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Summary 
Radical polymer izat ions of methyl methacry late (MMA) and s tyrene (St) in 
benzene up to high convers ions were carr ied out in the presence of 2.5 
and 2.0 tool% of methyl 2-bromomethy laery la te  (MBMA) re la t ive to the mono- 
mers, respect ive ly .  Number average molecular weight  (F/n) of poly(MMA) 
was reduced by chain t rans fe r  with MBMA to ca. 3000, and po lyd ispers i ty  
(~ /F /n )  remained at 1.55-1.71 th roughou t  the polymerizat ion. Mn and 
Mw/Mn of poly(MMA) obtained in the absence of MBMA were ca. 200000 and 
1.74-2.16, respect ive ly ,  depending on conversion. The 2-carbomethoxyal ly l  
group formed by f ragmentat ion of MBMA radical was quant i ta t i ve ly  i n t ro -  
duced at the co-end of the polymer. Chain t rans fe r  which is much less 
affected by an increase in v iscosi ty of the polymerizat ion system than 
bimolecular terminat ion of the polymer radical pr imar i ly  l imited ~ of the 
poly(MMA). While ~ of poly(St) was Lowered by MBMA, increases in 
and /v/W/v/~ with conversion were observed. Al though the carbomethoxyal -  
lyl end-g roup  was almost inact ive toward poly(NMA) radical, addi t ion of 
poly(St) radical to the al ly l  end group occurred to enhance /~n and 
~ / ~ .  

In t roduc t ion  
Radical polymerizat ion is a typ ica l  chain reaction consist ing of elementary 
reactions. ESR studies of radical polymerizat ions of methyl methacrylate 
(MMA) [1-3] and s ty rene (St) in bulk [4] have revealed that  the absolute 
values of the rate constants for  the elementary reactions except fo r  propa-  
gation rate constant (kp) of St change with conversion to d i f fe ren t  ex-  
tents. Proceeding of bulk polymerizat ion of MMA resul ted in considerable 
changes in terminat ion rate constant (kt) from the in i t ia l  stage of the 
polymerizat ion and kp at ca. 80% conversion or  above [1-3]. Molecular 
weight  and po lyd ispers i ty  (A~/w/ATn) of poly(MNA) increased s ign i f i cant ly  
with conversion [5,6]. Al though the dependence of the ind iv idua l  rate 
constants fo r  the elementary reactions on conversion is considered to 
af fect the chain t rans fe r  constant (Ctr) [7], radical polymerizat ion i nvo l v -  
ing unimolecular react ions with respect to polymer radical such as chain 
t rans fe r  and pr imary radical terminat ion as the dominant chain s topping 
events may br ing about much less increases in /~ and /v~/Mn up to high 
conversions. 

Recently, some 2-(subst i tu ted methy l )acry l ic  esters such as methyl 2- 
a lky l th iomethy lac ry la te  and methyl 2-bromomethy laery la te (MBMA) as well as 
c t - (subst i tu ted methy l )s tyrenes and ac ry lon i t r i l es  have been drawn a t ten-  
t ion as e f f ic ient  chain t rans fe r  agents th rough  the add i t ion- f ragmenta t ion  
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mechanism in radical  po lymer iza t ion  [8-13].  We have shown tha t  the  
bromo and 2 -carbomethoxya l l y l  e n d - g r o u p s  are quan t i t a t i ve l y  in t roduced at 
the  a -  and ~ - t e r m i n u s e s  of poly(MMA) and poly(St)  p repa red  by the  
po lymer iza t ions  in the  presence of MBMA and tha t  con t r i bu t i on  of b imotecu- 
lar te rm ina t ion  as chain s topp ing  process becomes ext remely  small [13]. 
As emphasized by Meijs e t  a/. [8] ,  chain t r a n s f e r  t h r o u g h  the  add i t i on -  
f ragmenta t ion  mechanism al lows to i n t roduce  func t iona l  g roups  at the  cz- 
and ~o-terminuses,  a l though hyd rogen  or  halogen may be bound to the  Lo- 
end of po lymer  by chain t r a n s f e r  to mercaptan or  polyhalomethane.  

