jak  proposed a c y c lic  s tru c tu re  com posed of

8fo u r, f iv e , or p o ss ib ly  more struc tu ra l u n its  for p o ly s ty ren e . Lebedev 
g

and H a rr ie s , working s e p a ra te ly , polym erized bu tad ien  and both of 

them  proposed  the cy c lo o c tad ien e  struc tu re  to po lybu tad iene  on the

10
b a s is  of th e ir  s tru c tu ra l study  of th is  polym er. H ow ever, Lebedev 

su b seq u en tly  a ss ig n e d  c h a in  s tru c tu re s  for po lybu tad iene  and for 

ru b b er.
11

In an im portant paper p u b lish ed  in  1920 S taudinger deplored  

th e  p reva iling  tendency  to form ulate  polym eric su b s ta n c e s  a s  a s s o c ia ­

tio n  com pounds held  together by "p artia l v a le n c e s"  or o th e r fo rc e s .

He sp e c if ic a lly  proposed  chain  form ulae for po lystyrene and p o ly -  

oxym ethylene (para fo rm aldehyde), w hich  are  the  o n es a cc ep ted  a t  the
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p resen t tim e and he su g g ested  a chain  m echanism  for a v inyl po ly ­

m eriza tio n . H ow ever, an a lte rn a tiv e  m echanism  of a s te p w ise  re a c -

12tio n  involving hydrogen tra n s fe r  w as se rio u s ly  co n sid ered  a s  la te

1 ?a s  1936. The con tro v ersy  w as se ttle d  by F lo ry 's  a n a ly s is  of 

k in e tic s  of v inyl po lym erization  in  1937 in w hich  he show ed that 

rad ic a l polym erization  p roceeds by in it ia t io n , p ropaga tion , and te rm in a ­

tio n  s te p s ,  ty p ica l of ch a in  re a c tio n s  in  low -m olecu lar w eight s p e c ie s .

The add ition  polym erization  of u n sa tu ra ted  monomers by a free  

ra d ic a l ch a in  m echanism  can  b e  in itia te d  by l ig h t , h ea t cr p e ro x id e s , 

and h as  follow ing c h a ra c te r is tic s :  1) th e  m ajority  of monomers have 

th e  structu re  i . e . ,  w ith  one  end of the  double bond u n su b -

s t i tu tu te d , and are free  from a lly lic  C -H  bonds; 2) monomer concen ­

tra tio n  d e c re a se s  s te a d ily  throughout th e  reac tio n ; 3) the  growing po ly ­

mer rad ic a l adds repeating  u n its  one a t  a time to  the chain ; 4) poly­

mer m olecu lar w eight changes l i t t le  over a  co n sid erab le  ex ten t of 

th e  reac tio n ; 5) the  reaction  m ixture co n ta in s  only  monomer, high 

p o lym ers, and very  l i t t le  part of growing c h a in . The fo llow ing  free  

ra d ic a l po lym erization  m echanism  and  k in e tic s  o ffe r an exp lanation  

for the above general c h a ra c te r is t ic s  of v inyl p o ly m eriza tio n s. The 

s im p lie s t such schem e i s  one in  w hich th ree  p ro c e s s e s ,  a s  m entioned 

a b o v e , are  involved: ch a in  in it ia t io n , ra d ic a l  add ition  to  a double

bond , and rad ica l d e s tru c tio n . The p ro c e ss  o f ch a in  in itia tio n  in ­

vo lves two s te p s , th e  f i r s t  being the genera tion  of a pa ir of free  

ra d ic a ls  R? by decom position  of the in itia to r  I ( e . g . ,  benzoyl
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peroxide or a zo b is iso b u ty ro n itr ile ) ,

I kd  ̂ 2 R, (1)

and th e  second  th e  a d d itio n  of th e  rad ica l to  th e  double bond of a 

monomer M to y ield  a chain  rad ic a l

Rt + M ka , M x. (2)

w here the k 's  in th e se  and sub seq u en t re a c tio n s  are  ra te  c o n s ta n ts /  

w ith su b scrip t designa ting  the re a c tio n s  to  w hich  th ey  re fe r . The 

ndduct formed from a v inyl monomer is  he re  rep resen ted  by 

Not a ll  of th e  ra d ic a ls  produced in  s tep  (1) n e c e s sa r ily  reg en era te  

the  chain  ra d ic a ls  according to s tep  (2). Some of them may be lo s t  

through s id e  r e a c t io n s .  In th e  p ropagation  s te p s  the  polym eric free  

rad ica l ch a in s  grow by su c c e s s iv e  add ition  of monomers to  the  ra d i­

c a ls  M-p and to  th e i r  su c c e sso rs :

M i -  + M kP_______ y M 2 .
(3)

M 2 . + M kP_______ y M g .

k
or in  general Mn# + M P ) M n+1*.

Since rad ica l re a c tiv ity  i s  presum ed to  b e  in d ep en d en t of cha in  le n g th , 

th e  sam e reac tio n  ra te  co n stan t kp is  w ritten  fo r each  p ropagation  s te p .

The term ination  s tep  invo lves an n ih ila tio n  of th e  a c tiv e  cen ter 

through b im olecu lar reac tio n  be tw een  a p a ir of chain  r a d ic a ls .  This
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may occu r by com bination

Mn+m (4)

or by d isp roportiona tion  through tra n s fe r  of a hydrogen atom

w here IVL, and M re p re se n t in ac tiv e  polym er m olecu les having the  n -«n m

num bers o f u n its  in d ic a te d  by th e  su b sc rip t in  each  c a s e .  Except 

w here i t  is  n e c e ssa ry  to  d is tin g u ish  betw een  th e  two m echanism s the  

term ina tion  ra te  c o n stan t w ill be deno ted  kt  h e re a fte r . Equations (1), 

(2), (3 ), (4 ), and (4 ‘) d e sc r ib e  the  m echanism  o f vinyl po lym erization  

in itia te d  by fre e -ra d ic a l in itia to r  in  a form am enable to  general k ine tic  

trea tm e n t. The ra te s  of th e  th ree  s tep s  ( in itia tio n , p ropagation , and 

term ination) may be  w ritten  in  term s of the ra te  c o n s tan ts  and th e  con­

c en tra tio n s  of the sp e c ie s  in v o lv ed . It fo llo w s, th e n , th a t the d isa p ­

p earance  of monomer may be re p re se n te d  as

w here (M .) re p re se n ts  th e  to ta l concen tra tion  o f a ll  chain  ra d ic a ls  

irre sp e c tiv e  of s iz e .  S ince th e  number of monomer m olecules reacting  

in  s tep  (2) is  in s ig n ifican t com pared w ith  th o se  consum ed in the  propa­

g a tio n  s tep  (3), i t  i s  c le a r  tha t th e  d isap p ea ran ce  of monomer i s  e s ­

se n tia lly  un influenced  by  th e  in itia tin g  ra te  ki (R .)(M ), so

d (M)_ = k<(R.)(M) + k (M .)(M ) 
d t 1 p

(5)

d (M) k p(M .)(M ) (6).
d t
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The ra te  of change o f ra d ic a l concen tra tion  may be  ex p re ssed  a s  the 

d ifference  betw een  th e ir  ra te  of form ation and th e i r  ra te  of d e s tru c tio n  

(by term ination):

—d.(M,) = k.(R.)(M ) -  2kt (M .)2
dt 1

w here the  fac to r 2 en te rs  a s  a re s u lt  of th e  d isap p ea ran ce  of two ra ­

d ic a ls  a t each  in c id e n c e  of the  term ination  rea c tio n s  (4) or (41) .

C hain  ra d ic a ls  by v irtue  of th e ir  g reat re a c tiv ity  sim ply do  net la s t  

long when com pared w ith  th e  p ro cess  of converting monomer to  polym er. 

T herefo re , a  s te a d y -s ta te  assum ption  can  b e  app lied  for th e  ra te  of 

change o f rad ica l co n cen tra tio n . H ence

ki (Rr)(M) = 2kt (M#j2 (8)

Furtherm ore th e  s te a d y -s ta te  assum ption  can be app lied  for the  ra te  

of change of in itia tin g  ra d ic a l concen tra tion :

-A lR tL  = 2fkH(I) -  M R .H M ) = 0 (9)
dt a

w here th e  fac to r f re p re se n ts  the  fraction  of th e  ra d ic a l formed by 

Eq. (1) w hich  is  su c c e ss fu l in  in itia tin g  c h a in s  by Eq. (2) and (I) 

i s  th e  in itia to r  co n cen tra tio n . From above equations f in a lly  one g e ts

1 /2
-  ,d(.ML ^  kp (M) (kdf(I) /k t ) (10)

d t
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If Rn is  the  ra te  of polym erization  and R, i s  th e  ra te  of chain  in i t ia t io n , 

one may sim plify  Eq.(lO ) to

Rp = k p(M)(R1/ 2 k t) 1 /2  (11)

This equation  show s th a t in  th e  early  s ta g e s  of th e  re a c tio n , th e  

overa ll ra te  o f po lym eriza tion  should  be  proportional to  th e  square root 

of the  in itia to r  co n cen tra tio n  a n d , if  f is  independen t of th e  co n cen tra ­

tion  of monomer (M ), to  th e  f ir s t  pow er of th e  monomer c o n cen tra tio n .

