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Abstract Polymerization of 
methylmethacrylate (MMA) with 
aminoalcohols, namely ethanolamine 
(EA), diethanolamine (DEA) and 
triethanolamine (TEA) in the presence 
of carbontetrachloride (CC14) has 
been investigated in the dimethyl- 
sulfoxide (DMSO) medium by 
employing a dilatometric technique. 
The rate of polymerization (Rp) has 
been evaluated under the conditions 

CC14 [amine] < 1 and > 1. The kinetic data 
reveal the possible participation of 

a charge-transfer complex in the 
polymerization reaction. In the 
absence of either CCI,~ or amine, no 
polymerization of MMA was 
observed under the present 
experimental conditions. The 
polymerization of MMA was 
inhibited by hydroquinone, indicating 
a free radical initiation. 
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introduction 

Much attention has been focussed in the past two decades 
on the polymerization of MMA by charge-transfer mecha- 
nism [1-101. Majority of these studies involve nitrogen 
atom of the aliphatic amines as the donor site in the 
formation of the charge-transfer complex. Thus, the poly- 
merization of MMA initiated by charge-transfer com- 
plexes formed by n-butylamine [11], isopropylamine [12], 
cyclopentylamine, heptylamine [13], n-pentylamine, n- 
hexylamine, and n-octylamine [6], etc. in the presence of 
carbon tetrachloride has been investigated in detail. Such 
charge-transfer initiated polymerisation can be accelerated 
by Lewis acids like Fe 3+ [14], Cu 2+ [15], Rb 3+ [16] and 
Ru 2+ [16]. Two mechanisms have been proposed for the 
initiation of the polymerization of MMA by these charge- 
transfer complexes. One is the initiation by the charge- 
transfer complex formed between the amine donor and 
carbon tetrachloride acceptor [17] (mechanism 1), while 

the other involves the charge-transfer complex formed 
between the amine donor and the monomer acceptor as 
the initiator [3] (mechanism 2). Dass and coworkers 
[11 13] as well as Dwivedi and coworkers [61 presumed 
that both the mechanisms are possible and presented ex- 
perimental evidence for the predominance of mechanism 
1 under the condition [CCl~l/[aminel _< 1 and mecha- 
nism 2 under the condition [CC141/[amine] > 1. 

Recently, Baruah and coworkers [18] have reported 
the polymerization of MMA by charge-transfer mecha- 
nism with ethanolamine (EA) and CC14 in N, N-dimethyl- 
formamide medium. This report prompted us to carry 
out detailed investigations on the polymerization of 
MMA using a variety of aminoalcohols in the presence 
of CCI~. In this paper, we have used one member each 
of a primary, secondary and tertiary aminoalcohol 
namely, ethanolamine (EA), diethanolamine (DEA) 
and triethanolamine (TEA) respectively in DMSO medium. 
EA has been included in this study for the sake of 
comparison. 
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Experimental 

MMA, DMSO and carbon tetrachloride were purified by 
the standard methods [6]. EA, DEA and TEA were distil- 
led under reduced pressure before use. The procedure for 
polymerization and evaluation of the rate of poly- 
merization (R 9) of MMA is described elsewhere [61. The 
intrinsic viscosity (qin0 of the polymer was determined in 
benzene solution at 30 ~ with a Ubbelohde viscometer. 
The average degree of polymerization (fin) was calculated 
by using Eq. (1) [191. 

t/i.t 3.36 X - 3  --0 7 3  = 10 P." (1) 

Equation (2) [20] was used to evaluate the molecular 
weight (ran) of the polymer. 

q i n t  = 5.2 x lO-Sm 0'76 (2) 

Results and discussion 

MMA was polymerised by EA, DEA and TEA in the 
presence of CC14  in DMSO medium. However, no poly- 
merization of MMA could be~ observed in the absence of 
the aminoalcohols or CC14 under the present experimental 
conditions. The rate of polymerization (Rp) of MMA was 
found to be dependent on the concentration of MMA, 
a m i n o a l c o h o l s ,  CC14  and hydroquinone. 

