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SYNOPSIS 

Graft polymerization of methacrylic acid to polycaproamide, initiated by the KzSz08- 
Na2S203-Cu2+ reversible redox system, has been studied. Kinetic characteristics of graft 
polymerization have been investigated in a wide concentration range of every component 
of the initiating system. Cu2+ ions have been found to catalyze graft polymerization in the 
1.0 * 10-5-1.2 * 10-4M concentration range, whereas at concentrations higher than 
1.2 * 10-4M, Cu2+ ions are involved in the kinetic chain termination. A mechanism of graft 
polymerization is proposed. 0 1993 John Wiley & Sons, Inc. 

INTRODUCTION 

Graft polymerization is now widely used in modi- 
fying synthetic fibers and films to obtain new fibrous 
sorbents and membranes, as well as to improve the 
consumer properties of chemical fibers. Therefore, 
there is now a growing interest in the modification 
of fibers and films with acrylic and methacrylic acids 
used as the monomers. Of particular interest is the 
synthesis of graft polymers of polycaproamide 
(PCA) and polymethacrylic acid (PMAA) . 

Numerous publications are available, where var- 
ious methods of initiating graft polymerization of 
methacrylic acid (MAA) have been proposed and 
comprehensively studied.'-7 Benzoyl peroxide- 
Cu2+,' potassium peroxydisulfate, Ce4+ ions3 and 
Mn 4+ ions, * cumyl hydroxyperoxide-ascorbic acid, 
thiourea-KBr03,6 and Fe3+-H202 (Ref. 7)  have 
been used as initiators or initiating systems. These 
systems, however, are of low efficiency in graft po- 
lymerization, and, as a rule, grafting is accompanied 
by the formation of the homopolymer-PMAA in 
smaller or larger quantities. 

Development of effective methods of synthesizing 
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PCA graft copolymers, making possible graft poly- 
merization without the formation of a homopolymer, 
is, therefore, of significant scientific and practical 
interest. It has been shown8v9 that in the synthesis 
of PCA and PMAA graft copolymers the graft po- 
lymerization is most effectively initiated when redox 
reversible systems (RS) containing metal ions of 
variable oxidation states are used. 

It was previously shown" that for the graft po- 
lymerization of PMAA to PCA fiber the best results 
are obtained with divalent copper used as the third 
component of RS. The presence of Cu2+ ions in the 
system speeds up substantially the rate of graft po- 
lymerization and raises the amount of the polymer 
formed." 

An important advantage of using RS with Cu2+ 
in the graft polymerization of MAA to PCA is the 
absence of homopolymer formation.'0," However, 
the mechanism of the action of divalent copper ions 
and the other components of the initiating system, 
as well as the role of Cu2+ in initiating the graft 
polymerization, remained unresolved. 

In some recent publications, Cu2+ ions have been 
shown12 to play an important part in the mecha- 
nisms of chain initiation and termination when used 
for the polymerization of acrylates in the presence 
of three-component reversible initiating systems 
containing divalent copper ions. In this paper, we 
report the results of investigating the influence of 
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the components of the K2S208-Na2S203-Cu2+ re- 
versible redox system on the kinetics and the mech- 
anism of MAA graft polymerization to PCA. 

EXPERIMENTAL 

Unelongated PCA fiber (0.68 tex) was used as the 
polymeric support, and the crystallinity degree was 
40%. Freshly distilled MMA, di0  = 1.0157, ng 
= 1.4315, and recrystallized K2S208, Na2S203 - 3H20, 
and CuS04 * 5H20 (reagent grade) were used for the 
grafting. 

Copper (11) ions were immobilized on the fiber 
(0.002% ) after it had been treated in aqueous so- 
lutions of copper sulfate at 80°C (modulus 50) 
[modulus = the relations of monomer solution vol- 
ume to the fiber weight (8) 1. After the treatment, 
the fiber was washed with distilled water to remove 
the Cu2+ ions unbonded to PCA. This made possible 
introducing 0.002% Cu2+ into the fiber (measured 
photocolorimetrically13). 