To cont ro l  the  molecular we igh t  and end g roups  s imul taneously  wi th  
the  chain t r a n s f e r  ove r  a wide convers ion range, Ctr should be close to 
un i ty  o the rw ise  concent ra t ion  ra t io  of monomer to chain t r a n s f e r  agent  
would be changed wi th  convers ion  [8]. The Ctr'S of MBMA fo r  MMA, St, 
and methyl  ac ry la te  (MA) po lymer iza t ions  have been obta ined as 0.93, 2.34, 
and 2.93, respec t i ve ly  [13]. However, Meijs e t a / .  [9] have repor ted  t.45 
and 2.33 as the  Ctr'S of e thy l  2 -b romomethy lac ry la te  in the  po lymer iza t ions  
of MMA and MA. These values were determined by the  Mayo equat ion [14] 
at low convers ions ,  and an advan tage  of the  b romomethy lac ry la te  as the  
chain t r a n s f e r  agent  of  which the  Ctr is close to un i ty  has not been 
exempl i f ied over  a wide convers ion  range. 

Cons ider ing the  e f f i c ien t  chain t r a n s f e r  to MBMA, we in tended to ad -  
j us t  the  molecular we igh t  of the  po lymer  t h r o u g h o u t  the  po lymer iza t ion of 
MMA under  the  cond i t ions  where  the  chain t r a n s f e r  is of p r imary  impor -  
tance fo r  chain s topp ing .  For compar ison,  St po lymer iza t ion  in the  p r e -  
sence of MBMA was examined. Because the  add i t ion  of a p ropaga t i ng  
radical  to MBMA can be a chemical s tep -con t ro l l ed  react ion over  a wide 
convers ion  range as well as p ropagat ion ,  the  con t r i bu t i on  of a s lower  d i f -  
f us i on -con t ro l l ed  te rm ina t ion  may d imin ish f u r t h e r  as the  convers ion in -  
creases. The molecular  we igh t  and the  content  of  the  end g roup  of the  
resu l tan t  po lymer  were measured at d i f f e r e n t  convers ions.  To avoid a 
cons iderab le  in f luence a r i s ing  f rom the  change in the  physical  s tate of the  
po lymer iza t ion  mix tu res  on the  rate constants ,  so lut ion po lymer iza t ions  of 
MMA and St in the  presence of MBMA were ca r r i ed  out.  

Experimental 
MMA, ethy l  methacry la te  (EMA), and St were commercia l ly  obta ined and 
were d is t i l l ed  under  reduced p ressu re  before  use. 2 ,2 ' -Azob i s i sobu ty ron i -  
t r i l e  (AIBN) was rec rys ta l l i zed  f rom methanol.  MBMA was synthes ized by 
brominat ion of methyl  2 - h y d r o x y m e t h y l a c r y l a t e  wi th  t r i b romophosph ine  [15]. 
Dimethy] 4 - m e t h y l - l - p e n t e n e - 2 , 4 - d i c a r b o x y l a t e  (MMAD) was synthes ized by 
a ca ta ly t i c  chain t r a n s f e r  of MMA as descr ibed in the  l i t e ra tu re  [16] using 
benzy lb i s (d ime thy lg~yox ima to ) (py r i d ine )coba t t ( [ [ [ )  [17] instead of a p o r p h i -  
l ine complex of coba l t ( I I I ) .  M M A D  was isolated f rom the react ion mix tu re  
by passing a s i l ica get column using benzene as e luent  and was d is t i l l ed  
under  reduced pressure .  S t r u c t u r e  of MMAD was ve r i f i ed  by 1H NMR 
spec t roscopy .  

The po lymer iza t ions  of MMA and St were run in the  presence and 
absence of MBMA in benzene at 60~ For isolat ion of poly(MMA) and 
po ly(St ) ,  n-hexane and methanol were used as p rec ip i t an ts ,  respec t ive ly .  
The po lymer iza t ions  of EMA and St in the  presence of MMAD were also 
ca r r ied  out  s im i la r ly .  Number-  and we igh t -ave rage  molecular we ights  (/gn 
and /~w) was measured by a TOSOH high per formance l iqu id  chromatograph  
equ ipped  wi th  columns fo r  gel permeat ion ch romatog raphy  (GPC). GPC 
curves  of ins tantaneous ly  formed po lymers in nar row convers ion ranges 
were obta ined as d i f fe rences  between the  cu rves  fo r  d i f f e r e n t  convers ions  
[18]. 1H NMR spec t ra  were taken by a JEOL GX 400 spect rometer ,  and 
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d e u t e r o c h l o r o f o r m  was used as a so l ven t .  

