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Methyl acrylate and methyl methacrylate have been copolymerized using the initiator 2,2'- 
azobisisobutyronitrile over a wide composition and conversion range. Free-radical copolymerization has 
been carried out in benzene solution using 3 and 5 mol 1 1 as the overall concentrations of monomers. 
Reactivity ratios do not, apparently, change by dilution. Cumulative copolymer composition was 
independent of total monomer concentration, being described satisfactorily by the integrated Mayo-Lewis 
equation. The overall copolymerization coefficients are not affected by total monomer concentration. They 
were analysed on the basis of a penultimate effect on the propagation reaction. 

(Keywords: solution-radical copolymerization; high conversion; reactivity ratios; methyl acrylate-methyl methacrylate; 
overall eopolymerization rate) 

I N T R O D U C T I O N  

In the last two decades many publications have referred 
to the effect of solvent on the reactivity ratios of a series 
of monomers copolymerized by a free-radical mechanism. 
The subject has been reviewed by Plochocka 1. 

Changes in the reactivity ratios have been explained z 
in terms of: (i) electrostatic repulsion of charged 
monomers and radicals; (ii) changes in monomer 
polarity; (iii) participation of monomers in complexes; 
(iv) hydrogen bonding of monomer with solvent; and 
(v) solvent dielectric effects. However, a universal 
treatment has not been developed so far. 

Recently, Harwood 2 has observed that copolymers 
having the same composition have the same microstructure, 
independent of the solvent used during their preparation. 
By considering this fact, Harwood 2 proposed that solvent 
effects in copolymerization are not manifested in the 
chain-end reactivity but rather in a solvent partitioning, 
whereby an equilibrium may exist in which monomers 
are distributed between free solvent, i.e. in the whole 
reaction medium, and domains in the neighbourhood of 
the growing chain-end radicals. This kind of effect has 
been called 2 the 'bootstrap effect'. 

On the other hand, Kratochvil et al. 3 have pointed 
out that the ratio between the local and analytical 
molar concentration of a component depends markedly 
on the volume in which the preferentially solvated 
component is dispersed. It is obvious that the largest 
relative differences between the local and analytical 
concentrations due to preferential solvation, and hence 
also the largest effect of preferential solvation on 
the kinetics, may be expected for low monomer 
concentrations. 
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Furthermore, in the free-radical copolymerization of 
acrylonitrile-styrene 4 and the free-radical copolymerization 
of 2-ethylacrylic acid-methacrylic acid 5, it has been 
observed that variations in overall concentration of 
monomers in N,N'-dimethylformamide produce changes 
in the value of reactivity ratios. The observed trends have 
been explained considering preferential solvation 5'6. 
Variation in reactivity ratios with the overall concentration 
of monomers is also found in the free-radical copolym- 
erization of vinyl acetate methyl methacrylate when 
propanol, acetone or acetonitrile is used as a solvent 7. 

Bearing in mind these facts, this investigation focuses 
on the dilution effect in the free-radical copolymerization 
of methyl acrylat~methyl  methacrylate in benzene, 
considering composition data, and therefore reactivity 
ratios, as well as overall copolymerization rates. 

EXPERIMENTAL 

Mater ia l s  

Monomers,  methyl acrylate (MA) and methyl 
methacrylate (MMA), were purified by conventional 
methods 8. 

2,2'-Azobisisobutyronitrile (AIBN) was purified by 
successive crystallizations from methanol. Benzene 
(Merck) for analysis was used without any further 
purification, disregarding generous head and tail fractions 
by distillation. 

Copolymer i za t ion  

Copolymerization reactions were conducted at 50 _+ 0.1 °C 
in Pyrex glass ampoules sealed under high vacuum. The 
calculated amount of AIBN dissolved in purified acetone 
to give 1.5x 10 -2mol l  -1 was run into the ampoules. 
For  each feed composition the calculated amount of 
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monomers was weighted and the required volume of 
benzene to give monomer concentrations of 3 or 5 mol 1- 
was added. The mixture was degassed by successive 
freeze-pump-thaw cycles. The ampoules were kept 
frozen in liquid nitrogen until required. The resulting 
copolymers were isolated by pouring the contents of the 
glass ampoules into methanol. The precipitated materials 
were purified by reprecipitation from benzene-methanol 
system and then filtered and dried until constant weight 
was attained. 