An ex ten siv e  study  of v a rious m onom er-in itia to r com binations h a s  abun­

d an tly  confirm ed th e  re la tio n sh ip  betw een  the  ra te  of polym erization and 

th e  square  roo t of th e  in it ia to r  concen tra tion  and th is  experim ental 

fa c t confirm s th e  b im olecu lar m echanism  of polym er ra d ic a l term ination  

p ro c e s s ,  w hether by com bination or d isp ro p o rtio n a tio n . If the  in it ia to r  

e ffic iency  f is  independen t of monomer co n cen tra tio n  and the in itia to r  

concen tra tion  d o es n o t vary much during the cou rse  of po lym eriza tion , 

then  the  transform ation  of monomer to  polym er should be b y  f ir s t  

o rder, i . e . , the po lym eriza tion  ra te  should be proportional to  the

monomer co n ce n tra tio n . In some sy s te m s , such  a s  th e  benzoyl p e ro x id e -

14in itia te d  po lym eriza tion  of sty rene  in  to luene  and po lym eriza tions of
■j r  1 5

d -se c -b u ty l-c6 -ch lo ro ac ry la te  0 and v inyl-& -B -phenylbutyrate  in  d ioxane 

so lu tion  in itia te d  by  benzoy l p e ro x id e , th e  reac tio n  is  acc u ra te ly  f i r s t  

order up to  qu ite  high c o n v e rs io n s .

The po lym erization  of ce rta in  m onom ers, e ith e r  pure cr in  c o n c e n ­

tra ted  so lu tio n , show s a m arked d e v ia tio n  from f irs t-o rd e r  k in e tic s  in
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the  d irec tio n  of an in c re a s e  in  rea c tio n  ra te  w ith  in c re a s e  in  

m olecular w e ig h t. This phenomenon is  term ed au to acce le ra tio n  or

1 fithe  g e l e ffe c t. Although i t  a lso  is  c a lle d  th e  Trommsdorff e f fe c t ,

th is  phenom enon w as f ir s t  observed  by N orrish  and B rookm an.*7

18D ata ob ta ined  by  Schulz and Harborth i l lu s tra te  behavior qu ite  d is ­

sim ilar from th a t in f irs t-o rd e r  k in e t ic s . They polym erized m ethyl 

m ethacry late  in m ass and  a t various concen tra tions in  benzene  w ith 

benzoyl peroxide a s  an in itia to r  in  a d ila to m ete r. The d ila to rm ete r w as 

employed to  follow th e  polym erization  by observation  of th e  d e c rea se  in  

volume of th e  p o ly m eriza te , w hich  is  due to  the h igher d e n s ity  cf po ly ­

mer than  of monomer. At monomer concen tra tions up to  approxim ately  

40% th e  polym erization p ro cess  w as f irs t  o rd er. W hen th e  monomer 

concen tra tion  w as in c re a se d  to  h igher v a lu e s ,  a  g rea t a c c e le ra tio n  of 

th e  polym erization  ra te  w as observed  w hen th e  co n v ersio n  reach ed  15 

to  40%. The a c c e le ra tio n  occurs a t :  a h igher conversion  when the  

monomer is  more d ilu te . M oreover, the  m olecu lar w e igh t of polymer 

formed a t co n cen tra tio n s lead ing  to  a u to acce le ra tio n  in c re ased  sh a rp ly . 

A u toaccelera tion  in  the  ra te  of polym erization o ccu rs a ls o  w ith  o ther 

monomers.*® The hom ologous a c ry la te s  and m eth ac ry la tes  exh ib it a 

ten d en cy  to  a u to a c c e le ra tio n , a s  do ac ry lic  and m ethacry lic  a c id s  and 

a c ry lo n itr ile . In the polym erization  of m ethyl a c ry la te  w ithou t diluent,*® 

i t  s e ts  in  before  a conversion  of one per c en t h a s  been  rea c h e d . Auto­

acce le ra tio n  a lso  occurs in  th e  po lym erizations of s ty ren e  and v inyl

Of)
a c e ta te ,  bu t to  a le s s e r  degree than  for m ethyl a c ry la te  cr m ethyl
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m ethacrylate.

It i s  now g en era lly  b e liev e d  th a t th is  phenom enon can  be exp la ined  

by a la rg e  red u c tio n  in  the  term ination  ra te  c o n s ta n ts  in  re la tio n  to  th e  

propagation ra te  c o n s ta n ts .  This d e c re a se  in  k t  i s  be lieved  to  a r is e  

from th e  high v is c o s ity  of the m onom er-polym er m ixture w hen th e  con­

cen tra tio n  r i s e s  to  the  le v e ls  m entioned e a r l ie r .  The d e c re a se  in te r ­

m ination ra te  le a d s  to  a n  in c re a se  in  overa ll po lym erization  ra te  and in  

m olecular w e ig h t, s in c e  the  life tim e  o f the growing chain  in c re a s e s .

The m easurem ents of th e  a b so lu te  v a lu e s  of th e  ind iv idual ra te  con­

s ta n ts  have furn ished  fu rther proof of th is  ex p la n a tio n . In th e  p o ly ­

m eriza tion  of m ethyl m ethacry late  th e  term ination  ra te  constan t h a s  

been  found to  d e c re a se  by about 100 tim es during th e  a u to acce le ra tio n  

phenom enon, w hereas kp does not ap p ear to  ch an g e . At q u ite  high 

co nversions (70 to  90%), but long a fte r  p ropagation  h as becam e d iffu sion  

c o n tro lle d , the  ra te  of polym erization drops to  a very  low v a lu e .

The overall ra te  o f  polym erization  h as  b een  follow ed by sev era l

m ethods, su ch  a s  titr im e tric  determ ination  of th e  reduction  in u n s a t-

21 22uration  by W ijs so lu tio n  or b rom ine, o bse rva tion  of changes both 

23 24in u ltra v io le t and infrared  absorption sp e c tra , rre asurem ent of the

m olecular d iam agnetic  su sc e p tib ility  ^5 Qf the  re a c tio n  m ixture a t  c e r -

26ta in  tim e in te rv a ls , m easurem ent of in c re a se  in  re frac tiv e  index  

during p o ly m eriza tio n , and w eighing o f produced polym er a f te r  c e rta in  

tim e o f po lym eriza tion . The above a n a ly tic a l m ethods are  in  part
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1) extrem ely la b o rio u s , 2) tim e consum ing, 3) of ra th e r low a c c u ra c y ,

and 4) d ifficu lt in  regard  to  the d esig n  of th e  reqiiired  equipm ent. The

most convenient method of ra te  m easurem ent fo r liqu id  p h a se  po lym eri-

27zation  is  th e  d ila tom etric  m ethod. This a r is e s  in  p a r t ,  at l e a s t ,  from 

th e  high s e n s it iv ity  of the  tech n iq u e  which re s u lts  from th e  la rg e  d if­

ference  in  d e n s ity  betw een  polym er and m onomer. Also i t  h as  been  

28dem onstra ted  th a t th e re  i s  a  lin e a r  re la tio n sh ip  be tw een  the d e n s itie s  

of m onomer-polym er m ixtures and th e ir  com position . From known d en ­

s i t ie s  of m onom er, d m , and polym er, dp , or sp e c if ic  volum es o f mono­

m er, Vm / and polym er, V , the volume co n trac tio n  for 100% co n v ersio n s 

can  be c a lcu la ted :

volume con trac tion  _ ^  _ 1/dm  -  l / d p ^  Vm ~ Vp
for 100% conversion  , , ,l /d „ ,  Vm m

The ex ten t of po lym eriza tion  (% conversion) a f te r  polym erization  tim e 

t  is  c a lcu la te d  by th e  equation:

U = Vt  x  100 (12)
K V

w here U , V, and Vt  are  % c o n v ers io n , in i t ia l  volum e of m onom er, and 

observed volume co n trac tio n  a t  po lym eriza tion  tim e t ,  re s p e c tiv e ly .

If th e  heat of po lym erization  is  know n, a rea so n ab ly  accu ra te  

m easure  of th e  cou rse  of re a c tio n  can  b e  ob tained  by  u se  of an
OQ

isotherm al ca lo rim e te r. E sse n tia lly  po lym erization  i s  c a rr ied  out in 

a  sm all se a le d  tu b e  im m ersed  in a liqu id  in  equilibrium  w ith  i t s  own 

vapor a t i t s  b o iling  p o in t. U nder th e se  co n d itio n s h e a t re le a se d  from
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th e  reac tin g  system  w ill bring about the  ev ap o ra tio n  of th e  surrounding 

liq u id . The lo s s  in w eight of th e  a ssem b ly  w ill  be a m easu re  of the  

e x te n t of polym erization „

Another im portant w ay  to  follow  th e  ra te  o f po lym eriza tion  in ­

v o lves v isco m e try . R ecently W iley and DeVenuto1 stud ied  th e  k in e tic s  

of th e  p re -g e la tio n  period for th e  po lym eriza tion  of d iv iny lbenzene  is o ­

mers v isco m e trica lly  and they  found  th a t th e  overa ll r a te  of po lym eriza­

tion  of m eta isom er w as g rea te r than  th a t  o f  para  compound in  both 

to luene  and te r t-b u ty lb e n z e n e .

