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SYNOPSIS 

The free-radical copolymerization of propyl, pentyl, hexyl, heptyl, octyl, and dodecyl meth- 
acrylates with triallyl cyanurate was investigated. The reactivity ratios were determined 
using the methods of Fineman-Ross and Kelen-Tudos. The Alfrey-Price Q and e values 
for the methacrylates were also evaluated. The effect of the length of alkyl group in meth- 
acrylates on reactivity ratios is discussed. 

I NTRO DU CTlO N 

In a series of papers, '-' we have described synthesis 
and some properties of copolymers of various ac- 
rylates and methacrylates with nitrogen-containing 
monomers, such as triallyl cyanurate, 1-3 N-fenyl, N- 
tolylmaleimide, 43 or N-vinylcarbazole.' The aim of 
investigations was to improve some properties of 
acrylate and methacrylate polymers, mainly their 
thermal 

Here, we present further results of the investi- 
gations. The process of free-radical copolymerization 
of several methacrylates of straight-chain alkyl al- 
cohols, propyl through dodecyl, with triallyl cy- 
anurate are described. Reactivity ratios of the co- 
monomers are calculated by using both the methods 
of Fineman-Ross lo and Kelen-TUdo~."-'~ The 
reactivity ratios are used to evaluate Q and e values 
for methacrylates according to the Alfrey-Price 
scheme.14 The effect of the length of alkyl chain in 
methacrylates on the reactivity ratios is discussed. 

EXPERIMENTAL 

Monomers 

Propyl ( PrMA) , pentyl ( PtMA) , hexyl ( HxMA) , 
heptyl (HpMA), octyl (OcMA), and dodecyl 
( DdMA) methacrylates were synthesized by trans- 
estrification from methyl methacrylate and appro- 
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priate alcohols in the presence of p -toluenesulfonic 
acid as catalyst (concentrated sulfuric acid was used 
in the case of PrMA) . Hydroquinone (0.3 mol) and 
copper flakes served as  inhibitor^.'^.^^ The reaction 
was carried out in a flask under 48-in. fractionated 
column filled with Rashig's rings and fitted with a 
condenser arranged to control reflux. The solvent 
was benzene and the temperature in the flask ranged 
from 94 to 110°C depending on alcohol used. After 
reaction, the cold mixture was neutralized, washed, 
dried, and then the solvents were distilled off in a 
rotary evaporator at about 20 mmHg. The ester was 
purified by fractional distillation under reduced 
pressure. For all methacrylates the yield was about 
60%. The purity of monomers was checked by mea- 
suring their physical properties (see Table I )  and 
by IR and NMR ana1y~es.l~ 

The synthesis of triallyl cyanurate (TAC) was 
described el~ewhere.~ The nitrogen content deter- 
mined by Kjeldahl's method was 16.8% (calculated 
16.86% ) , mp 27-28"C, bp 137-140°C, ng = 1.5060, 
n;5 = 1.5049. 

Benzoyl peroxide (BP) , pure grade (Argon, G d i ,  
Poland), contained 86.5% of BP as analyzed ac- 
cording to Ref. 18. 

Copolymerization and Copolymer Analysis 

The copolymerization was carried out in bulk as fol- 
lows. The appropriate amounts of comonomers were 
weighed and poured after dissolving initiator (BP)  
into 15 T 2-mL glass ampules. The time of copoly- 
merization was established experimentally. It was 
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Table I Physical Properties of Alkyl Methacrylates 

Saponification 
Molecular Weight Number 

BP ("C)/ 
Found Monomer mm Hg dzo g/cm ng Calcd. Found" Calcd. 

PrMA 40/8 0.9060 1.4191 128.2 128.6 438 444 

HxMA 111/24 0.8833 1.4300 170.0 171.6 329 333 

OcMA 120/16 0.8830 1.4378 198.3 196.1 283 282 

PtMA 77/17 0.8913 1.4277 156.0 154.0 359 362 

HpMA 6214 0.8825 1.4322 184.3 182.9 304 305 

DdMA 179/14 0.8753 1.4450 254.4 222.2 221 219 

a From cryoscopic analysis in dioxane. 

short enough to obtain conversion of monomers be- 
low 10% (0.6-6.6 h ) .  After that time the ampules 
were removed from the bath, cooled down to room 
temperature, and broken into acetone. Copolymer 
was isolated and purified by two precipitation-dis- 
solving cycles in acetone and methanol. It was then 
filtered, dried in vacuo at  room temperature to con- 
stant weight and analyzed for nitrogen contents. 