Resu l ts  and Discuss ion 
MMA P o l y m e r i z a t i o n  
The p o l y m e r i z a t i o n  of  MMA in t h e  absence  and p resence  of  a small amount  
of MBMA p roceeded  at  a lmost  t h e  same in i t ia l  ra te ,  and a c o n s i d e r a b l e  d e -  
c rease  in /~n was i nduced  by  coex is tence  of MBMA as shown in Tab le  1. 
The f i r s t  o r d e r  k i n e t i c  p lo t  in Fig.  1 shows acce le ra t ion  of t h e  p o l y m e r i z a -  
t i on  by  t h e  gel e f f ec t  in t h e  absence  of  MBMA. The p o l y m e r i z a t i o n  in t h e  
p resence  of MBMA obeys  t h e  f i r s t  o r d e r  k i ne t i c s  wi th  respec t  to  MMA up 

Tab le  1. The p o l y m e r i z a t i o n  of MMA in t h e  p resence  and absence  of MBMA 
up to  h igh  c o n v e r s i o n s  in benzene at  60~ 

[MBMA] = 0.125 mol /L  a In t h e  absence  of  MBMA a 
Time 
(h) Convn.  /~  /~w/#/n ~ b  Convn.  ~ /v~//v& 

(%) (GPC) (GPC) (%) (GPC) (GPC) 

1 6.0 2900 1,58 41.2 - - - 
2 11.9 2900 1.61 16.5 212000 1.74 
4 23.0 3200 1.55 30.4 192000 1.78 
6 34.8 2900 1.68 42.3 166000 1.98 
8 42.8 3000 1.64 - 56.4 178000 1.89 
9 49.8 3100 1.65 43.4 - - - 

10 58.4 3100 1.71 - 71,1 190000 1.98 
12 64.4 3200 1.67 - 91,6 224000 2.12 
14 63.8 3200 1.69 - 100.0 205000 2.16 
15 70.2 3200 1,71 43.2 

a [MMA] = 5.0 moI /L and [AIBN] = 5.0 x 10 .3 mo l /L ,  b Pn of po ly(MMA) 
de te rm ined  by  1H NMR s p e c t r o s c o p y .  
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Fig. 1. F i r s t - o r d e r  p lo t  f o r  t h e  po l ymer i za t i on  of MMA in t h e  absence  
( 0 )  and p resence  of  MBMA ( O )  at  60~ [MMA] -- 5.0 tool /L,  [MBMA] = 0.125 
too l /L ,  and [AIBN] = 5.0 x 10 -3 mol /L  
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Fig. 2. GPC cu rves  of poly(NMA) 
formed by the  po lymer iza t ion in the  
presence of MBMA in the  convers ion 
ranges of 0-11.9 (A), 11.9-34.8 (B), 
34.8-42.8 (C), 42.8-58.4 (D), and 
58.4-70.2% (E) 

Fig. 3. GPC curves  of poly(MMA) 
formed in the  convers ion ranges 
of 0-16.5 (A), 16.5-30.4 (B), 30.4- 
42.3 (C), 56.4-71.1 (D), and 71.1- 
100% (E) 

to high convers ions,  and no gel e f fect  was observed .  
While the  bu lk  po lymer iza t ion of MMA is suppressed at ca. 80% con-  

vers ion by so l id i f i ca t ion  of the  po lymer iza t ion  m ix tu re  [1-3] ,  the  po l ymer i -  
zat ion in benzene a t ta ined almost 100% convers ion.  Table 1 also shows 
of the  po lymers isolated at d i f f e r e n t  convers ions.  Dur ing the  po lymer iza -  
t ion in the  absence of MBMA, a s l i gh t  decrease in /g/, induced by a de-  
crease in monomer concent ra t ion  at 30-70% convers ions  was fo l lowed by a 
subsequent  gradual  increase in /F/n. Tt is exped ient  to est imate c o n t r i -  
but ion of the  gel e f fec t  on ~ f rom the  GPC elut ion curves  of the  ins tan-  
taneously  formed po lymers in nar row convers ion  ranges [18]. Figs. 2 and 
3 show the GPC curves  of the  poly(MMA) obta ined in var ious  convers ion 
ranges as d i f fe rences  between the  pa i rs  of the  GPC curves  f rom which the  
cumula t i ve  Mn COuld be obta ined.  