Copolymer analysis 
1H n.m.r, spectroscopy was used to determine 

copolymer compositions. Spectra were recorded at 
50°C for all copolymers on about 8% solutions 
in deuterochloroform by using a Bruker AM-200 
spectrometer operating at 200 MHz. Copolymer compo- 
sition was determined following the method of Grassie 
et al. 9. 

RESULTS AND DISCUSSION 

Free-radical copolymerization of MA-MMA was carried 
out at 50°C in 3 or 5 mol 1-1 benzene solution using 
1.5 × 10 -2 tool l -  1 of AIBN as initiator concentration. 
Both reactivity ratios were obtained by preparing 
copolymers from monomer feed compositions as near as 
possible to those determined by the 'approximate design 
scheme' proposed by McFarlane et al. ~°. To obtain initial 
estimated reactivity ratios, arithmetic means of the values 
reported in the literature 9' 1 ~-~4 were used; they are shown 
in Table 1. 

Copolymer composition (FMA) data are quoted in Table 
2, together with monomer feed compositions (fMA) 
obtained from the 'approximate design scheme', and 
others which widen the experimental range. It is observed 

Table 1 Literature values for the reactivity ratios of methyl 
acrylate-methyl methacrylate copolymerization 

r M A  F M M  A Re~ 

0.34 1.69 11 
0.35 1.80 9 
0.36 2.23 12 
0.45 2.30 12 
0.50 2.30 13 
0.47 2.30 14 
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Figure 1 Data of the system methyl methacrylate (MMA)-methyl 
acrylate (MA)-benzene-AIBN at 50°C plotted according to the Kelen- 
Tfidos equation. Feed composition for [MA] + [MMA] = 5 mol 1-1 (O) 
and = 3 tool 1-1 (O) 
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Figure 2 Cumulative copolymer composition FMA as a function of the 
degree of conversion. The solid lines have been calculated from the 
terminal model integrated copolymer equation with reactivity ratios 
determined as rMA=0.42_+0.08 and rMMA=2.36_0.32. Solid and open 
points represent copolymer composition obtained using 5 and 3 mol 1-1 
as the overall concentration of monomers, respectively 

Table 2 Analytical data for the copolymerization of MA with MMA 
at 50°C in benzene solution using AIBN as initiator 

[MA] + [MMA] fMA Conversion FMA 
(mo11-1) (%) 

3.0 0.858 7.9 0.671 
0.825 7.8 0.699 
0.801 8.1 0.641 
0.700 3.8 0.498 
0.548 5.0 0.340 
0.504 8.2 0.311 
0.452 4.7 0.250 
0.300 5.6 0.130 

5.0 0.823 3.0 0.671 
0.801 2.8 0.596 
0.698 2.9 0.521 
0.503 3.0 0.325 
0.451 2.6 0.265 

that the copolymer compositions are independent of the 
global concentrations of monomers in the feed, and for a 
determined monomer feed the copolymers exhibit, within 
experimental error, similar molar fraction compositions. 
The reactivity ratios have been obtained by means of the 
Kelen and Tfidos linearization method 15 considering the 
results obtained with both overall concentrations of 
monomers. The Kelen Tiidos plot is shown in Figure 1, 
the corresponding reactivity ratios being rMg = 0.42 _+ 0.08 
and rMMA=2.36_0.32. In order to ratify this finding, 
high-conversion copolymerization of MA MMA has 
been carried out using several feed compositions of 
monomers. Figure 2 shows the cumulative copolymer 
composition as a function of conversion. The solid lines 
were drawn according to the integrated copolymer 
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composition equation using the reactivity ratios given 
above. It is clear that the experimental data are consistent 
with the Mayo-Lewis terminal model, independent of 
the total monomer concentration. For  this reason the 
propagation step is not apparently affected by dilution 
under the experimental conditions employed in the 
present work. 

Free-radical copolymerization of MA with MMA has 
been followed up to moderate conversions using an 
overall concentration of monomers of 3 and 5 m o l l -  ~ 
and changing the MMA molar feed composition from 
0.3 to 0.8. Figure 3 shows the experimental results. It can 
be seen that the overall concentration of monomers does 
not influence the copolymerization coefficient. However, 
as expected, the copolymerization rate hardly changes as 
a function of molar monomer feed compositions, being 
higher when MA molar fraction in the feed increases. 

