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Abstract--Styrene was polymerized at 2 0  at high concentration of diisopropyl dicarbonate (DIPDC). 
When [DIPDC] = 0.55 mol 1 ~, transfer to DIPDC predominates at almost all stages of conversion. The 
average chain length ( < 90) of the polymers is less than 300, the value at which polymer molecules entangle 
in undiluted polymer solution. Thus, the termination rate can be treated by considering only the free 
volume theory. The value of ?v* (7 = overlap factor and v*=  critical free volume to permit a segment 
to jump) is found to be 0.39, in good agreement with the value 0.37 estimated previously from data 
obtained under conditions such that the termination rate depends on both entanglement and free volume. 
These values may be reasonable, because they yield the magnitude of 10 5cm2sec ~ as the diffusion 
constant of monomer at low conversion. In spite of the absence of entanglement, the polymerization 
changes abruptly at about 70% conversion. Thus, the previous definition should be modified so that the 
onset of the gel effect is the point at which the termination rate changes abruptly as a result of the decrease 
of the free volume when the entanglement is absenL or at a critical chain length of polymers when 
entangling occurs. 

INTRODUCTION 

In radical bulk polymerizat ion at high conversion,  
te rminat ion  is diffusion-controlled.  Thus,  it depends 
on en tanglement  between polymers so changing the 
mobili ty of  the polymers and  the free volume which 
changes the mobil i ty of  the segments [1, 2]. Dur ing  
polymerizat ion when transfer  is p redominant ,  chain 
length dis t r ibut ion of  polymer  radicals is simple, 
therefore the kinetics become easy [1, 3]. Thus,  it was 
shown that  the kinetic data  in terms of te rmina t ion  
rate could be treated by the simple equat ion  [1]. An 
impor t an t  result was obta ined  that ,  when polymer 
radicals are so small tha t  they do not  entangle with 
the sur rounding  polymer  molecules or they do not 
move by reptat ion,  the te rmina t ion  rate does nol  
depend on chain lengths, but  on the free volume. 
Theoretically,  the rate can be expressed as [1,3, 4]: 

k~ ( = 4 ~ D R  ) vc exp ( - ?v*/rr) ( l )  

where D v c  g(n  ) exp ( - T r * / r f )  and R ~c l /g(n  ). How- 
ever, the previous experimental  results [1] were ob- 
tained when the rate depends on bo th  en tanglement  
and  free volume. In the present paper, equat ion  (1) 
is examined,  using data  obta ined  when the rate 
depends on only the free volume. To do this, styrene 
was polymerized at high concent ra t ion  of diisopropyl 
d icarbonate  (DIPDC)  at 20 . 

EXPERIMENTAl, 

Commercial styrene was washed three times with 5% aq. 
NaOH and twice with water. It was dried over anhydrous 
MgSQ and distilled. After prepolymerization in the absence 
of initiator, it was again distilled under reduced pressure 
(43.5 44.0 at 20 mmHg). Pure DIPDC was supplied by 
Nippon Oils and Fats Co., Ltd. Commercial 
2,2'-azobisisobutyronitrile (AIBN) was recrystallized three 
times from methanol. 

Initiator and monomer in an ampoule (diameter= 
4-8 mm) were degassed by a successive freezing and melting 
procedure, and the ampoule was sealed at a vacuum of 
about 10 3 mmHg. The bulk polymerization was carried out 
by maintaining the ampoule at 20.0 4- 0.05 for given time. 
When [D1PDC] < 0.14 moll ~ or A1BN was used, the con- 
tents of the ampoule were diluted with Ietrahydrofuran. 
Methanol was poured into the solution to precipitate the 
polymers. The polymers were isolated, dried and weighed. 
When [DIPDC] > 0.14 mol I ~, conversion was estimated by 
liquid chromatography, because the weight loss of polymers 
during precipitation was not negligible. The molecular 
weight was measured by light scattering and gel permeation 
chromatography, using a Toyosoda LS 8 and HLC-8024. 