The content was determined by Kjeldahl's 
method.lg Each copolymer was analyzed three times. 
The results obtained in this way were reproducible 
within 0.3%. For pure TAC, the result of nitrogen 
analysis agreed with the calculated one. Two series 
of measurements for nine compositions were made 
for each pair of comonomers. The average results 
from the two series are presented in Tables I1 
to VII. 

RESULTS AND DISCUSSION 

The reactivity ratios of the monomers ( rl for meth- 
acrylates and r2 for TAC) were determined according 
to Fineman-Ross (F-R) lo and Kelen-Tudos (K- 
T)  methods in which three ways of calculation were 
used graphical method ( I ) ,  l1 graphical method re- 
garding weight conversion ( 11) , l2 and the least- 
squares technique l3 ( 111). As shown in Tables I1 to 
VII, the rate polymerization of TAC with methac- 
rylates is a function of both the concentration of 
monomers and the size of alkyl group in methac- 
rylates. For the systems PrMA-TAC, PtMA-TAC, 
and HxMA-TAC, a higher rate of polymerization 
was observed on increasing content of methacrylates 
in the feed, while for the systems of HpMA-TAC, 
OcMA-TAC, and DdMA-TAC, the similar rate- 

Table I1 
(Mz) at 60 7 1°C in Presence of Benzoyl Peroxide (0.3% by weight) 

Composition 
of Starting 

Experimental Data for Copolymerization of Propyl Methacrylate (MI)  with Triallyl Cyanurate 

Mixture Fraction of 
(mol %) N Content in TAC in 

Polymerization Conversion Polymerization Copolymer Copolymer 
(wt %) (mol %) MI Mi? Time (h) (wt %) Rate (wt %/h) 

90 10 0.66 5.03 7.62 
80 20 0.73 5.40 7.37 
70 30 0.82 8.07 9.89 
60 40 0.92 3.65 3.98 
50 50 1.00 5.32 5.32 
40 60 1.08 4.09 3.78 
30 70 1.17 4.83 4.14 
20 80 1.33 4.71 3.53 
10 90 1.50 4.00 2.66 

0.35 
0.80 
1.40 
1.90 
2.70 
3.75 
5.35 
7.60 

11.50 

1.08 
2.50 
4.45 
6.31 
9.11 

14.97 
19.52 
29.95 
52.16 
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Table I11 Experimental Data for Copolymerization of Pentyl Methacrylate ( M I )  with Triallyl Cyanurate 
(Mz) at 60 7 l 0 C  in Presence of Benzoyl Peroxide (0.5% by weight) 

Composition 
of Starting 

Mixture Fraction of 
(mol %) N Content in TAC in 

Polymerization Conversion Polymerization Copolymer Copolymer 
Ml M* Time (h) (wt %) Rate (wt %/h) (wt (mol %) 

90 
80 
70 
60 
50 
40 
30 
20 
10 

10 
20 
30 
40 
50 
60 
70 
80 
90 

2.25 
2.33 
2.37 
2.50 
2.58 
2.67 
2.75 
2.92 
3.25 

7.15 
6.09 
4.54 
4.26 
2.65 
3.50 
3.05 
4.89 
3.24 

3.18 
2.61 
1.92 
1.70 
1.03 
1.31 
1.11 
1.67 
1.00 

0.30 
0.70 
1.09 
1.52 
1.98 
2.65 
4.23 
6.71 
9.71 

1.12 
2.64 
4.15 
5.84 
7.69 

10.46 
17.34 
29.27 
45.91 

monomer composition relationship is reversed. The 
reactivity of comonomers as well as the rate of po- 
lymerization may depend on steric factors and on 
the polarity of molecules. It appears that a purely 
steric effect is operative in this case because the 
reactivity of growing macroradical due to the in- 
ductive effect from alkyl groups cannot be signifi- 
cant. Triallyl cyanurate copolymerizes with meth- 
acrylates to a crosslinked network. In the present 
investigations no gelation, however, was found to 
occur at the conversion below 10%. Although 
branched and internally cyclized molecules were 
formed in the reaction," we did not consider these 

features. The reactivity of all three ally1 groups was 
assumed to be the same and conversion independent. 
In fact, DuE;ek and Sp6vaEQk21.22 show that the effect 
of cyclization on copolymerization reactivity ratios 
in a system with multivinyl monomer is insignifi- 
cant. 

