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S u m m a r y  

Poly(sodium alkyl  2 - h y d r o x y - 3 - m e t h a c r y l o y l o x y p r o p y l  p h o s p h a t e ) s  as  
po lysoap  induced  the radical  polymerizat ion of methy l  me thac ry l a t e  and  
s tyrene  in the absence  of an  added radical init iator in water  a t  80~ The 
polysoap having a C14 alkyl group showed the h ighes t  activity of all tes ted 

g roups .  The  genera l ized  in i t ia t ion m e c h a n i s m  of the  s p o n t a n e o u s  
po lymer iza t ion  in which  the  micel lar  aggrega t ion  s t a t e  p a r t i c i p a t e s  is 
discussed.  

I n t r o d u c t i o n  

We have  previously  found tha t  some amphiphi l ic  vinyl m o n o m e r s ,  having 
po lymer izab le  double  bond ,  and  hydrophi l ic  and  hydrophob ic  moiet ies ,  
s u c h  as sod ium alkyl 2-hydroxy-3-methacry loyloxypropyl  p h o s p h a t e s  (C n- 

AHMP) and  a l k y l - 2 - m e t h a c r y l o y l o x y e t h y l d i m e t h y l a m m o n i u m  b romides ,  
s p o n t a n e o u s l y  po lymer ize  t h r o u g h  a rad ica l  m e c h a n i s m  in mice l l a r  
so lu t ion  [1-5]. As a fea tu re  of these  po lymer iza t ion  sy s t ems ,  the  
m o n o m e r  aggregat ion  s ta te  h a s  a very i m p o r t a n t  role in control l ing the 
genera t ion  of init iat ing radical  species.  A var ia t ion in alkyl cha in  length 
of the  m o n o m e r  and  the  add i t ion  of a n  i n o r g a n i c  e lec t ro ly te  or 
unpolymer izable  su r f ac t an t  into the micellar solut ion modify the m o n o m e r  
aggrega t ion  s t a t e  and  va ry  the s p o n t a n e o u s  polymerizabi l i ty ,  i.e., the 
activity of generat ion of the initiating radical species. 
On the  o the r  h a n d ,  d u r i n g  the  e m u l s i o n  p o l y m e r i z a t i o n  of m e t h y l  
me thac ry la t e  and  s tyrene  in which two desired funct ions ,  polymeriza t ion  
and  su r face  activit ies,  are s e p a r a t e d  into two k inds  of molecules ,  a 
lipophilic vinyl m o n o m e r  and  a conventional  sur fac tan t ,  the s p o n t a n e o u s  
po lymer i za t i on  in the  a b s e n c e  of a r ad ica l  in i t ia tor  [6-14] and  the  
p roposed  t he rma l  init iat ion process  have been  repor ted  [10-14].  Imoto  
and  Ouch i  have  inves t iga t ed  the  p o l y m e r i z a t i o n  of l ipophi l ic  vinyl  
m o n o m e r s  induced  by  wa te r - so lub le  po lymers  in a q u e o u s  m e d i u m  [15]. 
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The hyd rophob ic  domain  in the wa te r - so lub le  po lymer  pa r t i c ipa te s  as  a 
key  fac tor  for radica l  format ion.  The wa t e r - so lub l e  po lymer  should  be  
recognized as  a kind of surface-act ive  compound ,  polysoap,  which forms  a 
un i -molecu la r  or p lu ra l -molecu la r  micelle. F rom the viewpoint  of micelle 
formation,  convent ional  su r f ac t an t s  and  wate r - so lub le  po lymers  be long  in 
the s a m e  category.  
Thus ,  the three  k inds  of s p o n t a n e o u s  polymer iza t ion  s y s t e m s  men t ioned  
above show similar  par t ic ipat ion of the anisot ropic  react ion  locus. In the 
case  of the  amphiphi l ic  m o n o m e r s ,  the fo rmat ion  of the m o n o m e r  micelle 
is ind i spensab le  for the ini t iat ion of polymerizat ion,  and  the modif icat ion 
of the  aggrega t ion  s t a t e  c h a n g e s  the  polymer izabi l i ty ,  i nd ica t ing  the  
ex i s tence  of the  m o s t  su i t ab le  s t a t e  for rad ica l  genera t ion .  For  the  
emuls ion  polymeriza t ion ,  the  solubi l izat ion of a l ipophilic m o n o m e r  into 
the  ~ s u r f a c t a n t  micelle or seed part ic le  is requi red  for the  occu r rence  of 
s p o n t a n e o u s  polymerizat ion,  and  there  is an  app rop r i a t e  combina t ion  of 
s u r f a c t a n t  for each  monomer .  Dur ing  the polymerizat ion induced  by  the 
w a t e r - s o l u b l e  polymer ,  the  p r e s e n c e  of a h y d r o p h o b i c  d o m a i n  like a 
micelle core in wa t e r  h a s  a s ignif icant  impor tance ,  and  a n  a p p r o p r i a t e  
combina t ion  of the po lymer  and  the m o n o m e r  is explained on the bas i s  of 
a h a r d - s o f t  concep t  re la t ing  to the  hydrophi l ic i ty  and  hydrophob ic i ty  of 
the  componen t s .  
The p r e s e n t  p a p e r  deals  wi th  the  s p o n t a n e o u s  po lymer iza t ion  of me thy l  
m e t h a e r y l a t e  (MMA) and  s ty rene  (St) in the  p re sence  of poly(Cn-AHMP) 