The rate de te rm in ing  step of the  add i t i on - f r agmen ta t i on  chain t r a n s -  
f e r  is cons idered to be the  add i t ion  to MBMA, because no MBMA uni t  is i n -  
co rpora ted  in the  po lymers [13]. Polymer izat ions and copo lymer iza t ions  of 
methyl  2 - ch lo rome thy lac ry la te  [19] and methyl  2 -phenoxymethy lac ry la te  [20] 
y ie lded the  po lymers and copolymers bear ing the  2-carbomethoxya l l y l  e n d -  
group,  because the  s lower f ragmenta t ion  of the  p o l y ( 2 - c h l o r o m e t h y l a c r y -  



267 

late) and po ly (2 -phenoxymethy lac ry la te )  radica ls  than tha t  of the  MBMA 
radical  competes wi th  p ropagat ion .  A l though a decrease in kt wi th con-  
vers ion is an t ic ipa ted  fo r  the  po lymer izat ion of MMA in the  absence of 
MBMA, /T~ p r ima r i l y  d e t e r m i n e d  by compet i t ion of p ropagat ion  and the  
add i t ion  to MBMA could not be af fected by the  change in kt value. 
A l though ~ and /V/w//~n of the  po lymer  isolated at var ious  convers ions 
remained constant  f o r  the  polymer in the  presence of MBMA as in Table 1, 
the GPC elut ion cu rve  in Fig. 2 demonst ra te  almost constant  /~ i r r espec -  
t i ve  of convers ion except  fo r  the  f inal  s tage of the  po lymer izat ion.  The 
1H NMR spec t ra  of the  poly(MMA) isolated at d i f f e ren t  convers ions  du r i ng  
the  po lymer iza t ion in the  presence of MBMA exh ib i ted  the  resonances 
cha rac te r i s t i c  to the  o le f in ic  pro tons of the  subs t i t u ted  al ly l  e n d - g r o u p  at 
5.48, 5,50, and 6.20 ppm [21] as p rev ious ly  s tud ied in detai l  [13], and 
in tens i t y  rat ios of these resonances conf i rmed quan t i t a t i ve  in t roduc t ion  of 
the  bromo and carbomethoxya l ly l  end -g roups .  

To inspect  the  reac t i v i t y  of MBMA as a chain t r a n s f e r  agent  wi th ~ r  
close to un i ty ,  number average degree of po lymer izat ion (Pn) of poly(MMA) 
was est imated accord ing  to the Mayo equat ion using numerical  values of 
kp, kt, the rate constant  f o r  decomposit ion of AIBN (kd), in i t ia t ion  e f f i c ien -  
cy (f), and the  ra te  constant  fo r  chain t r a n s f e r  (kt~). 

1 kt[M-] 2 + ktrEMI][MBMA] (ktR,) ~ ktrEMBMA] 
---- - -  4 -  

Pn kp[M I] [M] kp[M] kp[M] 

I [MBMA] 
- - - 4 -  C t r  " 

~o [M] 

Subs t i tu t ion  of kp = 510 _+ 100 L/mol.s [1], kt -- (4.2 + 0.4) x 107 
L/mol.s [1], Ctr = 0.93 [13], and ~ = 2fkd[AIBN] = 4.56 x 10 -8 mol/L-s [22] 
at 60~ into the  Mayo equat ion resu l ts  in /~ -- 42.0. Actual ly ,  ~ is de-  
termined by  solely the  second term of the  r i gh t  hand side of th is  equa-  
t ion,  since the  f i r s t  term, 5.43 x 10 -4, IS about  1/43 of the  second term,  
2.33 x 10 -2, in magni tude.  As Table 1 shows, /~n of the  poly(MMA) p r e -  
pared in the  presence of MBMA was 2900 at 6.0% convers ion.  The est imate 
by the  Mayo equat ion is apparen t l y  l a rger  than the  exper imenta l  value 
determined by GPC. However, we have shown tha t  the  ~ of the  po ly -  
(MMA) in the  range of 2000-3000 determined by GPC was less than those 
measured by vapor  p ressure  osmometry and est imated based on the  amount 
of the  e n d - g r o u p  [13]. Moreover, Pn determined by the  NMR spect rosco-  
py coincides wi th  the  est imate of the  Mayo equat ion as discussed la ter  on, 
and the  va l i d i t y  and the  adequacy of the  numerical  values are approved .  