The reactivity ratios rl and rz calculated by using 
F-R and K-T methods are presented in Table VIII. 
The values resulting from F-R and K-T methods 
are different, but deviations are not too large. For 
the three ways of calculating within the K-T 
method, slight differences in rl values and somewhat 
higher in r2,  are observed. In general, however, rl 

Table IV 
(Mz) at 60 T 1°C in Presence of Benzoyl Peroxide (0.5% by weight) 

Composition 
of Starting 

Experimental Data for Copolymerization of Hexyl Methacrylate (MI) with Triallyl Cyanurate 

Mixture Fraction of 
(mol %) N Content in TAC in 

Polymerization Conversion Polymerization Copolymer Copolymer 
Ml M2 Time (h) (wt %) Rate (wt %/h) (wt %I (mol %) 

90 
80 
70 
60 
50 
40 
30 
20 
10 

10 
20 
30 
40 
50 
60 
70 
80 
90 

3.58 
3.50 
3.15 
2.83 
3.00 
4.25 
3.55 
4.22 
4.95 

5.24 
6.24 
6.73 
5.36 
3.91 
2.85 
2.68 
2.52 
4.41 

1.46 
1.78 
2.14 
1.89 
1.30 
0.67 
0.75 
0.57 
0.89 

0.25 
0.62 
1.11 
1.55 
2.12 
2.64 
3.28 
4.95 
9.25 

1.02 
2.54 
4.59 
6.46 
8.94 

11.24 
14.15 
20.09 
45.33 
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Table V 
(M,) at 60 T 1°C in Presence of Benzoyl Peroxide (0.5% by weight) 

Experimental Data for Copolymerization of Heptyl Methacrylate (MI) with Triallyl Cyanurate 

Composition 
of Starting 

Mixture Fraction of 
(mol %) N Content in TAC in 

Polymerization Conversion Polymerization Copolymer Copolymer 
MI M2 Time (h) (wt %) Rate (wt %/h) (wt %) (mol %) 

90 
80 
70 
60 
50 
40 
30 
20 
10 

10 
20 
30 
40 
50 
60 
70 
80 
90 

6.60 
5.27 
4.23 
3.15 
2.83 
2.30 
1.95 
1.65 
2.77 

7.52 
7.79 
7.78 
6.59 
6.54 
7.88 
4.99 
3.16 
6.16 

1.14 
1.47 
1.84 
2.09 
2.31 
3.43 
2.56 
1.92 
2.22 

0.28 
0.58 
0.95 
1.35 
1.82 
2.40 
3.22 
4.72 
9.05 

1.14 
2.57 
4.23 
6.05 
8.21 

10.93 
14.86 
22.33 
46.14 

values obtained from F-R and K-T graphical 
method are consistent. Bigger differences were found 
for r2 values as well as for both rl and r2 ones for 
the systems OcMA-TAC and DdMA-TAC. Figure 
1 shows a 7 versus [ plot for all copolymerization 
systems according to the graphical K-T method. 
From the results presented in Table VIII, it is in- 
teresting to note that the length of the alkyl group 
in a methacrylate exerts certain influence on the 
reactivity ratios of monomers. The values of reac- 
tivity ratios rl for PrMA, PtMA, HxMA, and HpMA 
are large and only differ slightly from one another, 
while for OcMA and DdMA the values are consid- 
erably smaller. The reactivity of ally1 esters with the 

majority of reactive monomers is relatively small.' 
We found this in the present investigations, too. The 
values of rz for TAC are very small and almost the 
same for all systems. Knowledge of reactivity ratios 
allows us to predict the structure of the copolymer. 
For all the systems the values of rl are greater than 
1 and r2 less than 1. This means that both radicals 
prefer methacrylates, and copolymers are enriched 
in methacrylate units. The product of the reactivity 
ratios indicates that the two monomers have the 
tendency to alternate (Table VIII) . Figure 2 shows 
the plots of molar fraction of TAC in the copolymer 
( m2) as a function molar fraction of TAC in mono- 
mer feed (Ad2).  For all copolymers the composition 

Table VI Experimental Data for Copolymerization of Octyl Methacrylate (MI) with Triallyl Cyanurate 
(Mz) at 60 T 1°C in Presence of Benzoyl Peroxide (0.5% by weight) 

Composition 
of Starting 

Mixture Fraction of 
(mol %) N Content in TAC in 

Polymerization Conversion Polymerization Copolymer Copolymer 
MI M2 Time (h) (wt %) Rate (wt %/h) (wt %) (mol %) 