The rate of polymerization of MMA was measured at 
various concentrations of MMA keeping the concentra- 
tions of the aminoalcohol and CC14 constant and the 
results are presented in Table 1. When [CCl,d/[aminoal- 

cohol] < 1, the monomer exponent values calculated from 
the slope of the linear plot of logRp versus log[MMA1 
were found to be nearly unity indicating a first order 
variation of Rp with [MMA] in all the cases. A typical plot 
is shown in Fig. 1 for TEA. This first order variation of 
Rp with [MMA1 was further supported by the linear plots 
of log [a/(a - x)] versus time for EA, DEA and TEA. Such 
a typical plot is given in Fig. 2 for DEA. Here, a and (a - x) 
represent the concentrations of MMA (which may be 
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Fig. 1 Log [ M M A ]  vs. logR 9 plot for the  polymer iza t ion  of M M A  in 
D M S O  solution ( [TEA] = 0.32 mol 1-  t; [CC14] = 0.20779 mol  1-1) 

Table 1 Effect of  concen t ra t ion  
of M M A  on R 9 in D M S O  
m e d i u m  at 40 ~ a 

M M A  R 9 x 10 4 
(mol 1- t) (mol 1-1 s - 1) 

[CC14]/[amine] < 1 [CC14] / [amine]  > 1 

EA b D E A  c TEA a EA r D E A  f TEA g 

1.504 2.022 1.618 - 1.498 1.772 
1.880 2.622 2.037 2.996 1.977 2.397 3.195 
2.256 2.996 2.097 3.595 2.097 2.741 4.494 
2.632 3.221 2:397 4.494 2.561 3.296 5.692 
3.008 3.371 2.547 4.794 2.996 3.895 7.939 
3.384 4.494 2.996 5.543 3.265 4.344 8.688 
3.76 5.138 3.146 - - 4.494 - 

a For  EA at 30 ~ 
b [EA]  = 1.32 mol  1- t, [CC14] = 0.83 m o l l -  1 
c [ D E A ]  = 0.76 mol  1 - ' ,  [CC14] = 0.4158 tool 1-1 
d [-TEA] = 0.32 mol  1-1, [-CC14] = 0.2077 tool 1-1 
e [EA]  = 0.33 mol  1-1, [-CC14] = 0.83 mol  1-1 
f I D E A l  = 0.76 m o l l -  t, [CC14] = 1.24 mol  1 1 
g [T E A]  = 0.32 mol  1-1, [-CC14] = 2.077 m o l l -  1 
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Fig. 2 Plot of log[a/(a-x)] vs. time for the polymerization of 
MMA in DMSO solution ([-MMA] = 3.384mol 1-1, [CC1r = 
1.24 mol 1 - 1; IDEAl = 0.76 mol 1 - 1) 
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Fig. 3 Log [MMA] vs. logRp plot for the polymerization of MMA 
in DMSO solution (I-DEAl = 0.76 mol 1 - t; [CC14] = 1.24 mol 1 - t) 

and M M A  constant  was found to increase with an increase 
in the concentra t ion of CCI 4 and became independent of it 
when ECC14]/[aminoalcohol] > 1. A typical plot of Rp 
versus [CC14] is shown in Fig. 4 for TEA. When [CC14] / 
[aminoalcohol ]  < 1, Rp was found to be propor t ional  to 
[CC14] ~ as evidenced by the plots in Fig. 5. 

Rp of M M A  increased with an increase in the con- 
centrat ion of aminoalcohol  at fixed concentrat ions of 
M M A  and CCI 4 and was found to be propor t ional  
to [aminoalcohol]  ~  under  both the conditions, 
[CCl4] / [aminoa lcohol ]  < 1 and > 1. A typical plot of 
Rp versus [aminoalcohol]  ~  is shown in Fig. 6 for TEA. 
The linear plots of Rp versus [-aminoalcohol] o. s yield inter- 
cept on the [aminoalcohol]  ~ axis which give the limiting 
values of  the concentrat ion of aminoalcohols  for the 
formation of the associated complex with D M S O  [21]. 
Thus, the aminoalcohols  upto these limiting concentra-  
tions were not  free to initiate the polymerizat ion of MMA.  
Above this limiting concentrat ion the free aminoalcohol  
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Fig. 4 Plot of Rp vs. [-CC14] for the polymerization of MMA in 
DMSO solution ([MMA] = 1.88 tool 1 - 1; [TEA] = 0.32 mol 1-1) 

taken as propor t ional  to the volume of  M M A  solution in 
the dilatometer) initially and at time t. The first order rate 
constants, k, evaluated from these plots are 6.0 
5 . 0 3 x 1 0 - S s - 1 ,  1 . 9 1 x 1 0 - S s  1 and 2 . 2 x 1 0 - S s  -1 for 
EA, D E A  and TEA, respectively. ,~ 

The data  for the variat ion of Rp with M M A  concentra-  ~._ z,.0 
tion at a fixed concentra t ion of the aminoalcohol  and CC14 -6 

E 
when [CC14-1/[aminoalcohol] > 1 are given in Table 1. 
The order  of  reaction with respect to M M A  under this ~ 2.0 
condit ion was determined from the slope of the linear plot • e a  

of logRp versus log [ M M A ]  and was found to be between a: 
1.3 and 1.47. A typical plot  is shown in Fig. 3 for DEA. 0 