From the initial slope of the lines in Figure 3, the 
initiator concentration and rate coefficients, (kp/k:/ZXJ'kd) 1/2, 
for the MA-MMA-benzene  system were estimated. In 
Figure 4 the rate coefficients are plotted versus MMA 
molar composition in the feed. From a classical point of 
view, the shape of the curve shown in Figure 4 would be 
attributed to changes in the termination reactions 16. 
However, recent experimental evidence w 19 using different 
techniques has shown a certain type of deviation from 
the profiles of the overall copolymerization propagation 
rate constant (kp) versus monomer feed composition (f/) 
calculated according to the Mayo Lewis equation. Such 
deviations have been interpreted as a consequence of 
the penultimate effect on the propagation reaction. 
Considering the 'terminal model', the apparent propagation 
rate constant could be expressed thus ~7" 

r l f2  + 2fafz +rEf  2 
kp - (1) 

(rl f dk11) + (r2f2/k22) 
where rl = k,/k u (i ¢j) is the reactivity ratio and k u is the 
rate constant for radical i adding j (i, j - -1  or 2) and 
f~=(1-f~), the mole fraction of monomer i in the feed. 
According to the penultimate model, and following the 
nomenclature of Fukuda et  al. 2°, kp can be expressed by 
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Figure 3 Plot of degree of conversion versus copolymerization 
time for the system methyl methacrylate (MMA)-methyl  acrylate 
(MA~benzene  AIBN at 50°C. Solid and open points represent 
conversion obtained using 5 and 3 mol l -  a as the overall concentration 
of monomers,  respectively 
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Figure 4 Plot of [kp/kl/2][j~d] 1/2 v e r s u s  fMMA for the system methyl 
methacrylate (MMA)-methyl  acrylate (MAl-benzene-AIBN at 50°C. 
The open circles are experimental data points estimated as indicated 
in the text. - , calculated values for the penultimate model by 
considering S l = S 2 = ( r l r 2 ) l / 2 ;  , s 1 and s 2 estimated from 
experimental results by a method of fitting for the best representation. 
r 1 and r 2 are the experimental reactivity ratios obtained at low 
conversions 

equation (1) with kll  and k22 replaced by the following 
functions: 

k11=ki11(rlfi +fE)/(rlfi +s;lf2) (2) 

k22=k222(r2f2+f1)/(r2f2+s21f1) (3) 

S 1 =k211/k111  and s 2=k 122 / k 222  (4) 

where kijm is the rate constant for the terminal radical j 
with penultimate unit i, adding to monomer m and k i 11 
and k222 refer to the homopolymerization of MA and 
MMA, respectively. 

The penultimate influence is asserted through the 
parameters sl and s 2 which do not influence either 
composition or sequence distribution 21. 

On the other hand, termination rate constant in copolym- 
erization might be represented by a simple weighted 
average of the homotermination rate constants 17'22 for 
both homopolymers, according to the 'ideal termination 
model' of Atherton and North's theoryE3: 

k~ =Fikti i + FEkt22 (5) 

where F 1 and F 2 a r e  the respective mole fractions of 
monomer units in the copolymer. 

Furthermore the value of Jk d, where f is the efficiency 
factor for initiator decomposition in copolymerization 
and k d is the initiator decomposition rate constant 
in copolymerization, is a function of the feed compo- 
sition and its product varies linearly with monomer 
feed composition according to the following empirical 
relationship22: 

fk d =fa(Jkd) 1 +/2(fkd)2 (6) 

1788 POLYMER, 1993, Volume 34, Number8 



Free-radical copolymerization of M A - M M A :  C. Arias et al. 

Table 3 Homopolymerization rate constants for methyl methacrylate 
and methyl acrylate copolymerization at 50°C in benzene solution using 
AIBN as initiator 

Monomer kp k t x 10 v jk d × 106 
(lmo1-1S -1) (lmo1-1S -1) (s -1) 

MA 4200 2.54 0.70 
MMA 544.5 3.49 1.36 

rate cons tan ts  used to calcula te  (kp/k~/2)(fl~d) 1/2, our  
present  analysis  can be cons idered  conclusive only  f rom 
a qual i ta t ive  po in t  of view. 

