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The multiple initiator method of controlling polymerization at a prescribed rate is studied. A correlation of 
the auto-acceleration function with the kind and concentration of the initiator is assumed. The equations for 
the determination of the kind and concentration of the initiator to control polymerization at a constant rate 
are then derived. Bulk polymerization of methyl methacrylate is chosen for verification. Using the method 
proposed and binary initiator systems, we determine several sets of initiator pairs and their concentrations for 
polymerization of methyl methacrylate at rates of 0.1 and 0.2 h-1 for various reaction temperatures. The 
results indicate that the polymerization rates obtained with the given initiator pairs and concentrations are 
what we have prescribed. 

(Keywords: auto-acceleration function; multiple initiators; constant polymerization rate) 

I N T R O D U C T I O N  Initiation I= kd= ,2R~= (~t = 1, 2 . . . )  

Increasing the rate of a reaction is a method for reducing Rc~ + M ka~ 
batch time to a minimum. The allowable reaction rate in ~R1 
many bulk radical polymerizations is, however, limited kp 
by the gel effect. This effect induces auto-acceleration and Propagation Ri+ M , Ri+ 
leads to the generation of a large amount  of heat. The k,o 
critical condition for minimum batch time, therefore, is Termination R~+Rj ,P~+j (i,j= 1,2 .... ) 
that the heat generation rate at any point in the reaction 
should be equal to the rate of removal of heat from the ktd 
system via the heat of reaction. This can be attained by R ~ +  R j  'Pi+ Pj 
controlling polymerization so that it occurs at an 
appropriate reaction rate. Temperature programming where R~ and Pi denote the species and concentration of 
techniques l'z and multiple-component initiator me- active and dead polymers of chain length i, respectively. 
thods 3 have been suggested for obtaining constant-rate If the dissociation of initiators is assumed to be the rate- 
polymerization. For  temperature programming tech- determining step, the rate expressions for the reactions 
niques, a somewhat complex reactor is required, which mentioned above are given by 
may produce a wider dispersity of polymer product. 
Multiple-component initiator methods do not involve I~=l~oexp(--kdJ ) (1) 
such problems and thus may be better for obtaining 

00 
constant-rate polymerization. However, in the method, a = 2~f~kd=I, (2) 
quantitative way of determining the kind and ri 

~t 

concentration of the initiators needed to obtain a 
prescribed rate is still a problem worthy of study. oo 

rp = --  dM/dt = kpMo(1 - m)#o + 2~,f~kd~I= 
¢t 

THEORY ~ kvMo(1 - m)#o (3) 

Rate expressions ( ~=1i) / 
The mechanism of bulk radical polymerization that has d#o/dt = d R dt = 2 f~kd~I= -- kt#~ (4) 

been used in most standard polymer texts 4'5 is used in this 
study. There is an initiation step, a propagation step and a / , , / ~ o  oo 
te ,n tion. e  w.iIo r re  t,ons to 
monomer,  to initiator and to dead polymers are assumed \ ~ l " J / ~  
to be negligible. Thus the reactions are given as follows: + kpMo(1 - m ) # o -  kdz0# 1 (5) 
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d#2/dt = d i2R dt= 2~f~kdfl= medium. Increase in viscosity will increase the retardation 
of translational diffusion and thus decrease the i 
termination rate. The viscosity of the reaction medium 

+ kpMo(1 - m)(2#l + # o ) -  kt#o#2 (6) increases with increase in polymer molecular weights and 
conversion. It is well known that polymer molecular 

( ~  i ) /  weights and polymer concentration in the reaction 
dao/dt = d P dt = ½(2-fl)/q#~ (7) medium as well as polymerization rate can be controlled i 

by the kind and concentration of initiators used. 
( ~ ) /  In react°r calculati°ns' Hamielec3'2° suggests a useful 

d t r l /d t=d  iPi dt=kt/~o#1 (8) empirical correlation, which is called the auto- 
acceleration function or gel function, for the rate 