D ivinyl m onom ers, (as co n trasted  to  th e  monomers co n ta in in g  only  

one v iny l group or th o s e  u n sa tu ra ted  com pounds w hich  g enera lly  re a c t  

to  add on ly  one monomer) form a th re e -d im e n s io n a l, netw ork of c ro s s -  

linked  po lym ers. Since each  a c t of c ro ss lin k in g  red u ces  the num ber of 

polymer m olecu les w hich  would o therw ise  be form ed, c ro s s lin k e d  po ly ­

m ers may have v e ry  high m olecular w e ig h ts , a n d , in f a c t ,  a  su ff ic ie n tly  

c ro ss lin k ed  sam ple may be e s s e n tia lly  a  s in g le  g iant m o lecu le . The 

tra n s itio n  from an in it ia l  lin e a r  polymer to  a c ro s s lin k e d  s truc tu re  

u su a lly  occu rs quite  d ram atica lly  in  th e  co u rse  of po lym eriza tion . The 

gel p o in t, th e  appearance  of v is ib le  g e la tio n  in  a polym erizing sy s te m , 

may be  defined  as  th e  point at which la rg e  netw orks (on a m olecu lar
o n

sca le ) a re  f i r s t  form ed. One of th e  m ost w ide ly  u sed  m ethod°u to  

d e te c t th e  g e l point is  to  cau se  a l i t t le  g la s s  b a ll to  sp in  or to  be  

in  m otion in  th e  polym erizing system  and th e  p o in t a t w hich th e  b a ll 

s to p s spinning or moving i s  taken  a s  th e  gel p o in t.
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Experim ental

M onom ers

m eta-D iv iny lbenzene  w as prepared  by a  method sim ila r to  the  

one d esc rib e d  in  th e  f i r s t  part of th is  t h e s i s .  The sam ple u sed  for 

th is  work w as found to  be 99.5+%  pure by  g as chrom atographic 

a n a ly s is  w ith  a flam e io n iza tio n  d e tec to r (Perkin-Elm er vapor fractom eter 

M odel 154D w ith  "R" co lum n), and had b .p .  3 4 °C /lm m . and n ^  

1 .5 7 5 5 .

pa ra -D iv in y lb en zen e  w as supp lied  by  C osden  C hem ical C o . w ith  

th e  purity  of abou t 92% . This sam ple  w as d isso lv e d  in eq u a l p a rts  

of b en zen e  and sep a ra ted  by  the  p repara tive  g a s  chrom atographic 

m ethod to  g ive pure p -d iv in y lb en zen e  as  p rev io u sly  d escrib ed  in  the 

f i r s t  part of th is  t h e s i s .  The monomer u sed  for th is  work w as 99.5+% 

pure by g as  chrom atographic a n a ly s is  w ith  a  flam e io n iz a tio n  de tec to r 

and had  m .p . 2 9 .8 °C  and n ^  1 .5 8 5 5 .

Solvent

Toluene w as u sed  a s  a  so lv en t throughout th is  w c rk . A q u an tity  

of to luene  (Baker A nalyzed Reagent) w as bo iled  over sodium  for 10 

hours and fre sh ly  d is t i l le d  under n itrogen  ju s t  p rio r to  u s e .  The s o l­

v en t u se d  fo r th is  work had b .p .  1 10 .6 °C  and  n ^  1 .4 9 6 9 .

In itia to r

Solid benzoyl p e ro x id e , purified  as d e sc rib e d  in  p rev ious w o rk s ,
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w as u se d  a s  an  in it ia to r  throughout th is  w ork .

D eterm ination  of D e n s itie s  of S o lven t, M onom ers, and  Polym ers

Since th e  rea c tio n  ra te  w as fo llow ed d ila to m e tric a lly  at 7 0 °C , 

f i r s t  th e  d e n s it ie s  of m onom ers, po lym ers, and so lv e n t a t 70°C w ere 

m easured u sing  a 25 ml .-G a y -L u s sa c  pycnom eter w ith  the expansion  

cup (Figure 1). The d e n s itie s  of to luene  and monomers a t  70°C w ere 

ob tained  by comparing th e  w e ig h ts  of th e ir  sam ples to  th a t  of an equal 

volume o f w a ter o f know n d e n s ity  a t  70°C  u s in g  the  follow ing equation :

w here dQ and dw are th e  d e n s i tie s  of the  sam ple  and of w a te r , r e s p e c ­

t iv e l y ,  and WQ and Ww are  th e  w eigh ts  of th e  sam e volume of the  

sam ple and of w a te r , re s p e c tiv e ly .

W hen th e  d e n s itie s  of monomers w ere  m easu red , a sm all q u an tity  

(about 1000 p .p .m .)  of in h ib ito r (2 ,6 -d i- te r t-b u ty l-p -c re s o l)  w as added  

to  in h ib it po ly m eriza tio n . The volum e o ccup ied  by th e  inh ib ito r w as 

n e g le c te d .

Furtherm ore, s in c e  the  d ried  polymer volum es may not b e  th e  sam e
ty r j

a s  th o se  in  so lu tio n , the  apparen t d e n s i t ie s  of po ly (m -d iv iny lbenzene) 

and po ly (p -d iv iny lbenzene) w ere  determ ined in  to lu en e  a t  7 0 °C . A 

ce rta in  w eigh t of the  polym er ob ta ined  a s  in d ic a te d  in  the  section  

"D eterm ination  of C o n v erstio n  a t G e l-P o in t"  w as p la c e d  in th e  pycno­

m eter and about 10 m l .  of to lu en e  w as added  to  th is  pycnom eter
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w ith  a d ropper. The pycnom eter afte r capping w as allow ed to  s tand

o
th ree  d ays a t  room tem peratu re  and then  it w as p laced  in  70 C 

co n stan t tem perature w ater bath  afte r being  f illed  w ith  to lu e n e .

After th e rm o s ta tin g , part of th e  e x c e ss  liqu id  w as forced out through 

th e  cap illa ry  in to  cup C by in se rtin g  a  ground g la s s  s to p p e r. After 

a  few m inutes more in  the  th e rm o sta t, the  liq u id  rem aining on the  

f la t  su rface  of the s to p p e r , S , w as quick ly  wiped off w ith le n s  p ap er. 

The cup w as dried  w ith abso rben t paper and th e  pycnom eter w as r e ­

w eighed to get the  w eigh t of to luene  u s e d . From th e  known v a lu e s  

for the  d e n s itie s  of to lu en e  and w ater a t 70°C  and w eigh t of polym er 

u s e d , one can  c a lc u la te  the  polymer d e n s ity  in  the  so lv en t u sing  the 

equation:

W
d p ________ E____

V -  Vs

w here d re p re se n ts  th e  d e n s ity  of the  polym er, W is  th e  w eigh t of
Jr

the  polym er u s e d , and V and Vs are  the volum es of the pycnom eter and 

of the  so lv e n t (toluene) u s e d .

The v a lu e s  o b ta in ed  for th e  d e n s itie s  of m onom ers, po lym ers, and 

so lv en t (toluene) a t 70°C  are given in  Table 1 . As m entioned in  the  

"H isto rica l"  se c tio n  th e  d e n s i tie s  of monomer and polymer enab le  v o l­

ume con trac tions for 100% conversions to  b e  c a lc u la te d , and the c a l ­

cu la ted  v a lu e s  u sing  th e  ob tained  v a lu es  for th e  d e n s itie s  o f th e  two 

monomers and polym ers are  included  in Table 1.
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D e n s itie s  and  Volume C ontraction  for 100% C onversion  a t  70°C .

d e n s ity  of 
monomer

d e n s ity  of 
polymer3

% co n trac tio n  for 
com plete  re a c tio n

m-DVB 0.8803 1.056 16.43

p-DVB 0.8959 1.072 16 .64

Toluene 0 .8211

ad e n s ity  of polym er in  to lu en e

Polym erization  Rate D eterm ination

The monomer m ix tu res w ere prepared  by u sin g  10 m l.  volum etric  

f la s k s  a t 20°C , The volum etric f la sk  w as w eighed on a b a la n c e  and 

2 .9683  g .  of fresh ly  d is t i l le d  monomer (m -d iv iny lbenzene or p -d  i v inyl -  

benzene) w as p laced  in th e  volum etric f la sk  th rough  a P asteu r p ip e tte  

and v a rio u s  amount of benzoy l peroxide (0 .00199  to  0 .19743  g .) w ere 

added to  each  f la sk  (Table 2 and 3 ). Toluene w as qu ick ly  added to  

the vo lum etric  f la sk s  to  make the volume 10 .00  m l.  a t 2 0 °C . During 

th is  p ro ce ss  the f la sk  w a s  gen tly  v ib ra te d . The w e ig h t o f  to lu en e  

used  w as m easured . T his mixture w as allow ed to  stand  an add itional 

five  m inutes at room  tem perature  to  ensure com plete m ix ing . The 

monomer mixture p repared  by the above m ethod w as u se d  in  p a rt for 

th e  d ila tom etric  study  and  in p a rt for th e  determ ination  of g e l-tim e  

and conversion  a t  g e l- t im e . The monomer sam ple w as charged  in to
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Table 2.

C oncen tra tion  of Benzoyl Peroxide fo r th e  Polym erization of m -D iv iny lbenzene in  Toluene 
(2 .28  m ole /1 . )  a t 7 0 °C .

1 2 3 4 5 6 7 8

0.00199 0 .00296 0 .00751 0 .01766 0 .02955 0 .04428 0 .07303 0 .19717

0 .821  1 .22  1 .3 0  7 .29 12 .20  18 .28  30 .15  8 1 .4 0

E x p e rim e n ts  w ith  th e  sam e number in  T ables 2 ,  A,  and 6 have the sam e in itia to r  c o n c e n tra tio n s .

V'i
W eight of Benzoyl Peroxide in  10 .00  m l. of monomer m ix ture. 

c (m o le /l .)  x  10^

^The monomer m ixture (10 .00  m l.) con ta ined  2 .9683  g . of m-DVB and 7 .8 3 8 5 g . of to lu en e  
a t 20 °C .

Exp .N o .a

W t.o f Benzoyl 
Peroxide

C o n e .o f  Ben­
zoyl Peroxide0



Table 3.