as  a po lysoap  in aq. solut ion,  and  a general ized s p o n t a n e o u s  ini t ia t ion 
m e c h a n i s m  in the micel lar  organized sy s t ems  is proposed.  

Experimental 

Materials 
Poly(Cn-AHMP)s u sed  were p r e p a r e d  by  the  po lymer iza t ion  of Cn-AHMP 

(n=8,12,14,16) p rev ious ly  cha rac te r i zed  [1,2]: [Cn-AHMP] = 30 m m o l / L ,  

[Sodium peroxodisul fa te]  = 0.3 m m o l / L  in w a t e r  a t  70~ for 4 h, and  
pur i f ied  by  r e p e a t e d  r ep rec ip i t a t i on  u s i n g  the  w a t e r - a c e t o n e  sys t em.  
The int r ins ic  viscosi t ies  of the  poly(Cn-AHMP)s, de te rmined  in aq. NaC1 

(0.1 tool/L) a t  25~ were as  follows; C8: 3.54, C12: 2.60, C14: 1.40, C16: 

1.48 (dL/g). The m o n o m e r s ,  MMA and  St, were  purif ied by  the u s u a l  
methods .  Water  was  ion-exchanged;  conductivity:  1 • 10 -6 S/em or lower. 
Other  chemica l s  used  were extra  reagent  grade. 

Polymerization procedure 
The po lymer iza t ions  of MMA and  St were  carr ied out  in a sealed g lass  
tube  with shak ing  a t  a given t empera tu re .  Before sealing, the tube  was  
repea ted ly  degassed  by  a f reeze- thaw technique.  
In  the  h e t e r o g e n e o u s  p o l y m e r i z a t i o n ,  the  p o l y m e r  p r o d u c e d  w a s  
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recovered  by  prec ip i ta t ion  in a diethyl  e t h e r - m e t h a n o l  (2:1 b y  volume) 
mix tu re  for polyMMA or ace tone  for polySt toge ther  with poly(Cn-AHMP ) 

in i t ia l ly  added .  The  c o n v e r s i o n  of the  m o n o m e r - t o - p o l y m e r  w a s  
ca lcula ted  according to the following equation.  