( ~ 1  ~)/ constants for termination of polymerizations. The auto- 
dtr2/dt = d i2p dt = kt,uo# 2 + kt/2 2 (9) acceleration function is defined by g(m,T)=/q/kto, where 

kto refers to the termination rate constant at zero 
conversion, and k t to the rate constant of diffusion- 

where controlled termination. Obviously, the auto-acceleration 
function has been assumed to be independent of 

~ ikRi and ak= ~ ~ ikpi conversion (m)and reaction temperature (T). 
#k = i=l i=l In this study, following the discussion mentioned 

above, we assume that the auto-acceleration function 
rx and rp denote the rates of initiation and polymerization, may be correleated with the kind and concentration of 
respectively, m is the monomer conversion, which is initiators by the following relationship: 
defined by (M 0 - M)/Mo, where M 0 and M are the molar 
concentrations of reaction solution at t = 0  and any g2(m,T)_x,A~exp(_a,m)/_, 

(16) reaction point, respectively, and fl is the mode of ( l - m )  2 
termination defined by kt~/(kt~ +ktd). 

If the steady-state hypothesis is assumed, equations (3) where A~ and a~, functions of concentration and kind of 
to (9) become mixed initiators, respectively, are adjustable parameters 

and can be determined by the iterative curve-fitting 

r( #o = 2~f~kdfl~oexp(-- kd=t) k t (10) technique. 
L x, ~ / !  J Equations for determination of kind and concentration of 

P l = Po + (kp/kt)M0(1 - m) (11) initiators for constant-rate polymerization 
If the rate of polymerization is set to be C, where 

it2=#o+3(kp/kt)Mo(l_m)+2(k2M2/k2t~to)(l_m) 2 C=dm/dt=MoldM/dt ,  equation (13) may then be 
(12) rearranged to 

dm/dt = dtrl/dt C2klo g2(m, T) 
2k 2 (l_m)2=~f~kafl~oexp(-ka~m/C) (17) 

= kpMo(1 - m dfl:oeXp( -- kd:t 

where t=m/C is obtained by integration of dm/dt=C 
dao/dt= (2--fl)~,f~kdfl~oexp( - kd~t) (14) with the initial condition m--0 at t = O. Substitution of 

(16) into (17) gives 

dtr2/dt = 2(1 + fl)~,f~kd~I~oexp( -- kdat ) CEkto 
~ (3 + 2fl)kpMo( l _m) 2k 2 ~ A~ exp(-a~m)= ~ f~kdfl~o (18) 

[ ( ~  ) /  ]1/2 Each t e r m i n t h e  series of equation (18) is for a different 
x 2 f~kdfl~oexp(-- kd~t) kt kind of initiator, and they are independent of one another. 

Hence, comparing the appropriate terms on both sides of 
+(2+fl)(k2M2/kt)(1-m) 2 (15) (18), we obtain 

Correlation of the auto-acceleration function a~ = kaJC or kd~ = a~C (19) 

It has been shown 6'7 that auto-acceleration in CZktoA I C2kt° " 
polymerization rate is a consequence of a decrease in the (20) 
rate constant of termination. Studies on the diffusion- ~p2 ~ = f~kdfl~o or ~o = 2 ~ k 0 ~  `% 
controlled termination reaction have been done 

Utilizing both (19) and (20), the kind kd~ and 
extensively and are well documented 4'5'8. According to concentration I~o of the initiators for polymerization to 
North's description 4'9-11, translational diffusion or take place at a given rate C may be obtained. 
segmental diffusion is the rate-determining step in the 
diffusion-controlled termination processes. Segmental RESULTS 
diffusion can be the rate-controlling step only in the early 
stages of polymerization 4'~2'13. Translational diffusion is Bulk polymerization of methyl methacrylate (MMA) has 
profoundly affected by the viscosity of the reaction been studied extensively and is well documented 4'5' ~5-~ 7. 
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Reaction time(min) The gel function obtained by Friis and Nyhagen 15 is 
I.() 100 200 300 400 500 600 700 800 900 adopted here 