C oncen tra tion  o f  Benzoyl Peroxide fo r the Polym erization o f  p -D iv iny lbenzene  in Toluene 
(2028 mole/1 a t 70 C ,

E x p .N o .a 1 2 3 4 5 6  7 8 9

W t .o f B z ^ b 0 .00208 0 .00414  0 .00751 0 .00753 0 .01766 0 .02931 0 .04435 0 .07402 0 .19743 

C one , of
Bz O c 0 .858  1 .71  3 /10  3 .11  7 .29  12 .10  18.31  30 .56  81 .51

2 2

E x p e rim e n ts  w ith th e  sam e num ber in  T ables 3 , 5 /  and 7 have th e  sam e in itia to r  c o n ce n tra tio n s . 

^W eight o f benzoyl perox ide  in  10 .00  m l. of monomer m ix tu re . 

c (mole/1.) x  1 0 ^ l

^The m onomer m ixture (10 .00  m l.) con ta ined  2 ,9683  g . of p-DVB and 7 .9105  # .  of to lu en e  a t  20°C ,



the  rea c tio n  tu b e  of th e  d ila tom eter u sing  a g la s s  d ropper. The r e ­

action  tu b e  (about 3 m l.  capac ity ) w as mounted in  an evacuation  

cham ber in to  w hich  th e  g raduated  cap illa ry  tu b e  (O .D . 0 .5  cm .; leng th  

55 c m . , th e  upper end of w hich  had  been  tig h tly  capped  w ith a  sm all 

s le ev e  type rubber stopper) w as in se r te d  right up to the  reac tio n  tube 

through an adap to r se a le d  w ith a  rubber tu b e . The rea c tio n  tu b e , 

g raduated  cap illa ry  tu b e , and th e  evacuation  cham ber a re  shown in 

Figure 2 . The evacuation  cham ber w as co nnec ted  to  a vacuum  and a 

(p re-purified) n itrogen lin e  through a th ree -w ay  s to p co ck . Vacuum w as 

app lied  for five m inutes w hile  keeping  the  monomer sam ple frozen  by 

dipping  the  low er part of th e  cham ber into a ba th  of liquid  n itrogen  

or a dry ic e -a c e to n e  m ixture. Stopping th e  vacuum  pum p, n itrogen  

w as a llow ed to  f ill  the cham ber and then  the cham ber w as e v ac u a ted  

for ano ther th ree  m in u te s . The liqu id  n itrogen  ba th  w as rem oved and 

th e  monomer sam ple w as allow ed to  m elt. The monomer m ixture w as 

then  frozen and th e  d eg ass in g  p ro ce ss  w as rep ea ted  tw ice  m ore.

After th e  l a s t  ev acu a tio n  th e  ground g la s s  jo in t of th e  graduated  c a p il­

la ry  tube w as carefu lly  in se r te d  in to  the  jo in t on th e  rea c tio n  tu b e  so 

a s  to  fa rc e  the  re a c ta n ts  in to  th e  c a p illa ry . Part of the  e x c e ss  liq u id  

w as qu ick ly  w iped off w ith  abso rp tion  p ap er. The w hole cham ber w as 

f i lle d  w ith  n itro g e n , th e  d ila to m ete r assem b ly  w as tak e n  out of th e

cham ber, and th e  connection  part betw een  th e  cap illa ry  and re a c tio n

31tube  w as se a le d  w ith m ercury (Figure 2 ). The d ila tom eter w as p laced  

in  a  c o n s ta n t tem p era tu re  w ater b a th  m ain tained  a t  7 0 .0 0  ± 0 .0 1 ° C .
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Volume co n trac tio n s  w ere  m easured  a t five  m inute in te rv a ls  from th e  

moment of th e  in se rtio n  of th e  d ila to m ete r in to  the  co n s tan t tem pera tu re  

b a th . It w as observed  th a t the volume con trac tion  in c re a se d  abruptly  

a t  th e  gel p o in t. P ast th e  gel poin t the liqu id  column in the  cap illa ry  

w as su b seq u en tly  b roken  and it w as im possib le  to follow  th e  volume 

co n trac tio n  a fte r g e la tio n . All the  d ila tom etric  m easurem ents of the  

volum e c o n tra c tio n s , e x c e p t tw o c a s e s ,  experim ent number 4 in  the  

po lym eriza tion  of m -d iv iny lbenzene  and experim ent number 5 in the  

p a ra -d iv in y lb en zen e  polym erizaticn (Figure 4 ), w ere stopped  before  g e la ­

t i o n s  o ccu rred . O bserved read in g s (in m l . /m in .)  for the  volum e con­

tra c tio n s  fcr th e  po lym eriza tions of m- and p -d iv in y lb en zen e  are  g iven 

in  T ables 4 and 5 .

The volum es for a l l  the d ila tom ete r a sse m b lie s  w ere determ ined 

by m easuring  th e  w eigh ts  of m ercury w hich filled  the  a sse m b lie s  a t  

7 0°C  and a re  g iven  in  th e  second co lum ns in  T ables 4 and 5 . The 

d ila tom ete r cap illa ry  w as g raduated  to te n th s  of a  cen tim eter and it 

w as found th a t one cen tim ete r d iv is io n  on the cap illa ry  corresponded  

to  a volum e of 1 .995  x  10“ ^ a t  7 0 °C . This w as determ ined by 

th e  w e ig h ts  of m ercury w hich f illed  th e  c a p illa r ie s  to  th e  v a rio u s  

h e ig h ts .

G e l-P o in t D eterm ination

All po lym eriza ticn s w ere carried  o u t- in  sm all g la s s  reac tio n  c e l ls  

about 4 -5  cm . in  leng th  and about one cen tim eter w id e , w hich had

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



Table 4

Dilatometric Readings for the Polymerization of m-Divinylbenzene in Toluene (2,28 m ole/1 ,)
a t 7 (F c  w ith  Benzoyl Peroxide In itia to r

Exp .N o .

Vol. of
monomer , 
m ix .tak en (m l)a

Vol. of
monomer (ml)

Reading' 
mm/min

1 3 .315 0.8653 0.4486

2 3.028 0 .7904 0 .5010

3 3 .123 0 .8152 0 .9400

4 2 .993 0 .7812 1.364

5 3.166 0 .8264 2.178

6 3.047 0 .7953 2 .424

7 2 .981 0.7781 2 .865

aVolume of d ila tom eter

Average o f d ila tom eter read in g s  of po lym erization  
c Reading (mm.) x  1 .995 x  10~4 (m l./m m .)

^Vt/V= volume c o n tra c tio n /in itia l  monomer volume 
e Polym erization ra te  = (Vt/V) x  100 /0 .1643

V o l.con trac tion  Rpe x  10
V t(m l)xl0  /m in .  Vt xlO /V /m in . ( % co n v ./m in .)

0 .895 1.034 0 .63

0.999 1.264 0 .77

1.875 2 .300 1.40

2.721 3 .483 2 .12

4 .345 5 .258 3 ,20

4 .835 6 .079 3 .70

5 .715 7 .3 4 4 4 .4 7

tim e 40-200 m inutes
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Table 5.

D ilatom etric  Readings for the  Polym erization of p -D iv iny lbenzene in  Toluene (2 .28  m o le / l . )  
a t 70°C w ith  Benzovl Peroxide In itia to r

Vol. of
monomer Vol. of Reading

E xp .N o . m ix .tak en  (ml)a monomer (ml) mm/min

1 3.217 0 .8232 0.2675

3 2.997 0.7669 0 .5310

5 3.313 0.8478 1.018

7 3.251 0.8319 1.596

8 3.175 0.8125 1.980

V ol. C on trac tion0 y. Î >ex  10
(m l.) x  10 y  m in. x  lO V m in . (% Conv./m in)

0 .534  0 .649 0 .39

1.059 1 .381 0 .83

2 .031  2 .396  1 .4 4

3 .184  3 .827  2 .3 0

3 .950  4 .8 6 2  2 .9 2

Same a s  d ila tom eter volume 
^A verage-of d ila tom ete r read ings of po lym eriza tion  tim e s  50 -  200 m inutes_4
c Reading (mm.) x  1 .995  x  10 (m l./m m .)
j

Vt/V -v o lu m e  c o n tra c tio n /in itia l  monomer volume 

e Polym eiization  Rate (% conv .) = (V^/V) x  100/K = (Vt /V) x  1 0 0 /0 .1664
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b een  made from Pyrex t e s t  tu b e s .  The reac tio n  ce ll u sed  fcr th is  work 

is  shown in  Figure 3 . The rea c tio n  c e l ls  w ere stoppered  w ith rubber 

stoppers and w e ig h ed . About th ree  m illilite rs  of the  p rev iously  p re­

pared  monomer sam p le , w hich in  p a rt had b een  u sed  for th e  d ila to -  

m etric w ork, w as tran sfe rred  under a  n itrogen a tm osphere  in to  the 

re a c tio n  c e ll  u sin g  a P a s te u r p ip e tte  and  the  c e ll  con ta in ing  the  mono­

mer m ixture w as w eighed  aga in  a fte r being tig h tly  s to p p e red . A sm all 

Teflon co a ted  m agnetic  s tirre r  (O .D . 0 .3  cm .; leng th  1 .2  cm .) w as 

qu ick ly  p laced  in the  rea c tio n  c e ll  under n itrogen  and th e  con ten ts  of 

th e  c e ll  w as frozen  by imm ersing the  c e ll  in  a bath  of liqu id  nitrogen 

or a dry ic e -a c e to n e  m ix ture. The c e ll  w as connec ted  to  a vacuum 

lin e  w ith  e ff ic ie n t tra p s  cooled  by a dry ic e -a c e to n e  m ixture or liqu id  

n itro g e n . A vacuum  w as draw n on th e  system  fo r abou t five  m inutes 

w hile  keep ing  the monomer m ixture fro zen , and the monomer mixture 

w as allow ed to  m elt a fte r  th e  pumping w as s to p p ed . The monomer 

m ixture w as th en  re frozen  and vacuum  w as app lied  for ano ther th ree  

m in u te s . This p ro ce ss  w as rep e a te d  tw ice  m ore. After th e  final 

d e g a s s in g , th e  monomer m ixture w as refrozen  and  se a le d  under vacuum  

w ith  a sm all to rc h .