RESULTS AND DISCUSSION 

The relat ionship between P,, Rp and [C] is given by 
[5]: 

1 c~,.+c,rc [el , . .  [el 
- -  = ' + ! k ,~  • ~ -  ( 2 )  

which can be rewritten as: 

[ M ] ( I . - C ~ r M ) = C t r c  + / k e  [M] (3) " P "  " R%- 
Equat ion  (2) is applied to the data  (Table 1) obta ined 
in the initial stage of  polymerizat ion (x < 0.1). In the 
polymerizat ion initiated by AIBN,  a linear relation- 
ship is obta ined between 1/~, 0 and [C]0/Rp0 (Fig. 1). 
Thus, CtrAl~, = 0 and f k  d and C~rM are round to be 
1.18 × 10 Ssec t and 2 . 0 x  10 s respectively. This 
value of  C~M is in good agreement  with 1.09 x 10 s 
(3.58 x 10 5) at 0 (or 30) [6]. In the polymerizat ion 
initiated by DIPDC,  C~c is not  zero, because there is 
no linear relat ionship between I/fi, 0 and [C]0/Rp0 (Fig. 
1). Thus, equat ion  (3) is used for the analysis of  the 
data  where C,rM = 2.0 × 10 ~. There is a line based on 
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Table I. Kinetic data obtained in the initial stage of polymerization 
[C]o [M ]0 106 Rp0 

Initiator (mmol I i) (tool I- ~) (mol 1 * sec i ) .O.o 

D I P D C  550 7.70 16.8 81 
DIPD C  280 7.96 12.4 140 
DIPD C  140 8.32 8.47 241 
DIPD C  70 8.50 5.99 405 
DIPD C  6.3 8.69 2.18 1910 
DIPD C  0.70 8.69 0.73 6350 
AIBN 275 8.32 3.63 1130 
AIBN 138 8.52 2.64 1630 
AIBN 68.8 8.62 1.97 2250 
AIBN 34.4 8.65 1.43 3370 
AIBN 17.2 8.69 1.01 4350 

equation (3) in Fig. 2. The values 
the intercept and slope a r e  CtrolPO C = 
f k d =  1.3 x 10-7 sec -1. 
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Fig. 1. Relationship between 1/b,0 and [C]o/Rpo based on 
equation (2) in the polymerization initiated by AIBN (©) 

and DIPDC (0).  
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Fig. 2. Relationship between ([M]o/[C]0)(l/~,0-Ctr M) and 
[M]o/R~o in the polymerization initiated by DIPDC. 
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When [DIPDC]o = 0.55 mol 1-1, Ctrc is so large that 
an approximation such as equation (4) may l~e used. 

.~n(=pw/2) -~ [M]/Ctrc [C]. (4) 

Using the further approximation [5]: 

[M] ~- (1 - x)[M]0 (5) 

we obtain [2]: 

Pn = dx/pn ~- -pnox/ ln  (1 - x)  (6) 

fo 1 ,3wdx = Pw0(1 - x / 2 ) .  (7) = _  
Pw x 

In these calculations, [C] ~- [C]0 is also used because 
[C] = 0.93[C]o at x ~- 1, where ka=  1.78 × 10 7 sec-I 
[1]. Equations (6) and (7) are applicable at 
almost all conversions, as shown in Fig. 3, where 
Pn0 ("~pw0/2) = 90 __10 is in a good agreement 
with [M]0/Ctrc[C]0 = 107+ 10. Accordingly, when 
[DIPDC] = 0.55 mol 1-1, it is estimated that transfer 
predominates. Such a predominance can be con- 
firmed. The final conversion increases with increasing 
initiator concentration such as: x = 0.99 + 0.03 at 
[C]0=11.4% (0.55mo11-1), 0.95_+0.03 at 5.8% 
(0.28) and 0.90_+ 0.02 at 1.4% (0.07). The same 
phenomenon was observed in the polymerization of 
methyl methacrylate (MMA) [1]. These resemble the 
increase in the final conversion with increasing sol- 
vent fraction [9]. Thus, in the preceeding paper [1], it 
was considered that the initiators as DIPDC and 
AIBN serve as solvents. When the weight fraction of 
initiator is less than 1%, that of polymer can be 
calculated regardless of it and is nearly equal to the 
conversion. However, when it is above 1%, to calcu- 
late that of  the polymer, it cannot  be neglected; in the 
present paper, the weight fraction of polymer is 
calculated by introducing it. That is, x ' =  x/(1 + 2) 
where x'--* x at 2 ~ 0. The x ' - t  curves are shown in 
Fig. 4. The final weight fraction of polymer is found 
to be x '  -- 0.90 _+ 0.03 regardless of initiator concen- 
tration. Applying x '  = x/(1 + ~.) to the previous data 
for the polymerization of M M A [1], the final weight 
fraction of polymer is also calculated to be 
x ' =  0.80 __ 0.02, which is insensitive to the kind of 
initiator and initiator concentration. In the previous 