I I I I I I I I I 
85Oc 80°C 

90°C O01M O.01M 70°C k ~ J  1 
O.01M , " / / 75oc 0.01 N / o 70°C ~ : 0  0.8- \ l  ~ / I / /  I;.~tM~/ /~/,~8.°o~ M O.OOO2M g2(m,T)= ~ e x p { 2 [ ( 0 . 1 0 8 2 T - 1 1 . 9 7 ) m  

A0oc 0.6 - 0.002M + (-- 0.0785 T + 2.01)m 2] } (21) 
; i ° C 70 °C 

0.4 - 0.0 02M 0.002M where ktdo denotes the rate constant of disproportio- 
; ~ ~  nation at zero conversion and ktd the rate constant of 

0 . 2 . 1 1 1 / i / , ~ _ _ . . - - - ~ / ' ~ a 5 o c  disproportionation of the diffusion-controlled process, 
and T refers to the reaction temperature in Kelvin. For 
equation (21), they assumed that termination in MMA 

0 20 40 60 80 100 120 140 160 180 polymerization occurs exclusively by disproportionation. 
Figure 1 Effects of initial initiator concentrations and reaction Figure 1 and 2 show the results obtained for plots of 
temperatures on the course of methyl methacrylate polymerization conversion vs. reaction time. The courses of 
initiated by t-butyl perpivalate polymerization of MMA initiated by DPO and TBP are 

quite different. Conversion-time curves varying with the 
Reaction time (min) concentration of initiator and reaction temperature were 

l n 0  100 200 300 400 500 600 700 800 900 1000 1 1 0 0  observed. As shown in the figures auto-acceleration .u i o i o i i i i i i i i i o,.. 8 5 c  75C o 
i 9°~ o.o~M o.o~M esoc 75oc 70 c eo oc obviously takes place in most cases of single initiators 

o S L°'°lM'Z ' - / '  7°°c o.o2M o.oo2M .O.O02M..O.OOOTM 
• F X~lF1 P I  0.01M / / / J 7S°C studied, but if the concentration of initiators is reduced 

8 [ ~ ] ~ j j ~ o o o 4 M  _ _ _ ~ c  below a critical value, auto-acceleration is no longer 
°6t- I1 1 ,ooc / ~ o o 2 .  observed. 

8 0 . 4 ~  o Determination of the kind and concentration of  mixed 
70oc initiators for constant-rate polymerization 

02  
In this work we used equations (18) to (20) to determine 

00 20 40 60 80 1()0 120 1'~0 10.0 1°'0 200 220 suitable binary-component initiator systems for the bulk 
Reaction time (min) polymerization of MMA at prescribed rates of 0.1 and 

Figure 2 Effects of initial initiator concentrations and reaction 0.2 h -  1. When (16) is used to determine both parameters 
temperatures on the course of methyl methacrylate polymerization A= and a=, a two-term expression for ~_,aA= exp(-  a,m) was 
initiated by decanoyl peroxide assumed, and Friis' auto-acceleration function (21) was 

employed. Also Moore's iterative technique 19 was used. 
The values of A= and a= thus obtained (Table 1) were 

Meanwhile this system is known to have serious auto- further substituted into (19) and (20) to obtain the 
acceleration. Hence, bulk polymerization of MMA was dissociation rate constants kd= and concentrations I=o of 
chosen for the present study, the initiators for polymerization at the prescribed rate. 

Effects of  using a single initiator on the course of Many sets of initiator pairs might be obtained. Among 
polymerization them those of commercially available initiators were 

In this study it was assumed that the auto-acceleration adopted and these are given in Tables 2 and 3. It can be 
function may be correlated with the kind and seen in the tables that for each initiator pair the initiator 

of higher dissociation rate constant is used in higher 
concentration of initiators in the form of equation (16). concentration, and for the initiator of lower dissociation 
The courses of polymerization for bulk polymerizations rate constant, a lower concentration is used. 
of MMA initiated by decanoyl peroxide (DPO) or t-butyl 
perpivalate (TBP) of various concentrations at different Substituting kd= and I=o obtained from Tables 2 and 3 

equation (21) into equation (13), and using the RKG 
temperature were calculated to see how the course of method for numerical integration, we calculated the 
polymerization varied with kind and concentration of conversion-time curves of the MMA polymerizations. 
initiators. The Runge-Kutta-Gill  (RKG) method was 
used for the calculation. The kinetic parameters of bulk The results are shown as the full lines in Figures 3 to 6. All 
polymerization of MMA used are given as follows, the lines are linear and have slopes of 0.1 and 0.2 of the 