Conversion (%) = Precipitated polymer (g) - Added poly(Cn-AHMP ) (g) X 100 
Added monomer (g) 

The h o m o g e n e o u s  polymer iza t ion  s y s t e m  was  p r e p a r e d  in the  following 
manne r .  The prescr ibed a m o u n t  of MMA, A: 0.15 mL (140 rag) or B: 0.30 
mL (280 mg), was  added  with a microsyr inge  to the solut ion  conta in ing  
dissolved poly(Cn-AHMP) (0.1 g) in water  (10 mL). The mix tu re  was  then  

son ica ted  for 10 mins .  After s t and ing  overnight  a t  room t e m p e r a t u r e ,  
the  lower  c l ea r  p h a s e  w a s  p i p e t t e d  ou t  for  u s e  in s u b s e q u e n t  
polymerizat ions .  The a m o u n t  of solubilized m o n o m e r  in the solut ion was  
de te rmined  by  UV absorp t ion  a t  210 nm,  excepting for C8-AHMP solut ion 

giving sma l l e r  va lues  t h a n  in pu re  water .  The m o n o m e r - t o - p o l y m e r  
convers ion was  calculated from the ratio of the UV a b s o r b a n c e  before and  
af ter  the polymerizat ions.  

Fractionation Of polymer mixture 
The po lymer  mix tu re  (0.5 g) recovered f rom the po lymer iza t ion  sys tem,  
poly(CI4-AHMP)-polyMMA or -polySt,  was  dissolved or swollen in 20 mL 

of d ime thy l fo rmamide ,  and  poured  into a large a m o u n t  of me thano l ,  a 
good so lven t  for poly(C14-AHMP) b u t  a non - so lven t  for polyMMA and  

polySt.  After evapora t ion  of the soluble  par t ,  only a t race  a m o u n t  of 
polymeric  c o m p o u n d s  remained.  

Resul t s  and d i scuss ion  

The activi ty of po lysoap  as  a polymeriza t ion  induce r  is p r e s u m e d  to be  
gove rned  b y  the  so lub i l i za t ion  c a p a c i t y  for t he  m o n o m e r  a n d  i ts  
solubi l ized s ta te .  The chemica l  s t r u c t u r e  of po lysoap ,  especia l ly  its 
h y d r o p h o b i c  na tu re ,  c an  be expected  to change  the  capac i t y  and  the 
act ivi ty  as  an  inducer .  In the  p r e s e n t  work,  poly(Cn-AHMP) wi th  

d i f ferent  a lkyl  cha in  l eng ths  was  u s e d  as  a po ly soap  wi th  va ry ing  
hydrophobici ty .  

Polymerization of  MMA and St in a heterogeneous system 
Figure  1 shows the  resu l t s  of polymer iza t ion  of MMA and  St  in a n  aq. 
solut ion of poly(Cn-AHMP), in which an  excess  a m o u n t  of the  m o n o m e r  

for the solubilization capaci ty  of the polysoap used  was  introduced.  All of 
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Figure 1. Polymerization of MMA and St in an aq. solution 
of poly(Cn-AHMP) at 80•  for 5 h: poly(Cn-AHMP) = 0.1 g, 
monomer  = 3.0 mL and water = 10 mL 

a) p-Benzoquinone (1000 ppm) was added. 

the  po lymer i za t i on  p roceeded  h e t e r o g e n e o u s l y  to give mi lky  white  
emuls ions  when  the convers ion exceeded abou t  19%. The polysoap 
s ign i f i can t ly  p r o m o t e d  p o l y m e r i z a t i o n  in b o t h  s y s t e m s ,  and  the  
conversion remarkably  changed with alkyl chain length in the order: C14 > 

C16 > C8-C12. The addit ion of a free-radical inhibitor, p-benzoquinone,  

ent irely inhibi ted the polymerizat ion,  proving tha t  the polymer iza t ion  
proceeded  t h r o u g h  a radical  m e c h a n i s m .  The r e su l t s  lead to the 
conclusion tha t  poly(Cn-AHMP) induces  the polymerization of MMA and  St 

in water  similar to the case of conventional  water -so luble  polymers  [15]. 
The a t t emp ted  sepa ra t ion  of polyMMA or polySt  f rom the recovered 
po lymer  mix ture  was  u n s u c c e s s f u l  as descr ibed in the exper imenta l  
section, suggest ing tha t  graft polymerization would take place as reported 
in similar  polymerizat ion sys tems  [15]. Fur the r  conf i rmat ion of graft  
polymerizat ion by  GPC analys is  failed owing to the lack of a sui table  
solvent for bo th  components ,  because  poly(C 14-AHMP) was soluble only in 

water and methanol  [2]. 