Rp of M M A  measured at different concentrat ions of 0 
CC1r while keeping the concentra t ion of the aminoalcohol  

Fig. 5 Plots of Rp vs. [CC14] ~ for the polymerization of MMA in 
DMSO solution (a) [EA] = 1.32 mol 1 - t; rMMA] = 1.88 mol 1-1; 
(b) [TEA] = 0.32 mol 1 - 1; I-MMA] = 1.88 mol 1 - 1 
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Fig. 6 Plot of Rp vs. [TEAl l/2 for the polymerization of MMA 
in DMSO solution ([MMA] = 1.88 mol 1-1; [CC14]  = 
2.0779 mol 1 - 1) 

was available for the formation of a charge-transfer 
complex with MMA and CC14 and the initiation of the 
polymerization was possible. 

The polymerization of MMA was inhibited by hy- 
droquinone (see Table 2) indicating a free radical mecha- 
nism for the polymerization. 

Rp of M M A  increased with an increase in temperature. 
The overall energies ef activation (Ea) evaluated from the 
slopes of the Arrhenius plots were found to be 27.6, 29.4 
and 31.2 k jmol -  1 for EA, DEA and TEA respectively. It  is 
interesting to note that these Ea values follow the same 
trend as the Rp values measured at the same concentration 
of MMA aminoalcohol and CC14 as can be seen from the 
data given below: 

Aminoalcohol R~ x 104 (mol 1 - 1 s- 1) 

EA 5.69 
DEA 4.34 
TEA 3.59 

a At 40~ 
[MMA] = 1.88 tool 1-1 
[CC14] = 0.83 mol 1-1 
[aminoalcohol] = 0.33 mol 1- t 

The kp/k 1/2 values in Table 3 exhibit a similar trend. 
With the exception of TEA, the first order rate constants 
(k) also vary in the same direction. The foregoing observa- 
tions seem to suggest that the polymerization of M M A  in 
these systems is initiated by the formation of a charge- 
transfer complex in which the aminoalcohol acts as an 
electron donor. 

The molecular weights of the poly(methyl methac- 
rytate) (PMMA) were found to increase with the increase 
in the concentration of MMA and CC14. However, the 

Table 2 Effect of Hydroquinone on the rate of Polymerization of 
DEA a t  40 ~ in DMSO solution" 

Concentration of hydroquinone Rp x 104 
(tool 1- l) (mol 1 - 1 s - x) 

0.0 2.921 
1.81 x 10 -2  2.247 
3.63 x 10 -2 2.097 
5.42 x 10 . 2  1.498 

" [ M M A ]  = 1.8 m o l l -  1, I D E A l  = 0 .76  m o l l -  1, 
1-CC14] = 1.24 mol I- 1 

molecular weights of P M M A  decreased with increase in 
concentration of the aminoalcohol. This is to be expected 
because there is a possibility of termination by aminoal- 
cohol also. 

Mechanism of initiation of polymerization of MMA 

The polymerization of MMA was inhibited by hy- 
droquinone indicating a free radical mechanism for the 
polymerization. These free radicals are generated by the 
decomposition of the charge-transfer complex formed by 
the aminoalcohol as electron donor. Two mechanisms 
have been proposed for the initiation of polymerization of 
MMA by charge-transfer complexes involving amine do- 
nors in the presence of CC14. According to mechanism 
1 [-17], the initiation of polymerization is due to charge- 
transfer complex (I) formed by the interaction of the amine 
with CC14 which decomposes to produce (~C13 as shown in 
the following scheme: 

RNH2 + CC14 k, I (3) 
k - 1  

I g2 , R]q+H2CI_ + (~C13 

M + CC13 }/~1 (4) 

where M = MMA, R = alkyl group of the amine,/~1 = 
IVlCC13 and I = charge-transfer complex. 