The rate constants of initiation of DPO and TBP are prescribed rate. For comparison, conversion-time curves 
given respectively as ~s of the polymerizations initiated by one of the single 

initiators in the given initiator pair (whose concentration 

kd,Dm = 1.526 X 1015 exp(-- 30 518/R T) 

kd.xBe=l.507X lO~4exp(--23394/RT) Table 1 Parameters A~ and a~ in equation (17) obtained for 
polymerization of methyl methacrylate at 70, 75 and 80°C 

The activation energy and the frequency factor of 
A~, a~ 

propagation and termination for the chemical controlling Temperature 
process 4,1 a are given respectively as (°C) ct = 1 ct = 2 ~t = 1 ct = 2 

E p o =  6.3 k c a l m o 1 - 1  A p o =  5.1 x 106 l m o 1 - 1  S - 1  70 1.200 0.070 1.98 x 10 -3 3.70x 10 -4 
75 1.656 0.0173 2.24 x 10- 3 4.473 x 10-'* 

Eto= 2.8 kcal mol_ 1 Ato=7.8 x 10s lmol_ l  s_ 1 80 0.880 0.500 1.96x 10 -3 13.40 x 10-̀ * 
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T a b l e  2 Binary initiators and their concentrations for obtaining a constant rate of 0.1 h - t  

Initiators I~0 
Temp. 
(°C) ct=l ~=2 ~t=l ~t=2 

70 2,2-Azobis- Azobisisobutyronitrile b 2.000 x 10- 4 6.243 x 10- 6 
2,4-dimet hylvaleronitrile" 

75 t- Butyl perpivalate c Benzoyl peroxide a 2.031 x 10 - 4 1.066 x 10 - 5 
80 Decanoyl peroxide e Azobisisobutyronitrile b 1.006 x 10 -4 8.256 x 10-5 

kd = 6.2 x 10 t4 exp(-- 26 630/RT) 
bkd= 1.58 x 10 Is exp(--308OO/RT) 
kd = 1.507 x 1014 exp( -- 23 394/RT) 

ak d = 2.34 x 1012 exp( -  26 630/RT) 
e kd = 1.526 x l015 exp(-- 30 518/RT) 

Table 3 Binary initiators and their concentrations for obtaining a constant rate of 0.2 h-  t 

Initiators I~o 
Temp. 
(°C) ct=l ct=2 ct=l ct=2 

70 4-Nitrophenylazotriphenylmethane y Cumyl perpropionate g 4.064 x 10 -4 7.842 x 10- 5 
75 2,2-Azobis- Azobisisobutyronitrile b 3.776 x 10 -4 1.502 x 10-5 

2,4-dimethylvaleronit rile" 
80 t-Butyl perpivalate c Benzoyl peroxide a 3.489 x 10- 4 4.147 x 10 - 5 

,-e As in Table 2 
Y kd = 4.619 x 1015 exp( - 29 932/RT) 
okd=4.11 x l0 T exp(-20713/RT) 