The po lym eriza tions w ere  ca rried  ou t in  a 70 .00± . 0 .0 1 °C  w ater 

ba th  by a ttach in g  the  c e l ls  to  long g la s s  rods and suspending  the 

c e l ls  in  the w a te r . As soon a s  th e  re a c tio n  c e l ls  w ere im m ersed in 

the b a th , th e  m agnetic  s tir re rs  w ere  p laced  in ro ta tio n  by an e le c tr ic  

s t ir  ja c k . The m agnetic  fie ld  s treng th  w as reg u la ted  so a s  to  ju s t
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ro ta te  the  s t ir re r s . The g e l-tim e  w as tak e n  a s  th e  tim e in te rv a l b e ­

tw een  the  im m ersion of th e  re a c tio n  c e ll  in  th e  c o n stan t tem perature  

ba th  and th e  time a t w hich  the  m agnetic  s tirre r  c e a se d  ro ta tio n . The 

end point w as u su a lly  sh a rp , except a t  very low in itia to r  co n cen tra ­

t io n s .  Exploratory experim en ts show ed th a t the  ro ta tion  of th e  m agne­

t ic  s tirre r  c e a se d  a t the  same g e l-tim e  a s  tha t observed  d ila to m e tric a lly . 

The d a ta  are g iven in  T ables 6 and 7 .

D eterm ination o f C onversion  at G e l-P o in t

At the  g e l-p o in t the  above m entioned re a c tio n  c e l l  w as im m ediately  

rem oved from the  bath  and frozen  in  liqu id  n itrogen or dry ic e -a c e to n e  

m ix tu re . The polym er m ixture w as thaw ed and qu ick ly  tran sfe rred  to  

a 15 m l. cen trifuge  tube w hich had b een  w e ig h ed . The re a c tio n  c e ll 

w as rin se d  tw ice  w ith approxim ately  0 .5  m l.  of benzene each  tim e 

and th e se  w ere added to  th e  cen trifuge  tu b e . A sm all quan tity  of 

in h ib ito r  (2 ,6 -d i- te r t-b u ty l-p -c re s o l)  w as added to  th e  cen trifuge  tu b e ,  

and th en  the  polym er produced w as p rec ip ita ted  by adding  about 10 m l.  

of m ethanol. The co n ten ts  of the  cen trifuge tube  w ere thoroughly  

m ixed by a poin ted  s ta in le s s  s te e l  sp a tu la . The so lv en t and u n reac ted  

monomer w ere decan ted  by cen trifug ing  the  tu b e  a t  approx im ately  

4000 r .p .m .  on an In te rn a tio n a l C lin ica l C en trifuge  for about 15 m in u te s . 

This w ash ing  p ro cess  w as rep ea ted  tw ice  more w ithout adding in h ib ito r . 

After the  final d e c a n ta tio n  :i cen trifuge  tube  contain ing  polym er w as 

p laced  in a vacuum  oven a fte r  i ts  mouth w as covered  w ith  f i lte r  paper
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Table 6.

G el-T im e and C onversion  a t  G el-T im e for th e  Polym erization o f 
m -D iv iny lbenzene in  T oluene (2 .28  m ole/i ) a t 70 .

E xp .N o .

W t.o f
monomer
m ix .ta k en (g .)

W t.o f
rnono-
m er(g .)

G el-T im e 

(m in.)

W t.o f
p o ly -
m er(g .)

Con-r
version

(%)

1 3.1671 0.8698 286 0.1487 17.10

2 3 .0893 0.8483 238 0 .1520 17.92

3 3 .3230 0.9121 130 0.1676 18.37

4 2.9895 0.8198 91 0 .1531 18.67

5 3.1546 0.8641 61 0.1707 19.75

6 3.2725 0 .8952 57 0.1758 19.64

7 3 .0188 0 .8482 46 0 .1852 21 .83

8 2.9980 0 .8087 33 .5 0 .2073 25 .63
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Table 7

G el-T im e and C onversticn  a t G el-T im e for th e  Polym erization  of 
p -D iv iny lbenzene  in  Toluene (2 .28  m o le / l . )  a t  70 C ,

W t.o f
monomer W t.o f  G el-T im e W t.o f C onversion

E xp .N o . m ix .ta k e n (g .) mono mar (g .) (m in.) Polym er(g.) (%)

1 3.1125 0.8491 359 .5 0 .1233 14 .52

2 2 .9774 0.8121 260 .9 3 0 .1134 13.96

3 3 .0030 0 .8188 180.2 0 .1355 16 .55

4 3 .0045 0 .8192 190 .2 0 .1188 14 .50

5 3.1673 0 .8628 111 .0 0 .1400 16 .23

6 3.2665 0.8889 9 1 .8 0 .1582 17 .80

7 3 .0688 0.8339 7 6 .2 0 .1411 16 .92

8 2 .8134 0 .7625 6 5 .2 0 .1502 19 .70

9 3 .2062 0 .8592 5 4 .8 0 .1933 2 2 .5 0
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and th e  polym er w as dried  in  the  vacuum  oven to  a co n s tan t w eigh t at 

50°C and 1 mm. p ressu re  for 48 h o u rs . The conversion w as determ ined  

by dividing the w eigh t of the polymer produced in to  th e  w eigh t of th e  

monomer u s e d . O bserved co n v ersio n s a t g e l- tim e s  are tab u la ted  in  

Tables 6  and 7 .
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Results and D iscussion

As m etnioned in  th e  "H isto rica l"  sec tio n  about forty years ago__ 

by d e n s ity  m easurem ents a lin e a r  re la tio n sh ip  w as dem onstra ted  b e ­

tw een the percen tage  con traction  on the  o rig inal volume of the  mono­

mer and th e  ex ten t of p o ly m eriza tio n . This m ade i t  p o ss ib le  for 

many of polym erization ra te s  of various monomers to  be follow ed 

d ila tro m e trica lly . Since i t  w as shown-*- th a t it i s  p o ss ib le  to  ob tain  

v iscom etric  da ta  for the  k in e tic s  of the p reg e la tio n  period in the 

po lym erization  o f m eta- and p a ra -d iv in y lb en z e n e , polym erization  ra te s  

o f pure m eta - and pure p a ra -d iv in y lb en zen es  w ere  m easured d ila to m e tri-  

c a l ly  in to luene  so lu tion  a t  7 0°C and th e  r e s u l ts  are  g iven  in  T ables 

8  and 9 . The conversion  d a ta  ob ta ined  from th e  d ila tom etric  read in g s  

for the  polym erization of m eta-d iv in y lb en zen e  (Exp. 4) are  rep re sen ted  

in  Figure 4 and show th a t  the conversion  is  d irec tly  proportional to  

th e  polym erization  tim e a t in te rv a ls  up to  th e  g e l- tim e , a t about 90 

m inutes and 19% co n v ers io n , a t w hich point the  conversion sharp ly  

in c re a s e s .  C om parable d a ta  for th e  para isom er (Exp. 5) are a lso  

show n in F igure 4 and th e  conversion  i s  proportional to  the  po lym eriza­

tion  tim e up to  g e la tio n  a t  about 1 1 0  m inutes and w ith  a conversion  of 

16%. The same lin e a r  dependence  of conversion  on th e  polym erization 

tim e w as observed  for a ll  th e  other po lym eriza tions in  th e  early  s ta g e s  

of polym erization  ( i . e . ,  before g e la tio n ) .

In th e  rad ic a l polym erization  of vinyl compounds the  po lym eriza-
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Table 8.

Polym erization  of m -D lv lnv lbenzene in  Toluene (2 .28  mole/1.) a t  70°C 
w ith  Benzoyl Peroxide In itia to r

In itia to r  C o n e . Rate of P o lym eriza- G el-T im e C onv. a t  G e l-
E xp .N o . m o le / l .x  lC r tio n , % /min x  1 0 m in. tim e,%  conv

1 0 .82 0 .63 286 17 .10

2 1 . 2 2 0 .77 238 17 .92

3 3 .1 0 1 .40 130 18.37

4 7 .29 2 . 1 2 91 18 .67

5 1 2 . 2 0 3 .2 0 61 19 .75

6 18 .28 3 .7 0 57 19 .64

7 30 .15 4 .4 7 46 2 1 .8 3

8 8 1 .4 0 « ... 33 .5 25 .63
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Table 9.

Polym erization of p -D iv inv lbenzene  in  Toluene (2 .28  mole/1.) a t 
70°C  w ith  Benzovl Peroxide In itia to r

In itia to r Polym erization
C o n cen tra tio n  Rate G el-T im e

E xp .N o . m o le / l .x  10 % C o n v ./m in . m in .
C onversion  a t  
Gel-Tim e/ % co n v .