90 
80 
70 
60 
50 
40 
30 
20 
10 

10 
20 
30 
40 
50 
60 
70 
80 
90 

6.13 
4.67 
4.33 
2.92 
2.25 
1.58 
1.50 
1.67 
1.58 

7.09 
5.65 
5.73 
5.00 
7.55 
5.56 
6.95 
4.30 
5.10 

1.17 
1.21 
1.32 
1.71 
3.36 
3.51 
4.63 
2.58 
3.22 

0.33 
0.61 
1.13 
1.60 
2.26 
3.07 
4.01 
5.47 
7.92 

1.56 
2.90 
5.40 
7.69 

10.96 
15.05 
19.84 
27.63 
41.32 
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Table VII Experimental Data for Copolymerization of Dodecyl Methacrylate (M,)  with Triallyl 
Cyanurate (Mz) at 60 T 1°C in Presence of Benzoyl Peroxide (0.5% by weight) 

Composition 
of Starting 

Mixture Fraction of 
(mol %) N Content in TAC in 

Polymerization Conversion Polymerization Copolymer Copolymer 
M1 Mz Time (h) (wt %) Rate (wt %/h) (wt %) (mol %) 

90 
80 
70 
60 
50 
40 
30 
20 
10 

10 
20 
30 
40 
50 
60 
70 
80 
90 

4.83 
4.75 
3.75 
2.83 
2.33 
1.67 
1.42 
1.67 
1.50 

4.60 0.95 0.30 1.82 
5.00 1.05 0.66 3.99 

10.00 2.67 0.98 5.93 
2.32 0.82 1.33 8.06 
9.25 3.97 1.80 10.87 

10.30 6.18 2.19 13.20 
5.19 3.65 2.73 16.49 
4.51 3.87 4.13 24.89 
8.50 5.67 7.29 43.17 

curves are similar. The reactivity of methacrylates 
is high (including OcMA and DdMA) . It causes a 
rapid chang in the composition of the monomer 
feed. The relatively low rate of conversion of TAC, 

even at the initial mole fraction of TAC as high as 
90%, is consistent with the low values of r2.  

Table VIII contains also the Alfrey-Price copo- 
lymerization parameters Q1 and el for methacrylates. 

Table VIII 
and Q1 and el Values for Methacrylates 

Reactivity Ratios of Alkyl Methacrylates (Ml )  with Triallyl Cyanurate (M,) 

Kelen-Tudos Method 
Fineman-Ross 

Monomers r Method I I1 I11 Qi el 

PrMA-TAC J-1 30.65 30.54 30.84 29.946 
r2 -0.042" 0.037 0.032 0.031 0.41 0.15 

- - 0.9283 - rl - rz  

PtMA-TAC rl 29.52 29.46 29.55 31.159 
r2 -0.021" 0.0262 0.0236 0.0269 0.47 0.39 

- - 0.8113 - r1- r2 

HxMA-TAC rl 28.17 28.29 28.41 28.982 
rz 0.018 0.005 0.005 0.0258 0.47 0.42 

- 0.7472 - - r l -  r2 

HpMA-TAC rl 27.92 27.96 28.03 28.419 
r2 0.023 0.029 0.021 0.0274 0.45 0.38 

- - 0.7787 - r l -  r2 

OcMA-TAC rl 21.99 22.50 22.51 22.932 
r2 0.060 0.015 0.050 0.0223 0.52 0.69 

- - 0.5114 - r l -  r2 

DdMA-TAC r1 17.19 18.40 18.90 18.392 
r2 0.033 0.058 0.067 0.051 0.25 0.13 

- 0.9380 - - r1- r2 

a r2 < 0 attributable to experimental error. For TAC Q2 = 0.013 and e2 = -0.12?3 
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Figure 1 
The Kelen-Tudos graphical method, where r 1 / 3  = q and - 3 r 2 / a  = q. 

The q versus plot for systems of alkyl methacrylates with triallyl cyanurate. 

These values were calculated from the reactivity ra- 
tios rl and r2 obtained by the K-T method using the 
least-squares technique and from literature for Q2 
and e2 for TAC ( Q2 = 0.013, e2 = -0.12) .23 The cal- 
culated values of Q1 (Table VIII) are not so large 

and do not differ significantly from one another, with 
one exception for the DdMA-TAC system, where 
Q1 is slightly smaller. The values el for methacrylates 
also differ slightly from those obtained by other au- 
thor~. '~- '~ 
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20 m 

Figure 2 
fraction in the copolymer ( mz)  . 

Relationship of the molar fraction of TAC in the feed ( M 2 )  and the molar 
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