F r e e - r a d i c a l  c o p o l y m e r i z a t i o n  of  M M A - M A  in 
benzene so lu t ion  using the F u k u d a  nomenc la tu re  27 
shows an implici t  penu l t ima te -un i t  effect, which means  
that  the penu l t imate  unit  only  influences the abso lu te  
value of the copo lymer i za t i on  rate  p r o p a g a t i o n  constant ,  
but  does  no t  influence the react iv i ty  ra t io  values. 

H o m o p o l y m e r i z a t i o n  rate cons tants  for bo th  M A  
and M M A  m o n o m e r s  shown in Table 3 were taken 
from previous  studies 24'25. F o r  h o m o p r o p a g a t i o n  rate  
cons tan t  of M A  a value of 4 2 0 0 1 m o l - l s - 1  was 
est imated,  t ak ing  into account  the value given by Davis  
et al. 26. H o m o p o l y m e r i z a t i o n  rate  constant ,  together  
with the react ivi ty  ra t io  values ment ioned  above  and  
the exper imenta l  rate  coefficients of copo lymer iza t ion ,  
(kp/klt/z)(j~d) 1/2, al low s 1 and s 2 to be de te rmined  by a 
fitt ing procedure .  The  full curve, represented  in Figure 4, 
was ca lcula ted  with values of  0.8 and 10.0 for s~ and s2, 
respectively. I t  can be seen tha t  exper imenta l  values are 
in qual i ta t ive  agreement  with ca lcula ted  ones. At  first 
sight, these values are  unrealist ic,  since F u k u d a  et al. 2°, 
using a model  based  on radical  s tab i l iza t ion  energies 
which varies accord ing  to the na tu re  of the penul t imate  
unit,  have pred ic ted  tha t  r l r  2 = sis2 with s 1 = s2. However ,  
by tak ing  s 1 = s2 = (rlr2) 1/2 the resul t ing value for Sl = s2 
is 0.996. The theoret ica l  curve for rate coefficient of 
copolymerizat ion,  (kp/klt /E)(flCd) 1/2, versus M M A  m o n o m e r  
feed compos i t ion  is shown in Figure 4 as a dashed  curve. 
I t  is observed that  this curve is far from fit t ing the 
exper imenta l  da ta ,  but  when values of  s1=0 .8  and  
s2 = 10.0 are used, the penul t imate  mode l  provides  a bet ter  
fit for the exper imenta l  data.  

The M a y o - L e w i s  te rmina l  model ,  together  with the 
react ivi ty  ra t ios  calcula ted at  low conversions,  has been 
used to calculate  the changes in copo lymer  compos i t i on  
with increasing conversion.  The exper imenta l  results 
compare  very well with the es t imated  ones. 

The M a y o - L e w i s  mode l  does not  descr ibe copo lym-  
e r i za t ion  ra te  coefficient,  (kp/klt/2)(fkd) 1/2, for the  
copo lymer iza t ions  carr ied out  in the present  study. 
The penul t imate  mode l  of F u k u d a  et al. ~7, together  
with some other  empir ica l  re la t ionships  such as the 
A t h e r t o n - N o r t h  mode l  for the t e rmina t ion  cons tan t  
k t and  tha t  of O ' D r i s c o l l - H u a n g  for the in i t ia tor  
decompos i t ion  cons tan t  and  its efficiency factor  Jk d, 
has been used to fit the data.  A best  curve fitting 
ca lcula t ion  yields s1=0 .8  and  s2=10 .0  as o p t i m u m  
values. The curve provides  a very sat isfactory descr ip t ion  
of the exper imenta l  results. I t  m a y  indicate  that ,  at  least  
from a phenomenolog ica l  po in t  of  view, the penul t imate  
mode l  can describe the exper imenta l  results wi thout  
t ak ing  into account  any ad jus tab le  parameter .  However ,  
because of all a p p r o x i m a t i o n s  made  in der iving the 
equat ions  we have employed,  as well as the large 
uncerta int ies  involved in the overal l  copo lymer i za t i on  
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