1

2

3

4

5

6

7

8 

9

0 . 8 6

1 .71

3 .1 0

3.11  

7 .29

1 2 . 1 0

18.31

30 .56

81 .51

0 .39

0 .8 3

1 .44

2 .30

2 .92

359 .5

260 .9

180 .2

190 .2

111.0

9 1 .8

7 6 .2

6 5 .2

5 4 .8

14.52

13.96

16.55

14 .50  

16.23  

17 .80  

16 .92  

19 .70

22 .50
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tion  ra te s  a re ,  in  g e n e ra l, p roportional to  th e  square  roo t of in itia to r  

concen tra tion  a s  ex p re ssed  by E q. (10) or (11). To confirm th is  re la ­

tio n sh ip  for the d iv in y lb en zen es , th e  polym erization  ra te s  w ere  m easured 

d ila to m etrica lly  at various in ita to r co n cen tra tio n s and th e  re su lts  are 

g iven  in Tables 8 and 9 .  The polym erization ra te s  in  per c e n t c d iv e r ­

sio n  per m inute a re  p lo tted  a g a in s t the  square  root of the in ita to r 

(benzoyl peroxide) concen tra tion  over a range o f 0 .00082 m o le s /1 , to

0 .0815 m o le s /1 , in  Figure 5 , from w hich  i t  can  b e  seen that the  ex ­

perim ental po in ts  f a l l  on a  s tra ig h t lin e  for each  iso m e r. The p o ly ­

m eriza tion  ra te s  of p -d iv in y lb en zen e  are about two th ird s  th o se  of 

the  m eta isom er under com parable cond itions over th is  en tire  range as  

shown in  F igure 5 . This re la tio n  h as been  observed in a previous 

v iscom etric  study-*- for the po lym erizations of th e s e  two iso m e rs . S ince 

monomers of low reso n an ce  s ta b iliz a tio n  y ield  polymer rad ica l adducts  

of low reso n an ce  s ta b iliz a tio n  and high re a c tiv ity  w ith  monomers in 

general and monomers of high reso n an ce  s ta b iliz a tio n  yield  rad ic a l a d ­

d u c ts  of high re so n an c e  s ta b iliz a tio n  and low re a c tiv ity  w ith monomers 

in  g e n e ra l, th is  re s u lt  su g g e s ts  a  mere re so n a n c e  s ta b iliz e d  ch a rac te r 

for pa ra -d iv in y lb en zen e  and  for free  ra d ic a ls  derived  from i t .  It seem s 

rea so n a b le  to  a ssu m e  th a t the  more s tab le  ra d ic a l (para derived  rad ica l) 

would have a  longer l ife  tim e and  would have more chance  to undergo 

chain  term ination  through bim olecular c o ll is io n . I t i s  a ls o  apparen t 

from th e  da ta  now a v a ila b le  th a t  up to  the  g e l-p o in t th e  k in e tic s  of
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Figure 4 . Polym erization  of m eta- and para -D iv in y lb en zen e  
a t  7 0 °C . C oncen tra tion  of D iv fny lbenzene , 2 .28  
m ole /1 ; of In itia to r , 7 .29  x  10” m o le /1 .
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Figure 5 . R ates of Polym erizations of m e ta -  and p a ra -  
D iv iny lbenzene in  Toluene v s .  Square Root of 
th e  In itia to r C o ncen tra tion .
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th e  polym erizations of th e  tw o  d iv iny lbenzene  monomers have the 

c h a ra c te r is tic s  shown by ty p ic a l m onovinyl m onom ers. This i s  con ­

s is te n t  w ith  the g en era lly  accep ted  concept th a t  th e  second vinyl 

group of the d iv inyl monomer is  n o t involved  p rio r to g e la tio n . The 

second v iny l group ap p ears  to  func tion , a t l e a s t  in  th e  d iv in y lb e n z e n e s , 

a s  a  su b s titu en t w hich m odifies th e  re a c tiv ity  of the  reac tin g  vinyl 

group.

The m easurem ents of gel tim e w ere made by polym erization  in  the 

p resen ce  of a ro ta ting  m agnetic  s tirre r  a s  p rev iously  d e sc r ib e d  in  the  

"Experim ental" s e c tio n . At high in itia to r  (benzoyl peroxide) co n cen tra ­

tio n s  g e la tio n  occurred very suddenly  and a t low er in ita to r  co n cen tra ­

tio n s  the  tra n s itio n  to  a g e l w as le s s  su d d en . The d a ta  far the  g e l-  

tim es are g iven in  T ab les 8  and 9 and Figure 6 show s th e  re la tio n  b e ­

tw een g e l-tim e  and the square  root of the  in it ia to r  c o n cen tra tio n . It 

can  be seen  from th is  F igure th a t th e  tim es for g e la tio n s  in th e  polym eri­

za tio n s  of m eta- and p ara -d iv iny lbenzene  s a re  lin e a rly  re la te d  to  the  

rec ip ro ca l of the  square root of th e  in itia to r  concen tra tion  for both 

isom ers over the  ranges of the  in ita to r  co n cen tra tio n s  u sed  for th is  

s tu d y . There is  a c o n s is te n t d ifference  betw een  the  tw o isom ers w ith  

th e  sh o rte r g e l-tim e  fcr th e  m eta -d iv in y lb en zen e  a t  th e  same in itia to r  

c o n cen tra tio n .

The re la tio n  be tw een  the conversion  a t g e l- tim e  and th e  square  

root o f th e  in itia to r  co n cen tra tio n  (Figure 7) a l so show s a d ifference  

in  th e  behav io r of the  tw o isom eric  d iv in y lb e n ze n es . C onversion  a t
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g e l- tim e  seem s to  b e  l in e a r ly  re la te d  to  th e  square  roo t of the  in i­

t ia to r  co n cen tra tio n  in  th e  po lym eriza tions of both  isom ers and th e  

conversion  a t  g e l-p o in t for the m eta isom er i s  c o n s is te n tly  h igher 

than  th a t for the  para  isom er for the sam e in itia to r  co n ce n tra tio n .

The g e la tio n  c h a ra c te r is t ic s  of the  two d iv in y lb en zen es show d is t in c ­

t io n s  w hich ap p ear to  be  re la te d  to  d ifferen t c ro ss lin k in g  p ro c e s s e s .  

Although the g e la tio n  tim e appears to  be  a function  of ra te ; i . e . ,  

th e  lo w e r the  ra te  th e  longer the tim e to  g e la tio n , and th u s  a ls o  is  

a  function  of polymer co n cen tra tio n  b u ild  u p , th is  canno t b e  the only 

fac to r invo lved  b e c a u se  th e  conversion  a t  g e la tio n  a lso  v a rie s  fcr th e  

tw o is o m e rs . If every th ing  w ere  s tr ic tly  com parable for th e  two d i-  

v iny lbenzenes the co n v ersio n s a t  g e la tio n  should  be e q u iv a le n t. The 

d a ta  g iven  above show th is  is  not s o . At every  leve l th e  mere slow ly  

polym erizing para isom er show s a lo w er conversion  at g e la tio n . This 

fa c t req u ires  th a t le s s  p a ra -d iv in y lb en zen e  monomer be inco rpora ted  

in to  th e  c ro s s lin k e d  netw ork a t  g e la tio n  than  m eta -d iv in y lb en zen e  and 

su g g e s t th a t  th ere  is  g rea te r m olecu lar bu ild  up  prior to  c ro sslin k in g  

in  th e  m eta  derived  polym er th an  in  th e  para derived  polym er. In other 

w o rd s , th is  may b e  co n sid ered  a s  a su g g estio n  th a t the  second  vinyl 

group in  th e  p a ra -d iv in y lb en zen e  p a rtic ip a te s  in  the polym erization  re ­

ac tio n  e a r l ie r  th a n  th e  second  vinyl group of th e  meta iso m er. The 

crosS '-linking  re a c tio n  there fo re  occu rs in  th e  e a r lie r  s ta g e s  of the  

po lym eriza tion  for th e  para isom er than  for the m eta iso m e r.
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It i s  u su a lly  co n sid ered  th a t g e la tio n  occu rs after o n e , or a t

32
m ost but a fe w , c ro ss lin k in g s  are produced. The a cc e le ra tio n  in 

th e  polym erization  ra te s  i s  gen era lly  a ttrib u ted  to  in h ib itio n , v ia  d if­

fu sio n  co n tro l, of the  b im olecu lar term ination  in  a high v isc o s ity  

m edium . The v isc o s ity  of a  polymer so lu tio n  v a r ie s  among polymer 

ty p e s  in term s of both  m olecular shape  and s iz e  a s  w ell a s  so lven t 

-polym er in te rac tio n  phenom ena. S ince the  polym ers derived  from th e  

d iv in y lb en zen es a re  s tru c tu ra lly  d iffe ren t from each  o th e r , in the 

polym erizations of the  two isom ers a ll of th e s e  may be involved and 

may be involved  in  d iffe ren t w ays for the  tw o isom eric  d iv iny lbenzene s .

The follow ing s ta tem en ts  concern  the d e n s i tie s  of the  polym ers

from m eta - and p a ra -d iv in y lb en zen e  and th e  p e r  cent co n trac tion  for

th e  com plete po lym erization  of the two isom ers in  to luene  so lv e n t.