1 5 0  

I~ } 100 

o L [ I I 
ooo oz5  050 o ;'5 ~oo 

x 

Fig. 3. Relationship between ~,~ (O) or Pn (0)  and x in the 
polymerization when [DIPDC]o = 0.55 mol 1 -t. 
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Fig. 4. Relationship between x ' [=x/(1 + ),)] and t in the 
polymerization initiated by DIPDC. 

papers [l, 3, 8, 10], it was shown that, when transfer 
predominates, the polymerization rate is propor- 
tional to [C] ]'2 even if termination rate depends on 
chain length. On this basis, the relationship between 
Rp/[C]m[M] and [C] at given x '  is shown in Fig. 5. 
The value of  Rp/[C]I/2[M] is independent of  [C] when 
x '  < 0.6 where [C]0 > 0.070 mol 1-L Especially, when 
[C]0 = 0.55 mol 1 ~, the independence is satisfied rea- 
sonably at almost all conversions. This result is 
consistent with the result obtained from the re- 
lationship between molecular weight and conversion. 
The value of  k~o/k~ is calculated from (Table 2): 

k t 0  _ ~ 2 Rp'[C]0[M]0 
kt Rp0:[C][M] 2' (8) 

The chain length at which polystyrene molecules 
entangle is above 300 in the undiluted polymer 
solution, and increases with decrease in polymer 
concentration, as n: = 300 c i - : [11 14]. The chain 
lengths of  polymers obtained here range from ~-90 at 
x '  ~ 0 to 50 at x '  ~- 0.9 (x ~ l). Such small molecules 
do not entangle. In this case, equation (1) is applic- 
able and we obtain: 

In (kto/k t ) = - 'tv */t,l~ ) + "it! */v r (9) 

where [1,2, 15]: 

t'r = {[25 + 0.48(T - 

Tgp = 100 - 

Equation (9) is applied 
T~m_= _-- 88.2' [2]. A 
ln(k,0/k,) and v f  ] is 
is yv* = 0.39 ± 0.04 

Tgp)]c + [25 + 1.0(T - Tgm) ] 

x (1 - c ) } / 1 0 0 0  (10)  

1.8 x 105/(104 P~). (11) 

to the data in Table 2 where 
linear relationship between 
shown in Fig. 6. Its slope 

and its intercept is 
7V*/t'fo -- 3.5 ± 0.4, then Vr0 = 0.133. In the free vol- 
ume theory [16], the diffusion constant of  a small 
molecule such as monomer  is given by: 

D s = g a * u  exp(-TV*/Vr). (12) 

Here, in a solvent cage, monomer  moves with the gas 
kinetic velocity and, then, u is written as [16]: 

u = (3RT/m)  I 2 [=  1.54 x 104 ( T / m )  I: cm sec-i].  (13) 

Introducing g = l / 6 ,  a * = 6 x  10 ~cm, m = 1 0 4  
and "/v*/v~o= 3.2 into equations (12) and (13), D s 
is calculated to be 1 .6x 10 5cm=sec ~, which is 
consistent with ordinary diffusion constant 

Table 2. The values of  kt0/kt obtained when [DIPDC}0 = 
0.55 tool I i 

106Rp 

x (moll ~ sec )) c k,o/k? 

0.2 16.8 0.158 1.5 
0.3 16.8 0.241 2.0 
0.4 16.8 0.326 2.6 
0.5 I7.0 0.413 4.5 
0.6 30 0.502 18 
0.7 48 0.595 76 

In  t h i s  c a l c u l a t i o n ,  [C]  = [C]o e x p ( -  1 .78  × 10 7 t )  [ I] .  