The graft polymerization was performed in an 
aqueous solution of MAA (0.696 mol/L) . The fibers 
were immersed in the MAA solution and then 
K2S208 (0.2% of monomer mass) and Na2S203 ( 3  
mol vs. K2S208) were introduced. The grafting was 
performed at 70°C (modulus 30). During Cu2+ ion 
introduction in the course of the graft polymeriza- 
tion, the fiber not containing copper ions was used. 

At first, the grafting process was carried out in 
the presence of binary RS K2S2Os-Na2S2O3, and 
some time after the beginning of the reaction, 
2 - 10-5-2 - mol/L Cu2+ was introduced into the 
reaction mixture and MAA was added until its con- 
centration in the solution reached 0.696 mol/L. The 
process was then continued, which was convention- 
ally labeled as "post"-graft polymerization. 

After the termination of graft polymerization, the 
samples were extracted with hot water to remove 
the unreacted monomer and dried to a constant 
mass. The quantity of grafted PMAA was deter- 
mined gravimetrically and by titration (by the 
number of COOH groups). 

RESULTS AND DISCUSSION 

To ascertain the effects of individual components 
of the initiating system on the kinetics and the 
mechanism of graft polymerization of MAA to PCA, 
we studied the dependence of the graft polymeriza- 
tion kinetic characteristics on the concentrations of 
the initiating system components, as well as the de- 

pendence between the kinetic orders of the graft po- 
lymerization reaction for the monomer and Cu2+ 
concentration. 

As seen from Figure 1, at K2S208 concentrations 
below 2.2 - lOP4M, the reaction practically does not 
occur. This is evidently because at constant Na2S203 
concentration a decrease in the K2S208 content leads 
to a large excess of Na2S203 in the system. This, as 
will be shown below, as a result of interacting with 
the SO; ion radical, leads to the appearance of a 
low-reactivity radical incapable of initiating the graft 
polymerization. 

The data in Figure 1 plotted as a 1gV vs. 
1gCKZSZO8 function show the existence of two regions 
characterized by a different contribution of K2S208 
to the kinetics of graft polymerization (Fig. 2).  At  
potassium peroxydisulfate concentrations exceeding 
5.5 - 10-4M, the reaction order with respect to 
K2S208 is equal to zero, whereas at lower K2S208 
concentrations (2.2 * 10-4-5.5 - 10p4M), the power 
at K2S208 in the kinetic equation for the rate of 
MAA graft polymerization to PCA is equal to 1.2. 

A marked deviation in the order of the graft po- 
lymerization reaction from that with respect to the 
initiator of the radical-chain polymerization (0.5 ) 
is indicative of the different chain initiation and 
termination mechanisms in graft polymerization. 

The zero order of the reaction for K2S208 at high 
peroxydisulfate concentrations demonstrates that 
the sulfate ion radicals, along with their participa- 
tion in the initiation of graft polymerization, take 
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Figure 1 The amount of grafted PMAA vs. the reaction 
time. KzS208, mol/L: (a) 2.2-10-4; ( 0 )  3 . 3 ~ 1 0 - ~ ;  (0 )  

8.9 - MAA = 0.696 mol/L; NaZSzO3 = 1.3 * mol/ 
L; modulus 30, temperature 70°C. 

4.4. (A) 5 . 5 - 1 0 - ~ ;  (0) 6.7. (v)  7.8- 10-4; ( A )  
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Figure 2 The 1gV vs. IgC~,S,o, plot. 

an active part in chain termination at the initial 
stages of grafting. 

Similar kinetic features of graft polymerization 
induced by active oxidants are typical of the graft 
polymerization of other vinyl monomers.'2 The re- 
action order for these monomers, established to be 
close to zero with respect to the oxidant, is 
explainedI2 by the decay of the primary growing 
radicals as a result of their interaction with the ox- 
idant radicals. 