I t  i s  known th a t monomer and polym er volum es a re  not s tr ic tly  add itive  

7 7in  so lu tion  and the ap p aren t d en sity  of a  polym er in  a so lven t or in  

i t s  monomer is  d iffe ren t from th a t of th e  dried  polym er. In th is  study 

the  d e n s itie s  of the  m e ta -  and para -d iv in y lb en zen e  polym ers w ere d e ­

term ined in  to luene so lu tion  and w ere found to  be 1.056 and 1 .0 7 2 , 

re sp e c tiv e ly  a t 7 0 °C . T hese v a lu es  are  q u ite  c lo se  to  the  d en sity  of 

po ly sty rene  ( 1 .0 5 1 ) ^  in sty rene  so lu tio n . It h a s  b e en  r e p o r te d ^  th a t 

in  th e  copolym erization  of styrene and p -d iv in y lb en zen e  th e  d e n s itie s  of 

the  copolym ers w ith  various amount of p a ra -d iv in y lb en zen e  w ere not so 

much d iffe ren t from one another and a ll  th e  v a lu e s  c lu s te red  about the
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v a lu e s  of p o ly s ty ren e . The volum e co n trac tio n s  for 100% conversions

fo r the po lym eriza tions o f m eta- and p a ra -d iv in y lb en zen e  a t  70°C

w ere  16 .43  and 16 .64% , re s p e c tiv e ly . And th e s e  v a lu e s  a re  s lig h tly

34g re a te r  than  the  value for the polym erization  of styrene (16.4% ).
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Summary

The po lym eriza tions o f  pure m e ta - and p a ra -d iv in y lb en zen e  

have been  fo llow ed d ila to m e trica lly  in to luene  so lu tion  for the  p re­

g e la tio n  period a t 7 0 °C . Solid benzoyl perox ide  w a s  u sed  as the  

in itia to r  for a ll the  p o ly m eriza tio n s . Though th e  two isom eric  

compounds a re  d iv inyl m onom ers, th e  experim ents w ith  vary ing  

in itia to r  concen tra tion  show ed th a t  the  po lym eriza tion  ra te s  in  per 

c e n t conversion  per m inute a re  d irec tly  proportional to  the  square 

roo t of th e  in it ia to r  concen tra tion  (0 .00082  m o le s /1 , to  0 .0815 

m o le s /1 .)  fo r both iso m e rs , w hich i s  the c h a ra c te r is t ic  shown by 

ty p ic a l m onom ers. In ad d itio n  to  t h i s ,  th e  m eta-d iv iny lbenzene  

polym erizes more rap id ly  th an  the  pa ra  iso m er, a s  w as observed in  

the  v iscom etric  s tu d ie s  for the  po lym eriza tions of th e s e  tw o d iv in y l-  

b e n z e n e s .

The tim e to  g e la tio n  w as determ ined  by u sin g  ro ta ting  m agnetic 

s tirre rs  p laced  in  the  po lym eriza tion  sy stem  an d  th e  conversion  a t 

g e l- tim e  w as o b ta in ed  from the w eigh t of th e  i polymer produced up 

to  th e  g e la tio n . For p a ra -d iv in y lb en zen e  th e  g e l- tim e  i s  c o n s is te n tly  

g rea te r and  the conversion  a t  g e l-tim e  low er th an  for m e ta -d iv in y l­

benzene .

The d iffe ren ces  in  th e  ra te s  of po lym eriza tions for th e  two 

d iv iny lbenzene  isom ers have b een  ex p la in ed  on th e  b a s is  of le s s  

re s o n a n c e -s ta b iliz a tio n  for th e  m eta -v in y lsty ry l derived  ra d ic a l .
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157.

The d is tin c tio n  betw een  the  g e la tio n  c h a ra c te r is t ic s  o f th e  two 

isom eric  d iv in y lb en zen es h as b een  in te rp re ted  in  term s of p o s s ib le  

d ifferen t c ro ss lin k in g  p ro c e sse s  for th e  two iso m e rs .
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PART IV

COMPUTER CALCULATION OF MONOMER REACTIVITY RATIOS
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Introduction

The c la s s ic a l  m ethods of determ ining monomer re a c tiv ity  ra tio s  

for f ree -rad ica l copo lym erizations have b een  d e sc rib e d  in  th e  "H isto rica l"  

se c tio n  of th e  f ir s t  part of th is  th e s i s .  All of th e se  m ethods invo lve  

polym erization  of sev era l d ifferen t monomer feed  com positions to  low 

co n v ers io n , recovery  and p u rific a tio n  of the  copolym er fo rm ed, com po­

s itio n a l a n a ly s is ,  and  fittin g  of th e  da ta  to  th e  d iffe ren tia l form of th e  

copolym er com position  eq u a tio n . All th e se  tech n iq u es  h av e  a common 

short-com ing w ith re s p e c t to  th e  trea tm en t of the experim ental d a ta .

In the  u se  o f  th e  d iffe ren tia l fcrm of th e  copolym er com position  equa­

tion  th e  re la tiv e  monomer co n cen tra tio n s a re  assum ed  not to  change 

sig n ifican tly  from the in it ia l  v a lu es  during th e  copo lym eriza tion . How r  

e v e r , the  copolym er co m p o sitio n , in  g e n e ra l, w ill not be  th e  same a s  

th e  monomer com position  ex cep t when ^ = ^  = 1 or in  th e  sp e c ia l c a s e  

of azeo tro p ic  copo lym eriza tion . In a ll  o th er c a s e s  any  polym er formed 

ch an g es the  com positions of the  monomers rem ain ing , and th e re  w ill be  

a continuous d rift of copolym er com position w ith  c o n v ers io n . It has 

been  known^ th a t th e  problem  o f  changes in  monomer com position  w ith  

conversion  can b e  avoided  by using  an  in te g ra te d  form of th e  copolym er 

com position  equation  to  t r e a t  the  experim ental d a ta ,  but labo rious c a l­

cu la tio n s  a re  re q u ire d , and  the tendency  h as b e en  to  avoid i t  w hen 

p o s s ib le ,  even  a t th e  recogn ized  expense  of som e lo s s  in  a c c u ra c y . 

H ow ever, now adays computers are  a v a ila b le  to  hand le  th e  m assive  

c a lc u la t io n s .
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162.

M ontgomery and Fry* have w ritten  a com puter program  in  

Fortran II language  to  u se  the  M ayo and L e w i s '^  in teg ra ted  form 

of the  copolym er com position  e q u a tio n , making it  p o ss ib le  to  inc lude  

the  conversion  co rrec tions in th e  c a lc u la tio n s  of monomer re a c tiv ity  

r a t io s .

In th e  p resen t s tu d ie s ,  th e  monomer re a c tiv ity  ra t io s  for th e

copo lym erizations of sty rene  and m e ta -d iv in y lb e n ze n e , and for s ty re n e

and p a ra -d iv in y lb en zen e  h av e  been  c a lc u la te d  by the in te g ra te d  form

of the copolym er com position  equation  u sin g  th e  reported  experim ental 
3

d a ta .  A s l ig h t  m odification  of M ontgomery and F ry 's  program  w as 

em ployed for th e  IBM 1620 com puter. The original Form at s ta tem en ts  

w ere changed to  a llo c a te  m ore sp a ce  for input and output da ta  and an 

"If (Sense Switch) S ta tem en t” w as added to  print out th e  output d a ta  

only  w hen the se n se  sw itch  1 w as o n .
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Results and D iscussion

The monomer feed  com p osition , conversion  and  copolym er com po­

s itio n  u sed  in  the  p re se n t study  for the  ca lcu la tio n  of th e  monomer 

re a c tiv ity  ra t io s  for the  copolym erizations of sty rene  w ith m eta- and

p a ra -d iv in y lb en zen e  are  g iven in  T ables 1 and 3 . T hese experim ental

3
re s u lts  a re  ta k e n  from W iley and cow orkers.

Since the  d iv in y lb en zen es have two v inyl g roups, th is  s ta t is t ic a l  

fac to r w as taken  in to  co n sid era tio n  w hen th e  in i t ia l  monomer concen ­

tra tio n s  w ere  u sed  in  th e  com puter program as in p u t d a ta .

The v a lu e s  of monomer re a c tiv ity  ra tio s  ob tained  for s ty re n e ,

M ^ , and m e ta -d iv in y lb e n z e n e , M g, a re  g iv en  in  Table 2 for a ll tw en ty  

com binations of p a irs  of experim en ts shown in Table 1 . V alues of 

r^ = 0 .7 0  and rg = 1 .0  w ere ob tained  a s  a v e rag e s  of re su lts  for a ll  

tw en ty  p a ir s .  These v a lu e s  a re  qu ite  c lo se  to  th e  v a lu e s  ( r ^ -  0 .6 0 5 ,

Tg = 0 . 8 8 ) ob tained  by  th e  d ifferen tia l fo rn  of the  copolym er com posi­

tio n  equation  using  th e  sam e experim ental d a ta .  The d iffe ren ces  b e ­

tw een  the  two s e ts  of v a lu e s  su g g es t th a t th e re  i s  som e d rift in 

monomar com positions even  w ith  such  low co n v ersio n s (1 .8  to  3.7% ) a s  

w ere  u se d  for th is  c a lc u la t io n . Montgomery and Fry show ed th a t in  th e  

copo lym erization  of v iny l ch lo ride  and vinyl a c e ta te  the  v a lu e s  of the  

monomer re a c tiv ity  ra t io s  c a lc u la te d , a s  in  th is  ca lcu la tio n , by a Fortran 

II com puter program using  th e  in teg ra ted  form of th e  copolym er com po­

s itio n  equation  f itte d  the  experim ental conversion -com position  curve 

much b e tte r  th an  th o s e  b a s e d  on the d iffe ren tia l a n a ly s e s .
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Table 1.

C opolym erization of Styrene and m -D iv iny lbenzene a t 8 0 ° . 
Benzoyl Peroxide In itia to r .