Polymerization o.f solubilized MMA 
Three  d i f fe ren t  m o n o m e r  s t a t e s ,  a so lubi l ized  m o n o m e r  in the  
hydrophobic  domain  of the polysoap, a dissolved monomer  in water  and a 
d ispersed m o n o m e r  droplet  exist in the he te rogeneous  polymer iza t ion  
sys tem described above. Therefore, in order  to ascer ta in  the locus of 
formation of the initiating radical species by excluding the contr ibut ion of 
m o n o m e r  droplet,  the polymer iza t ion  of MMA solubil ized in the aq. 
polysoap solution was carried out. The results are shown in Table 1. 
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Table 1. Polymerization of MMA solubilized in aq. poly(Cn-AHMP) 
without  added initiator: poly(Cn-AHMP) = 0.1 g and water = 10mL 

Poly (Cn-AHMP) Solubilized MMA Temp. Time Conv. 
mg (~ (h) (%) 

Prescription A a) 

None 141 60 7 0 

C8 - -  0 

C12 141 0 

C14 141 0 

C16 141 0 

None 141 80 5 5 

C 8 -- i0 

C12 141 9 
b} 

C14 141 67 

C16 141 7 

Prescription B a} 

None 134 80 5 4 
C 8 -- 57 b) 

C 12 156 23 
b) 

C14 191 84 

C16 297 13 

a} See experimental section. 
b) Polymerization system became turbid at the end point of 
polymerization. 

Poly(C14-AHMP) exhibited an exceptionally high initiating activity even at 

a lower m o n o m e r  concen t r a t ion  level, a l though  it required  a r a the r  
higher  polymerization tempera ture  of 80~ Other polysoaps gave higher 
polymer  yields t h a n  tha t  in pure  water  at  a h igher  level of m o n o m e r  
concentrat ion.  In these systems, the a m o u n t  of solubilized MMA means  
the s u m  of MMA truly solubilized in the hydrophobic  domain  and MMA 
dissolved in water. At a lower monomer  concentra t ion level, the a m o u n t  
of added MMA was within its solubility in pure water, and a par t  of MMA 
would be solubilized in the hydrophobic domain. Further,  the addit ion of 
MMA should  increase  the a m o u n t  of t ruly  solubilized MMA unti l  the 
capaci ty limit of the polysoap, and the polymer yield at a higher monomer  
concentra t ion increased in practice. Although the a m o u n t  of solubilized 
MMA was  d e p e n d e n t  on the alkyl cha in  length  of poly(Cn-AHMP), 

poly(C]6-AHMP} which solubilized the largest  a m o u n t  of MMA produced  
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r a t h e r  s m a l l  a m o u n t  of polyMMA. These  r e s u l t s  e m p h a s i z e  t h a t  the  
h y d r o p h o b i c  d o m a i n  so lub i l i zed  MMA is the  locus  of f o rma t ion  of the  
in i t ia t ing  rad ica l  spec ies  in aq. po lysoap  solut ion ,  a n d  C 14 is the  b e s t  fit 

a lkyl  c h a i n  length  in th i s  po lysoap  ser ies ,  sugges t i ng  bo th  a m o u n t  a n d  
organized  s t r u c t u r e  of solubi l ized m o n o m e r  in the  h y d r o p h o b i e  d o m a i n  of 
the  po lysoap  are  i m p o r t a n t  factors  of the po lymer iza t ion  inducer .  
In the  case  of h e t e r o g e n e o u s  s y s t e m  in where  excess  a m o u n t s  of MMA 
exis t  as  m o n o m e r  drople t s ,  it  is a s s u m e d  t h a t  the  m o n o m e r  is supp l i ed ,  
l ike in  emul s ion  polymer iza t ion ,  by  dif fus ion from the  m o n o m e r  d rop le t s  
to the  h y d r o p h o b i c  d o m a i n  as  the  r eac t ion  locus  wi th  the  p r o g r e s s  of 
polymeriza t ion .  