I n tens i t y  rat ios of total  of the  resonances of the  methoxy and bromo-  
methyl p ro tons  to the  resonances of the  o le f in ic  p ro tons  permi t  to est imate 

given in Table 1, and ~ consis tent  wi th the  est imate of the  Mayo equ -  
at ion co r robora tes  tha t  only an ext remely small por t ion of the  te rminus  was 
formed by b imolecular  te rminat ion .  Conformi ty  wi th  almost the  same /~n of 
poly(MMA) i r r espec t i ve  of convers ion,  the  in tens i ty  ra t io  of the  resonances 
also remained constant .  I t  is conf i rmed tha t  format ion of the poly(MMA) 
wi th constant  ~ t h r o u g h o u t  the  po lymer izat ion in the  presence of a small 
amount of MBMA. 

St Polymerization 
Results of the  St po lymer izat ion in the  presence of MBMA are summarized 
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Table 2. 
60~ a 

The po lymer iza t ion  of St in the  presence of MBMA in benzene at 

Po lymer i -  Convers ion Polymer 
zat ion 
t ime (h) (%) ~ (GPC) Mw //v/n (GPC) 

20 12.0 2500 1.46 
30 18.6 2500 2.03 
40 28.9 3300 2.92 

a [St] = 3.48 mol /L ,  [MBMA] = 0.07 too l /L ,  and [AIBN] = 6.1 x 10 -3 mol /L 

/ (B) 

2'8 3'0 3'2 34 36 3'8 40 
Eiution time (min) 

I , I I 

10 ~ tO 4 10 3 
Molecular weight 

Fig. 4. Normalized GPC elut ion cu rves  of the  poly(St)  isolated at 12.0 (A), 
18.6 (B), and 28.9% convers ions  (C) at 60~ [St]  = 3.48 mol /L ,  [NBNA] -- 
0.07 tool/L, and [AIBN] = 6.1 x 10 -3 mol /L 

in Table 2. A l though a decrease in St concent ra t ion  b rough t  about  a de-  
crease in /~, of the  ins tantaneous ly  formed po lymer  [18], cumula t i ve  /Wn of 
the  whole po lymer ic  p roduc t  increased wi th  convers ion s imul taneously  wi th  
Mw/fV&. The g rea te r  Ctr of  MBMA fo r  St po lymer iza t ion ,  2.34 [13], may 
resu l t  in the  increase in ins tantaneous /W~, s ince a fas te r  consumpt ion of 
MBMA than St leads to a decrease in [MBMA]/ [St ]  ra t io  w i th  convers ion.  
Fig. 4 exh ib i t s  the  GPC e lu t ion cu rves  of the  poly(St)  obta ined at d i f f e r e n t  
stages of the  po lymer iza t ion ,  which are normal ized to convers ion,  and an 
addi t iona l  GPC peak appears  in a h ighe r  molecular we igh t  range at c o n v e r -  
sions h ighe r  than 12.0%. 

We have obta ined GPC curves  of po ly(St )  p repared  at d i f f e r e n t  con-  
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ve rs i ons  in bu l k  in re la t ion  to  t h e  changes  in t he  abso lu te  va lue  of  kp 
wi th  ~ of t h e  po l ymer  radical  [18]. No s i gn i f i can t  change  in /~n was o b -  
se rved  below 30% conve rs ion  cons is ten t  w i th  t h e  cons tan t  kp and kt. 
Format ion of t h e  h i g h e r  molecu lar  we igh t  po ly (S t )  d u r i n g  t h e  p o l y m e r i z a -  
t ion  in t he  p resence of MBMA seems to  be rende red  by a decrease in 
[MBMA] / [S t ]  as t h e  conve rs ion  increased,  because of  Ctr g r e a t e r  than  
u n i t y ,  2.34. However ,  so le ly  t he  decrease in [MBMA] / [S t ]  is not  s u f f i c i e n t  
to  p red i c t  t he  cons ide rab le  changes  in t he  GPC c u r v e  in Fig. 4. 