The fact that the reaction order for KzSzO8 in 
graft polymerization at  low concentrations, on the 
contrary, becomes higher than that corresponding 
to the ideal radical polymerization is indicative of 
peroxydisulfate taking part in the side reactions. It 
can be assumed that one of such reactions involves 
SO ; interaction with S20 5 ,  yielding SO, - S20 z-, l4 

the latter being unable to induce p~lymerization.'~ 
Naturally, these species cannot initiate graft poly- 
merization either. As a possible side reaction, one 
could consider the termination of the growing ma- 
croradical of the grafted chain by the sulfate ion 
radicals. However, this reaction seems to be rather 
improbable with a large excess of Na2SZO3. 

The dependence of the rate of MAA graft poly- 
merization to PCA on the sodium thiosulfate con- 
centration was studied in the 2.2 - 10-'-17.2 - lW*M 
concentration range, at constant K2SzO8, MAA, and 
Cu2+ concentration. The data obtained, shown in 
the lgV-lgCNa2S2O3 coordinates in Figure 3, reflect 
the existence of three different concentration regions 
where the relative contributions of various types of 
radical reactions between KzS208 and Na2S203 at 
the initiation step are substantially different.14 

A t  the ratio of K&08 : Na2S203 = 1 : t 0.5-1.9 ) , '" 
when, because of the rather low thiosulfate concen- 
tration, the probability of SO; involvement in the 
suppression of the homopolymerization in solution, 
initiated by SO; and 'OH radicals, is sharply de- 
creased, the reaction order with respect to Na2S203 
is 0.58. Low rates of the graft polymerization of MAA 
are typical of this thiosulfate concentration region. 

With increasing Na2Sz03 concentration 
(8.4 * 10-4-1.3 - lOP3M), the rate of graft polymer- 
ization in the initiating system increases substan- 
tially, obviously because of a rise in the concentra- 
tion of SO; ion radicals formed by the interaction 
of K2S208 with Na2SZO3. Correspondingly, the con- 
centration of PCA macroradicals increases due to 
the chain transfer from SO; to PCA. The reaction 
order with respect to the reductant increases up to 
2.3 in this region. Such a high value can be explained 
by the fact that Na2Sz03 or S20 z- ions are also con- 
sumed in the interaction with SO; and 'OH radicals 
in solution. Thiosulfate consumption may be also 
caused by the recombination of thiosulfate ion rad- 
icals to give dithioniteI6: 

With a sufficiently large excess of Na2S203 (more 
than 3 mol of NaZSzO3 per 1 mol of KzSz08; 
1.3 - 10-3-1.7 - 10-3M), the order of graft polymer- 
ization, as seen from Figure 3, becomes equal to zero. 
This indicates, therefore, that Na2S203 is not only 

f 

Figure 3 The 1gV vs. lgCNazS203 plot. 
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a component of the initiating RS but is also actively 
involved in kinetic chain termination. At Na2S203 
concentration higher than 2.6 - 10-3M, the graft po- 
lymerization was found not to be taking place. 

It has been previously demonstrated"," that the 
presence of divalent copper ions in this system 
markedly increases both the graft polymerization 
rate and the monomer conversion. It was of interest 
therefore to find out how this reversible initiating 
system would behave in the graft polymerization of 
MAA to PCA at low and relatively high concentra- 
tions of copper ( 11) ions. 

Comparing the kinetic curves in Figure 4, one 
can observe that a t  low Cu2+ concentrations 
(1.1 - 10-5-3.0. 10-5M) there is a noticeable induc- 
tion period after which the grafting proceeds at very 
high rates. It is possible that the induction period 
corresponds to the time needed for the required 
amount of the intermediate Cu2+ complex with 
Na2S203 to be formed, l7 which then participates in 
the redox decomposition of K2S208. An increase in 
Cu2+ concentration (curves 4-10, Fig. 4) eliminates 
the induction period. However, comparing the graft 
polymerization rates at the initial stages, one can 
notice that, despite the absence of an induction pe- 
riod, the initial rate proves to be lower (2.1 - 
mol L-' s-') than that at low Cu2+ concentrations 
(2.9 0 lop4 mol L-' s-'). 