Initiation m e c h a n i s m  
L i n g n a u  a n d  Meyerhof f  have  p r o p o s e d  a m e c h a n i s m  for the  t h e r m a l  
p o l y m e r i z a t i o n  of MMA, in which  the  d i m e r  b i r a d i c a l  is s p o n t a n e o u s l y  
fo rmed  f rom the  m o n o m e r  m o l e c u l e s  fol lowed b y  a c h a i n - t r a n s f e r  
r eac t ion  p r o d u c i n g  the  d imer  m o n o r a d i c a l  as  the  in i t i a t ing  spec ies ,  a n d  
p o i n t e d  ou t  an  i m p o r t a n t  role of the  c h a i n - t r a n s f e r  a g e n t  d u r i n g  the  
in i t ia t ion  [16,17]. The micelle from a convent iona l  s u r f a c t a n t  ex is t s  in a 
d y n a m i c  e q u i l i b r i u m  wi th  the  m o n o m e r i c  s u r f a c t a n t  mo lecu l e  in the  
so lu t ion ,  and  the exchange  ra te  is very fas t  [18]. If MMA solubi l ized  in 
the  micel le  t h e r m a l l y  p r o d u c e s  the d i m e r  b i rad ica l ,  the  t r ans f e r  from the 
b i r a d i c a l  to the  s u r f a c t a n t  m o l e c u l e  w o u l d  o c c u r  a n d  l eave  the  
m o n o r a d i c a l  in the  micel le  and  remove the  t r ans f e r r ed  s u r f a c t a n t  r ad ica l  
to the  s o l u t i o n  by  the  d i s s o c i a t i o n  of the  mice l le  in  o r d e r  to avoid  
t e r m i n a t i o n  and  faci l i ta te  p r o p a g a t i o n  in the  micelle.  This  would  be a 
r e a s o n  for the  facile t h e r m a l  p o l y m e r i z a t i o n  in the  e m u l s i o n  s t a t e  as  
c o m p a r e d  wi th  the  b u l k  r e a c t i o n .  F u r t h e r ,  the  a r r a n g e m e n t  a n d  
o r i en ta t ion  of the  m o n o m e r  molecule  in the  micel le  would  be poss ib le  to 
fac i l i t a te  a m o n o m e r - m o n o m e r  i n t e r ac t i on .  B e c a u s e ,  in  the  ca se  of 
po lysoap ,  the  po lymer  micel le  can  no t  d i s soc ia te ,  the  p o l y s o a p  r a d i c a l  
p r o d u c e d  by  t r ans fe r  in the  same  m a n n e r  as  the  conven t iona l  s u r f a c t a n t  
r e m a i n s  in  the  micel le  and  could  in i t ia te  the  po lymer i za t ion  of MMA to 
give the  graf t  copolymer .  The i n i t i a t i on  m e c h a n i s m  of MMA in the  
mice l la r  organized  sys t em is genera l ly  given by  the following scheme.  

2 M --~ �9 M 2 �9 (M: MMA monomer ,  M2; MMA dimer) 

�9 M 2 �9 + Su r f ac t an t  or Polysoap--~ M 2 �9 + S u r f a c t a n t -  o r  Polysoap �9 

M 2 .  + n M  --~ (M)2+ n 

Po lysoap -  + nM --~ Graft  po lymer  

The s u r f a c t a n t  r ad i ca l  t h a t  e s c a p e s  from the  micel le  cou ld  in i t i a te  the  
p o l y m e r i z a t i o n  of d i s s o l v e d  MMA in water .  The  s p o n t a n e o u s  
po lymer iza t ion  of the  amph iph i l i c  vinyl m o n o m e r s  hav ing  a m e t h a c r y l a t e  
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m o i e t y  p r e v i o u s l y  r epo r t ed  [1-5] would  p roceed  t h r o u g h  a s imi l a r  
init iat ion m e c h a n i s m .  
In the  case  of St po lymer iza t ion ,  ,the s a m e  m e c h a n i s m  s e e m s  to be 
app l icab le  except  for the  m o n o m e r  rad ica l  f o rma t ion  d u r i n g  the  f irst  
s tage [ 191. 
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