Accord ing  to  t h e  Mayo equa t ion  at Ctr = 2.34 us ing t he  abso lu te  v a l -  
ues of t he  ra te  cons tan ts  [18], /~n = 2200 is ob ta ined  u n d e r  t he  cond i t i ons  
of [St ]  -- 3.48 mo l /L  and [MBMA] -- 0.07 mol /L .  [St ]  and [MBMA] a re  e s t i -  
mated to  be 2.44 and 0.021 mol /L  at  30% conve rs ion ,  and ~ of t he  i n s t a n -  
t aneous l y  fo rmed po ly (S t )  may be 5200. Fig. 4 shows fo rma t ion  of  t h e  
po ly (S t )  of  which /~n is h i g h e r  than  10000, i nd i ca t i ng  t h a t  f u r t h e r  add i t i on  
of t he  po lymer  radical  to  t he  c a r b o n - c a r b o n  doub le  bond of t h e  e n d - g r o u p .  

Copolymerization of EMA and St with MMAD 
Results of t he  copo l ymer i za t i ons  of EMA and St (M2) w i th  MMAD (M1) as a 
model of  t he  unsa tu ra ted  e n d - g r o u p  a re  shown in Table 3. Slow add i t i on  
of poly(MMA) radical  to  MMAD and a low r e a c t i v i t y  of  t he  resu l t i ng  MMAD 
radical  have  been repo r t ed  by Tanaka et  a/. [23]. Since t he  almost inac-  
t i v e  n a t u r e  of t h e  radical  f rom MMAD in MMA po lymer i za t i on  has been 
shown by a h igh  s teady  s ta te  concen t ra t i on  of t he  MMAD radical  which 
a l lowed de tec t ion  by ESR spec t roscopy  [23], MMAD could be i nvo l ved  in 
poly(MMA) to  an ex t reme ly  small ex ten t .  

Tanaka e t a / .  [23] could not  ob ta in  po ly (S t )  by t he  po l ymer i za t i on  in 
t he  presence of 10 tool% of  MMAD re l a t i ve  to  St. This f i n d i n g  may i n d i -  
cate t a k i n g  place of  t he  copo lymer i za t i on  of St w i th  MMAD, and a h i g h e r  
r e a c t i v i t y  of MMAD towa rd  poty (St )  radical  than  poly(MMA) radical  is ex -  
pected.  Table 3 also shows t h e  resu l t s  of t h e  St po l ymer i za t i on  in t he  
p resence of smal ler  amounts  of MMAD, 3 and 6 tool%; MMAD reduced t he  
conve rs i on  a f t e r  t h e  po l ymer i za t i on  f o r  5 h and ~ of  po ly (S t ) .  These 
f i n d i n g s  sugges t  t h a t  MMAD is i nvo l ved  in a react ion wi th  po ly (S t )  rad ica l  
c o n f o r m i t y  w i th  t he  n -- 0.000 and r2 -- 0.975 f o r  t h e  copo lymer i za t i on  of 
St (M2) wi th  MMAD (M1) [24]. P robab ly ,  a low r e a c t i v i t y  of  t h e  MMAD 
radical  t oward  St leads to  t he  decreases in t he  po l ymer i za t i on  ra te  and E/n 
of t h e  po lymer .  There fo re ,  a f u r t h e r  react ion of t he  a l l y l i c  e n d - g r o u p  
f rom MBMA bound to  po ly (S t )  chain could resu l t  in t he  increases in 

Table 3. The copo lymer i za t i on  of MMAD (M1) wi th  EMA and St (M2) in 
benzene at  60~ a 

M2 [MI] Time Conversion E/~ E/~ //~n 
(mol/L) (h) (%) (GPC) (GPC) 

None 5.30 b 20.0 0 c - - 
EMA 0 3.5 35.8 131000 1.90 

O. 15 3.5 32.2 66000 2.19 
0.30 3.5 29.4 45000 2.23 
0.90 3.5 20.3 29000 1.87 

St 0 5.0 11.6 40600 1.70 
0.09 5.0 4.5 15400 1.58 
0.18 5.0 3.3 11500 1.54 

a [M2] = 3.0 mot /L and [AIBN] = 1.0 x 10 -2 mot /L,  b Bulk  p o l y m e r i -  
zat ion,  c No n -hexane  inso lub le  p roduc t .  
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and /~w//~/~ of the poly(St) at conversions higher than 10%. 
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