( D s = 1 0  5cm2sec-J).  Applying the above treat- 
ments to the previous data on the polymerization 
of  M M A  [1], D s is also calculated to bc 
2 . 1 x l 0 - S c m 2 s e c  i where 7v*=0 .37 ,  Vr0=0.13, 
m = 100, a* = 6 x 10-Scm and g = 1/6. In Ref. [17], 
assuming that k,, oc n -1/2 when n _< n c, 7t'* values were 
found to be about 1.0. However,  it was shown that 
the equation ~ , t~n 12 did not fit the kinetic data 
obtained in the polymerization of  M M A  when trans- 
fer predominates [1]. Here, yv* ~ 1.0 is examined in 
view of  equations (12) and (13). The values calculated 
for the diffusion constant of  M M A  in the initial stage 
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Fig. 5. Relationship between Rp/[C] ~'z [M] and [C] where 
[DIPDC]0 > 0.070 mol 1 i. 
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o f  po lymer i za t i on  are f rom 10 6 c m 2 s e c - t  to 10 7 at 
45-90°;  these  values  are  less t han  the o rd ina ry  
di f fus ion cons t an t s  by 10 ~-10 2. Thus ,  "it,* ~- 1.0 is 
n o t  valid. It is conc luded  that  ?t,* -~ 0.4 is be t te r  t han  
7__L,*- ~ 1.0. On  the  above  reasons ,  the  equa t i on  
k t ~ n 12 when  n < n c is no t  sui table  to in te rp re t  
m o r e  quan t i t a t ive ly  t e rmina t i on  rates  at  h igh con-  
version.  Thus ,  e qua t i on  (1) is be t te r  t han  k t o c n  -~:2. 

The  a u t h o r  def ined the  onse t  o f  the  gel effect as the 
po in t  at  wh ich  the t e r m i n a t i o n  rate  changes  ab rup t ly  
at n c [9]. How e ve r ,  as s h o w n  in Fig. 4, the  poly-  
mer i za t ion  rates  increase  ab rup t ly  at  x ' ~ - 0 . 6  
(x = 0.64) .7)  in spite o f  the absence  o f  en t ang l emen t .  
Such acce le ra t ion  is p r o b a b l y  caused  by decrease  o f  
the free volume.  Thus ,  the  p rev ious  def ini t ion should  
be modi f i ed  so tha t  the  onse t  o f  the gel effect is the  
po in t  at  which  the t e rmina t i on  rate  changes  ab rup t ly  
because  o f  decrease  o f  the free vo lume  w h e n  en tang le -  
m e n t  is absen t ,  bu t  at  nc w h e n  e n t a n g l e m e n t  is 
present .  

NOMENCLATURE 

kt = termination rate constant; 
D = translational diffusion constant of  polymer; 
D s = diffusion constant of  small molecule; 
R = reaction radius; 

g(n) = function of chain length n of  polymer; 
7 = overlap factor; 

t,* =critical free volume sufficient to permit a 
segment to jump; 

g = geometric factor; 
a * =  the diameter of a small molecule such as 

monomer; 
u = the kinetic velocity in a solvent cage; 
R = gas constant; 
m = molecular weight of  small molecule; 
~n= instantaneous number-average degree of 

polymerization; 
~ ,  = instantaneous weight-average degree of 

polymerization; 
Po = integrated number-average degree of poly- 

merization; 
f~. = integrated weight-average degree of  poly- 

merization; 
[C] = initiator concentration; 

[M] = monomer concentration; 
C,rA = transfer constant to A (A = C or M); 

f = initiator efficiency; 
k a = rate constant for initiator decomposition; 
k o = propagation rate constant; 

t = time; 
x = conversion; 

x '  = weight fraction of polymer; 
=weight  fraction of initiator to those of 

monomer and polymer; 
T = absolute temperature; 

Tgm = glass-transition temperature of the mono- 
mer; 

"gp = glass-transition temperature o_f the polymer; 
suffix "0" = the initial stage (e.g. "0" in k,0). 
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