1.0 1.0 
C7 

0.8  - ! /  0 .8  - " / / 0 /  

oj;  
~. 0 . 6  - ~ ~_ 0 . 6  
o • ~ .~, 

o 

cJ 0.4 cJ 0 .4-  

j /  • 

0.2 0.2 , , / ~  • . /  . / /  

~"- " I I I I 0 ¢~"~D"/'" I I 1 I 
0 2 4 6 8 0 2 4 6 8 

Time (h) Time (h) 
Figure 3 Courses of reaction for bulk polymerization of methyl 
methacrylate at 70°C obtained by systems of initiator pairs and by single Figure 4 Courses of reaction for bulk polymerization of methyl 
initiators: - - O - - ,  2.00x 10-4M 2,2-azobis-2,4-dimethylvaleronitrile methacrylateat 75°C obtained by systems ofinitiator pairs and by single 
and 6.243 x 10 -6 M azobisisobutyronitrile; - - - A - - - ,  2.06 x 10 -4 M initiators: - - O - - ,  2.031 x 10 -4 M t-butyl perpivalate and 
2,2-azobis-2,4-dimethylvaleronitrile; ' - D - " - ,  2.06 x 10 -4 M 1.066 x 10 -5 M benzoyl peroxide; - - - A - - - .  2.138 x 10 -4 M t-butyl 
azobisisobutyronitrile perpivalate; - . - ? q - .  , 2.138 x 10 -4 M benzoyl peroxide 

was  t h e  s a m e  as t h a t  u sed  for  its i n i t i a t o r  pa i r  sy s t em)  a re  a c o n c a v e - u p w a r d  curve .  In  o t h e r  w o r d s ,  t h e  l a t t e r  k i n d  
a lso  ca l cu l a t ed .  T h e  b r o k e n  a n d  c h a i n  cu rves  in  Figures 3 o f  i n i t i a t o r  s h o w s  a u t o - a c c e l e r a t i o n  p h e n o m e n a .  T h e  
to  6 s h o w  t h e  c o n v e r s i o n  cu rves  o b t a i n e d .  T h e s e  cu rves  c o n v e r s i o n  cu rves  o b t a i n e d  w i t h  t h e  g iven  i n i t i a t o r  pa i r s  
d o  n o t  s h o w  c o n s t a n t - r a t e  p o l y m e r i z a t i o n .  I t  is lie b e t w e e n  t h e  c o n v e r s i o n  cu rv es  o f  t he  t w o  s ingle  
i n t e r e s t i n g  to  see t h a t  t he  i n i t i a t o r s  o f  h i g h e r  d i s s o c i a t i o n  i n i t i a t o r  s y s t ems .  T h u s  t h e  i n i t i a t o r  pa i r s  d e t e r m i n e d  by  
r a t e  c o n s t a n t  exh ib i t  a c o n c a v e - d o w n w a r d  c o n v e r s i o n  t h e  m e t h o d  s u g g e s t e d  d o  i n d u c e  p o l y m e r i z a t i o n  o f  M M A  

c u r v e  wh i l e  t h o s e  o f  l o w e r  d i s s o c i a t i o n  r a t e  c o n s t a n t  s h o w  a t  a p r e s c r i b e d  ra te .  
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1.0 Substituting (14) into (24) and (15) into (25) and further 
combining (17) leads to 

rtl 

(2-fl)  Clq o f ga(m,T). 
k2 / - - - - - - ~ o .  m (26) 0.8 - /O a o -  2 p J ( l - m )  2 

o 
, m 

0.6 p ' ~ A  "1 -" Ckt° f g2(m'T) 
._~ I a2=(  +/~-~p2 J ~ t-(3+2fl)Mom 

e- 0 m 

o 2 2 2 o 0.4 "2 ~'k~M°f '(1-m) 
+(  + / ~ ) ~ J  ~ d m  (27) 

o 

o.2 . / ~ ' / "  If the long-chain approximation is assumed, the first 
/ " ~  term of the fight-hand side of (27) may be neglected, and 

the equation becomes 
m 

k~M~ f ._ ._...(l-m) 2 
0 I I I I a 2 = ( 3 + 2 f l ) M o m + ( 2 + f l ) _ _ l ~  m (28) 

0 2 4 6 8 Ckto J ga(m,T) - 
Time (h) 0 

Figure 5 Courses of reaction for bulk polymerization of methyl Utilizing (26) and (28) or (27), we o b t a i n  the  n u m b e r -  
methacrylate at 80°C obtained by systems of initiator pairs and by single and weight-average molecular weights and polydispersity 
initiators: - - O - - ,  1.006 x 10-* M decanoyl peroxide and 
8.256x 10-SM azobisisobutyronitrile; - - -A- - - ,  1.83x 10-aM index of polymer obtained by the multiple initiator 
decanoyl peroxide; - . - [ ~ - . - ,  1.83 x 10-* M azobisisobutyronitrile method, and these are given in Tables 4 and 5. 