Mechanism 2 1-3] assumes that a charge-transfer com- 
plex (II) is formed by the interaction between amine and 
M M A  which initiates polymerization in the presence of 
CC14 according to the following scheme: 

k3 
RNH2 + MMA ~ II  (5) 

k - 3  

II + CC14 k, ~ /~1 + Rlq+H2C 1- (6) 
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Table 3 It/i j ,  molecular 
weight, Pn and kp/k~/2 data a for 
polymerization of MMA b 

Amine [MMA] [-Tint] Jt~n Molecular /s 
(moll 1) weight (1 mol- 1 s)1/2 

Ethanolamine 1.504 0.42 745.4  1,35,400 
1.88 0.47 869.8  1,60,400 
2.256 0.54 1052.0 1,92,800 0.230 
2.632 0.59 1188.0 2,16,500 
3.008 0.64 1327.0 2,40,900 
3.384 0.68 1442.0 2,61,000 
3.76 0.72 1560.0 2,81,400 

Diethanolamine 1.504 - 
1.88 0.275 417.3 79,270 
2.256 0.35 580.8  1,08,800 
2.632 0.40 697.4  1,29,800 0.183 
3.008 0.425 757.7  1,40,600 
3.384 0.49 920.8  1,69,500 
3.76 0.53 1024.0 1,87,800 

Triethanolamine 1.504 - - - 
1.88 0.29 447.6 85,000 
2.256 0.37 626.6  1,17,100 0.111 
2.632 0.43 770 .0  1,43,000 
3.008 0.54 1052.0 1,92,500 
3.384 0.66 1385.0 2,50,800 
3.76 

a At 30 ~ 
b [EA] = 1.33 mol 1- x, 

IDEAl = 0.76 mol 1 x, 
[TEA] = 0.32 tool 1-1, 

[CC14] = 0.83 tool 1 - x 
[CCI4] = 1.24 mol 1- i 

[CC14] = 2.0779 mol 1- 1 

RI~+HzC1 - formed in Eq. 4 and 6 is expected to 
undergo dissociation in D M S O  (which is a polar  solvent) 
to give RIN+H2 which may  react with CC14 to produce 
CC13 as suggested by Takemoto  and coworkers  [223 

RN+H2C1 - , RI~+H2 + C1 

RIN+H2 + C C l 4  , R N H C I +  CC13 + H  + 

Investigations on the polymerizat ion of M M A  using 
a number  of aliphatic amines in the presence of CCI~ 
[6, 11-13] have established that  both the mechanisms are 
possible. Recently, Baruah and Subrahmanyam [9] have 
carried out  gel permeation chromatographic  studies on the 
polymerisat ion of butyl methacrylate by charge-transfer 
mechanism with EA in the presence of carbon tetrachlo- 
ride. They have found that  polymers with sufficiently ex- 
cess EA in the system have a bimodal  molecular weight 
distribution, whereas the polymers with less EA in the 
system have a unimodal  and sharp distribution curve. 
These studies also suggest the coexistence of two poly- 
merization mechanisms whose relative contr ibut ion de- 
pends on EA. 

When [CC14]/[amine] < 1, mechanism 1 predomi-  
nates and Rp is given by the equation, 

I. k1/2 
Rp -- r ~  [ M ]  [A]  1/2 [ C e l 4 ]  1/2 (7) 
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Fig.  7 - P , [ d [ M ] / d t ]  vs. [M] z plot for the polymerization of 
MMA ([DEAl =0.76 mol 1 x; [CC14] = 1.24 tool 1 -l) 

When [CC14]/[amine] ~> 1, mechanism 2 predominates  
and Rp is given by the equation, 

kp k13/2 FM]3/2 [_A] u2 
R p -  kit~ z L-.-~ L J (8) 

Here, [ M ]  = [ M M A ]  and [A] = [amine]  and kp and 
k, represent the rate constants of propagat ion  and termi- 
nation, respectively. 
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Our experimental results with EA, DEA and TEA 
agree well with Eqs. (7) and (8) indicating that the initia- 
tion of polymerization studied here involves the same 
mechanisms as proposed for the amine donors. As some of 
the monomer is used up in the initiation step, the experi- 
mentally observed order is slightly less than the theoretical 
value. 

As the polymerization of MMA in the presence of CC14 
and the aminoalcohol is initiated by free radicals produced 
from the charge-transfer complex, Eq. (9) should be applic- 
able: 

- Po = ~ [lVi3 2 (9) 

where /5  is the degree of polymerization, 
- d [ M ] / d t  = Rp and [M]  is the concentration of MMA 

in mol litre- 1. The fn values for the systems examined here 
are given in Table 3. The plots of - Pn [ d [ M ] / d t ]  versus 
[M]  2 were indeed found to be linear. Such a typical plot is 
shown in Fig. 7 for DEA. Slopes of these plots yielded 
values of kp/k~t/2 given in Table 3. It is worth mentioning 
that some of the typical values of kp/k~t/2 reported for such 
systems are 0.1436 [23], 0.160 [24], 0.109 and 0.134 [13], 
0.125 [25], 0.198 [26], and 0.196-0.319 [27]. These kp/k~t/2 
values are comparable to our data and thus, lend support 
to the free radical mechanism for polymerization of MMA 
initiated by charge-transfer complexes. 
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