Monomer F e e d ,q . Copolym er Cbm position
Styrene m-DVB W t.-% a W t.-% a W t.-% W t.-% C onver

N o. m 2 Styrene m-DVB Styrene m-DVB %

1 0.6638 0 .4480 42 .56 5 7 .4 4 3 7 .9 7 6 2 .0 3 3 .7 2

2 0.4865 0 .4280 36 .63 6 3 .37 34 .46 6 5 .5 4 1.79

4 0 .3913 0 .4 2 5 6 31.49 68 .51 29.99 70 .01 2 .0 3

6 0.4319 0 .6148 25 .99 74 .01 21 .37 78 .63 2 . 1 0

8 0 .1813 0.3872 18 .93 8 1 .07 19 .02 80 .98 2 . 2 0

g

C alcu la ted  ta k in g  in to  accoun t th e  s ta t i s t ic a l  fac to r of 2 for m-DVB; 
W t.-%  = (100*M 1 ) /(M 1 + 2M 2) or (100 x  2M 2 ) / (M X +2M 2)

Average v a lu e s  of d u p lic a te  a n a ly s e s .
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Table 2

Monomer Reactivity Ratios for the Copolvmeiization of Stvrene and
m-Divinylbenzene ,

R un.N o. r l r 2 R un.N o. r l r 2

1 2 0.6356 1 .0026 46 0 .8112 1.0005

14 0.6363 1.002.5 48 0 .8138 1 . 0 0 1 0

16 0.6364 1 . 0 0 1 2 61 0 .2607 1 .0024

18 0.6368 1 . 0 0 1 1 62 0 .2587 1.0027

2 1 0.7867 1 .0025 64 0 .2607 1 .0024

24 0 .7854 1 .0028 6 8 0 .2591 1 . 0 0 2 0

26 0.7843 1 .0078 81 1 .0274 0 .9999

28 0.7869 1 . 0 0 1 0 82 1.0273 0 .9998

41 0.8140 1 .0014 84 1.0263 0.9999

42 0.8149 1 .0019 L  ..... 1.0261 0.9999

Average 0 .7 0 1 . 0 0
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As one can  se e  from Table 2 , experim ents 6  and 8  (u sed  a s  th e  

f i r s t  m embers of th e  pairs) gave v a lu e s  q u ite  d ifferen t (0 .26  and 1 .0 3 ,  

re sp ec tiv e ly ) from th o se  ob tained  from experim ents 1 , 4 ,  and 6  (taken  

a s  the  f irs t  m em bers of th e  p a irs ) .  Excluding th e s e  from th e  a v e rag e s  

(even though th ere  is  n o  b a s is  fo r doing th is ) v a lu es  of r ^ = 0 .7 5  and 

r 2  = 1 . 0  w ere  ob tained  a s  av erag es for 1 2  p a irs  of experim ents 1 , 2,  

and 4 (used a s  th e  f i r s t  mem bers o f th e  p a irs ) .

Table 4 show s th e  re s u l ts  for th e  c a lc u la tio n s  of the  monomer 

re a c tiv ity  ra tio s  for th e  copo lym erization  of styrene and p a ra -d iv in y l-  

b e n z e n e . V alues of ^ = 0 .8 9  and r 2 « 2 .7 3  w ere  ob tained  a s  av e rag es  

of the  r e s u l ts  fcr a ll  th e  tw en ty  com binations of p a irs  of experim ents 

ta b u la te d  in  Table 3 . T hese tw o v a lu e s  a re  no t in  very  good a g re e ­

m ent w ith  the  v a lu e s  (r^ssO .77  and r 2  = 2 .08 ) ob tained  by d iffe ren tia l 

a n a ly s is .  H ow ever, i t  m ust be no ted  th a t the  d ifference  be tw een  th e  

two r 2  v a lu e s  is  g rea te r  th an  th a t be tw een  th e  two r^ v a lu e s .  This 

a l s o  w as the  c a s e  in  th e  copolym erizaticn of sty rene and m e ta -d iv in y l-  

b en zen e  and in  both  copo lym erizations th e  rj,s are  g rea te r th an  the  

r ^ s .  This fa c t seem s to  im ply th a t the  u se  o f  the  in teg ra ted  form o f 

th e  copolym er com position  equation  to  c a lc u la te  th e  monomer re a c tiv ity  

ra tio s  g iv es r e la t iv d y  h igher v a lu es  fo r th e  h ig h er monomer re a c tiv ity  

ra tio s  (r2  in  th e  above c a se s )  th an  fo r the  low er monomer re a c tiv ity  

r a t io s .  This phenom enon w as a lso  observed  in  th e  copo lym erization  

of s ty ren e  and isoprop .y lsty rene which w a s  d e sc rib e d  in th e  "R esu lts
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Table 3.

C opolym erization  of Styrene and p -D iv in y lb en zen e  a t 8 0 ° .
Benzoyl Peroxide In itia to r.

g g S S f f f f i t e S w .- * *  wt.-%a ^ $ SLW ^ U1SSnver
N o. M j M 2 S tyrene P-DVB Styrene p-DVB %

1 0.6707 0 .1804 6 5 .0 2 34 .98 4 9 .6 0 50 .40 0 .5 5

3 0.6022 0.2365 56 .01 43 .99 4 2 .1 0 57 .9 0 0 .9 4

5 0 .2184 0.2646 29 .22 70 .78 14 .50 85 .5 0 1 .72

6 0.2286 0.3166 26 .53 73 .47 13.59 86 .41 1 .05

1 0 0.1984 0.7786 11 .30 8 8 .7 0 6 .3 0 9 3 .7 0 1 .78

a C a lc u la ted  tak in g  in to  acco u n t th e  s ta t i s t ic a l  fac to r 2 for p-DVB 

Average v a lu e s  o f th e  rep o rted  d u p lic a te  a n a ly s e s .
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Table 4.

Monomer Reactivity Ratios for the Copolvmerization of Stvrene and
p-Divinylbenzene.

R un.N o. r l r 2 R un.N o. r l r 2

13 0 .9873 3 .914 56, 0 .9894 3 .191

15 0.7551 2 .890 510 0.9957 3 .187

16 0.6803 2,. 561 61 0 .6803 2 .561

1 1 0 0 .5314 1.905 63 0 .9619 2 .856

31 0.9916 2 .937 65 0.9909 2 .885

35 0.9879 2.929 610 0.9959 2 .885

36 0 .9620 2 .855 1 0 1 0 .5314 1 .905

310 0.9940 2 .9 4 4 103 0.9968 2 .050

51 0.7551 2 .890 105 0.9979 2 .0 5 0

53 0 .9863 3 .187 106 ..... . .0 *5 .9-77..... 2 .040

Average 0 .89 2 .7 3
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and  D isc u ss io n "  se c tio n  o f the  f i r s t  p a rt of th is  t h e s i s .  This a lso  is  

c o n s is te n t  w ith  th e  c o n c e p t th a t th e re  i s  more d rift in  th e  co n cen tra ­

tio n  o f  mere a c tiv e  monomer w ith  conversion  than  in  th a t of the  l e s s  

a c tiv e  m onomer.

As in  a ll m ethods w hich con ta in  experim ental d a ta ,  the  output 

from th is  com puter program  can not be b e tte r  th an  the in p u t, and 

th e re fo re  th e  com positions of monomer feed  and copolym er formed and 

conversion  m ust b e  know n a c c u ra te ly  if  good v a lu e s  of r^ and ^  a re  

to  b e  o b ta in e d . The experim en ta l d a ta  for the  com position  of the 

copolym er formed as  a func tion  of conversion  s ta rtin g  w ith  a fixed  

monomer feed  com position  w hich w ill en ab le  one  to  exam ine th e  a c ­

c u ra c y  and re l ia b il ity  of th e  com puterized  v a lu e s  of th e  monomer r e a c -  

t  iv ity  ra tio s  are  n o t a v a ila b le  for th e  copo lym eriza tions of sty rene  w ith  

m e ta -  and p a ra -d iv in y lb e n z e n e , a lthough they  are re a d ily  o b ta inab le  

by known te c h n iq u e s .  T h e re fo re , more experim en tal d a ta  are  req u ired  

to  get more re lia b le  v a lu es o f  th e  monomer re a c tiv ity  ra tio s  for its  

two copo lym eriza tion  sy s tem s if the  in te g ra te d  form of th e  copolym er 

com position  e q u a tio n  i s  to  b e  u s e d .

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



Summary

The monomer re a c tiv ity  ra tio s  w ere  c a lc u la te d  for the  copo ly ­

m eriza tions of styrene and m eta -d iv in y lb en zen e  and of sty rene and 

p ara -d iv in y lb en zen e  by  th e  M ayo and L ew is ' in teg ra ted  form of the 

copolym er com position  eq u atio n  u sin g  M ontgom ery and F ry 's  com puter 

program in  Fcrtran  II language  and  th e  reported  experim en tal re s u lts  

for the  two copo lym erization  sy s te m s . V alues of r^ (styrene) = 0 .7 0  

and ^  = 1 .0 /  and r-̂  (sty rene) = 0 .89  and ^  = 2 .7 3  w ere ob tained  for 

th e  copolym erizations o f s ty re n e  w ith  m eta - and p a ra -d iv in y lb e n z e n e , 

r e s p e c tiv e ly . T hese v a lu e s  are in  fa ir  accord  with the v a lu e s  ob tained  

by d ifferen tia l a n a ly s is .  The d iffe ren ces  b e tw een  the  v a lu e s  ob tained  

by the  two a n a ly se s  w ere  exp la ined  on  th e  b a s is  of the  d rift in mono­

mer com position  w ith  c o n v e rs tio n . M ore experim en tal d a ta  on th e  com­

p o sitio n  of the copolym er formed a s  a function  of co nversion  sta rting  

w ith  a fixed  monomer feed  com position  fo r th e  two copo lym erization  

sy stem s are  needed  in  c rder to  g e t more re lia b le  v a lu es  o f th e  mono­

mer re a c tiv ity  ra tio s  u sin g  th e  in teg ra ted  form of th e  copolym er com­

position  e q u a tio n .
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