For the Cu2+ ion concentration region (1.0 * 

I A-~-A- 
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Figure 4 The yield of grafted PMAA vs. the reaction 
time. cu2+, mol/L: (0)  w5, ( A )  Z*10-5; (0 )  4.10-5; 
(0 )  8 ~ 1 0 - ~ ;  ( A )  (a) 4.10-4; (H) 6*10-4. MAA 
= 0.696 mol/L; KzSzOB = 4 . 4 ~ 1 0 - ~  mol/L; Na2S203 
= 1.3. mol/L; modulus 30; temperature '70°C. 

Figure 5 The 1gV vs. lgCcuz+ plot. 

12.0 - 10-5M), the order of the reaction of graft po- 
lymerization of MAA to PCA with respect to the 
Cu2+ ion, calculated from the lgV-lgCc,z+ plot, pre- 
sented in Figure 5, is equal to 0.6. This means that 
at such Cu2+ concentrations in the system the metal 
ions are predominantly involved in the decomposi- 
tion of K2S208 and, probably, do not take part in 
the termination of the growing polymeric chain. 

When determining the monomer reaction order 
for the initiating system with a low Cu2+ content 

I 

5 10 /5 20 
Time, min. 

Figure 6 The yield of grafted PMAA vs. the reaction 
time. MAA, mol/L: ( 1 )  0.464; ( 2 )  0.580; ( 3 )  0.696; ( 4 )  
0.929. Na2S203 = 1.3. mol/L; K2S208 = 4.4 - mol/ 
L; Cu2+ = 2 - mol/L; modulus 30; temperature 70°C. 
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Figure 7 The yield of grafted PMAA vs. the reaction 
time. MAA, mol/L: ( 1 )  0.464; ( 2 )  0.580; ( 3 )  0.696; ( 4 )  
0.929. Na2S203 = 1.3 - mol/ 
L; Cuz+ = 2 - mol /L  modulus 30; temperature 70°C. 

mol/L; K2S208 = 4.4 * 

from the kinetic curves in Figure 6, the order of the 
reaction with respect to the monomer was found to 
be equal to 2.3. According to Ref. 18, the reaction 
order for the monomer, equal to 2, is indicative of 
the participation of the monomer as a dimer at the 
stage of polymerization initiation. It can be assumed 
that in the course of grafting, when the local con- 
centration of MAA on the fiber sharply increases 
due to sorbtion, the possibility of the formation of 
dimeric forms and associates of MAA also increases. 
This creates favorable conditions for their complex- 
ing with Cu2+ ions. This may be the reason why the 
reaction order with respect to the monomer becomes 
higher than 2, and with respect to Cu2+, higher 
than 0.5. 

At Cu2+ concentrations higher than 1.2 - 10-5M, 
the shape of the lgV-lgCc,z+ plot changes sharply 
(Fig. 5);  the reaction order for Cu2+ becomes neg- 
ative (-0.13). This fact indicates that in this case 
the Cu2+ ions are involved both in the decay of pri- 
mary radicals capable of initiating the graft poly- 
merization and in the termination of the polymeric 
chain. 

An increase in the reaction order for the monomer 
from 2.3 to 2.6 at comparatively high Cu2+ concen- 
tration (Fig. 7 ) can be obviously explained in terms 
of the increasing probability of a complex formation 
between Cu2+ and MAA at the initiation stage. 

The data obtained have thus made it possible to 
describe the influence of each component of the ini- 

tiating RS on the kinetics of MAA graft polymer- 
ization to PCA. 
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