EXPERIMENTAL 

Molecular weights and distributions of polymer obtained Methods and materials 
The cumulative number- and weight-average Commercially available methyl methacrylate mo- 

molecular weights of the polymers produced have been nomer was purified by the conventional method. The 
defined as fractions of 39.8-40.5°C at 81 mmHg vacuum were 

collected for use. The initiators, azobisisobutyronitrile, 
azobis-2,4-dimethylvaleronitrile, decanoyl peroxide, and 

Mn = ~1 "q- (71MA.,. a l M A  = MOmMA (22)  t-butyl perpivalate, were recrystallized in absolute 
/~o + ao ao ao alcohol three times. 

Purified MMA monomer was purged with nitrogen to 
/~w = kt2 + O'2MA'~ O'2MA = 0-2 MA (23)  remove the dissolved oxygen before use. The prescribed 

lal +al al Morn 
1.0 

where M A denotes the molecular weight of monomer. The / 
polydispersity may be measured by the ratio Mw/Mn. 

The zeroth and second moments a 0 and tr 2 in (22) and 0.8 / t ' f / /  
(23) may be related to conversion m and prescribed rate C / ,  
by 

da o = da o dt 1 da o ,- 0.6 
dm dt dm C dt ._o 

giving ~ . / . /  
m 0.4 ~ f ' J - - / / '  . 

1(' dtr o ,,~D/" / 
~0 = ~ J  -dt--~m (24) b~ J / "  

and by o 0.2 - / ~ , - / / ~ - ~ ' / "  

d m =  dt d m - C  dt 0 t t t 0 1 2 3 4 5 
Time (h) 

giving Figure 6 Courses of reaction for bulk polymerization of methyl 
m methacrylate at 75°C obtained by systems of initiator pairs and by single 

1 f dcr 2 initiators: - - O - - ,  3.776 x 10 -4 M 2,2-azobis-2,4-dimethylvalero- 
o ' 2 = ~ - I ~ m  (25) nitrile and 1.502x10- 'M a z o b i s i s o b u t y r o n i t r i l e ; - - - A - - -  

3.926 x 10-* M 2,2-azobis-2,4-dimethylvaleronitrile; -" - 0 - '  - i  
o 3.926 x 10- 4 M azobisisobutyronitrile 
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Table 4 Molecular weights and polydispersity obtained by the were used. T e t r a hyd ro fu ra n  was used as solvent  and  at  a 
multiple initiator technique for the polymerizations of methyl flow rate of 0.8mlmin -1. 
methacrylate of 0.1 h-1 rate at 70, 75 and 80°C 

The  universal  ca l ib ra t ion  pr incip le  suggested by  Benoit  
(a) Temperature 70°C and coworke r s  2° was used for de te rmin ing  molecu la r  

/~n x 10 -6 A¢ w x 10 -7 Polydispersity weights,  tha t  is 
Conversion 
(%) Calc. Exp. Calc. Exp. Calc. Exp. {[~/]M}ui= {I-r/]M}si 

10 0.82 0.85 0.17 0.18 2.05 2.10 
20 1.05 1.05 0.23 0.24 2.23 2.28 or  
30 1.32 1.42 0.35 0.39 2.64 2.71 
40 1.64 1.57 0.56 0.55 3.43 3.50 kuM~ + 1 = ksM~ + 1 
50 1.98 2.09 0.97 1.00 4.88 4.81 
60 3.34 2.46 1.74 1.62 7.41 6.59 for an e lut ion vo lume i, where Mui and  M,~ deno te  

molecu la r  weights of  po lyme r  sample  and  po lymer  
(b) Temperature 75°C s t anda rd ,  respectively.  Here  k~ a n d  a~ a re  the  M a r k -  

Mn × 10-6 Mw x 10 -7 Polydispersity H o u w i n k  cons tan t s  of  the  u n k n o w n  po lymer  sample ,  and  
Conversion ks and  as those of  the  po lyme r  s t anda rd .  In  this work ,  the 
(%) Calc. Exp. Calc. Exp. Calc. Exp. po lyme r  s t a n d a r d  is po lys tyrene  (PSt) which was 

pu rchased  f rom Wate r s  Associates .  The  M a r k - H o u w i n k  
10 0.96 0.98 0.19 0.20 2.03 2 . 0 4  cons tan t s  of  PSt  and  P M M A  in t e t r ahyd ro fu ran  at 
20 1.19 1.10 0.26 0.24 2.16 2.20 

2 5 ° C  21 '22  a r e  as follows: 30 1.47 1.42 0.36 0.37 2.46 2.60 
40 1.79 1.72 0.55 0.56 3.06 3.24 
50 2.15 2.07 0.89 0.84 4.17 4.07 PSt ks = 1.60 x 10 - 4  a s = 0.706 
60 2.53 2.71 1.55 1.69 6.11 6.24 

P M M A  ku = 1.28 x 10 -4  a~= 0.690 
(c) Temperature 80°C 

Results 
A4 n X 10 -6  A~ w X 10 -7  Polydispersi ty  

Conversion By uti l izing the in i t ia tor  pai rs  a n d  concen t ra t ions  given 
(%) Calc. Exp. Calc. Exp. Calc. Exp. in Tables 2 and  3, po lymer iza t ions  for the  ra te  of  0.1 h -  1 

at  70, 75 and  80°C and  for the  ra te  of  0.2 h -  ~ at 75°C were 
10 1.12 1.20 0.23 0.25 2.02 2.08 
20 1.33 1.39 0.28 0.35 2.10 2 . 5 5  s tudied.  The  results  are  shown in Figure 3 to 6. As can 
30 1.61 1.71 0.37 0.41 2.32 2 . 4 0  obvious ly  be seen, all the exper imenta l  po in ts  lie well on 
40 1.93 1.89 0.53 0.53 2.77 2.81 the pred ic ted  c o n v e r s i o n - t i m e  curves.  This  indicates  tha t  
50 2.30 2.24 0.83 0.86 3.61 3.82 the bu lk  po lymer iza t ion  induced  by  the given in i t ia tor  
60 2.69 2.52 1.37 1.29 5.10 5.13 pairs  can t ake  place  at  the  prescr ibed  rate.  

Tables 4 and  5 also give the  molecu la r  weights  ~tn and 
h~t w ob ta ined  exper imenta l ly .  The agreement  between 

Table 5 Molecular weights and polydispersity obtained by the exper iment  and  the pred ic t ions  are  pre t ty  good.  I t  can 
multiple initiator technique for the polymerizations of methyl also be observed  tha t  the molecu la r  weights and  
methacrylate of 0.2h -1 rate at 75°C dispers i ty  ob ta ined  by these in i t ia tor  pa i r  systems are 

J~/n X 10 -7 /~w X 10 -7 Polydispersity qui te  a p p r o p r i a t e :  be low 4 0 %  convers ion ,  the 
Conversion po lydispers i ty  is a b o u t  2, whereas  when the convers ion  
(%) Calc. Exp. Calc. Exp. Calc. Exp. becomes  larger  than  40%,  the polydispers i ty  gets larger.  

The  b r o a d e r  molecu la r  weight d i s t r ibu t ion  of  po lymers  
10 0.46 0.48 0.94 0.96 2.03 2 . 0 0  ob t a ined  at  high convers ion  m a y  be a t t r ibu ted  to the 
20 0.57 0.55 1.23 1.25 2.16 2.27 
30 0.71 0.70 1.67 1.68 2.35 2.40 na tu re  of diffusion-controlled polymerization rather than 
40 0.87 0.90 2.49 2.40 2.86 2.67 to  the  mul t ip le  in i t ia tors  used. 
50 1.05 1.07 4.03 4.01 3.85 3.75 
60 1.24 1.25 6.92 7.01 5.60 5.61 
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