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IONIC CLUSTERS IN HIGH STRENGTH CARBOXYLIC RUBBERS 

by 

A. V. Tobolsky, P. F. Lyons, and N. Hata 

Abstract 

• 

The viscoelastic effect of ionic linkages in carboxylic 

rubber is indicative of the presence of hard ionic clusters 

dispersed throughout an amorphous rubbery matrix. The visco¬ 

elastic response characteristics of the metallocarboxylate 

rubbers are similar to those observed with linear segmented 

elastomers -- an enhanced and extended "rubbery plateau" 

region above a major glass transition temperature. The high 

strength of the carboxylic rubbers cured with metal oxides is 

ascribed to the presence of ionic clusters which give rise to 

a two-phàse, reinforced structure. 
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Introduction 

The unusual physical properties that result from the com¬ 

bination of ions with organic polymers were first noted in 

1954.1 Copolymers of butadiene containing small amounts of 

acid groups were crosslinked by metal oxides to give rubbers 

characterized by a high tensile strength without the addition 

of reinforcing fillers. High strength was observed with both 

monovalent and divalent ions. The corresponding sulfur vul¬ 

canízales were very weak products by comparison. These earlv 

results are summarized in fable I.1*2 

Subsequent study of metallocarboxylate rubbers over the 

past decade has generated some debate concerning' the source of 

the unusual properties.3»4 The two current theories invoke 

the concept of a relaxation process occurring during the ten¬ 

sile stress test as the source of the high strength. They 

differ in the interpretation of the molecular process respon¬ 

sible for the relaxation. 

Cooper postulated that the relaxation occurred via a chem- 

ical mechanism. The salt crosslinks were thought to take part 

in an interchange reaction thereby relieving localized stress 

concentrations. Halpin and Bueche assigned the relaxation to 

a viscoelastic process which they claimed was a natural reflec¬ 

tion of the sparse crosslink density in the metal oxide vulcan¬ 

ízales .4 No special importance was attached to the ionic 



2 

crosslinks in this theory. A concise summary of the evidence 

leading to these two interpretations is given in reference 4. 

The "labile crosslink" hypothesis apparently first sug¬ 

gested by Cooper has also been adopted as the explanation for 

the higher tensile strengths of hydrocarbon rubbers crosslinked 

with polysulfide linkages as contrasted with those crosslinked 

by monosulfide, disulfide, or carbon-carbon links.5 The non- 

reinforced polysulfide crosslinked rubbers are, however, much 

weaker than the metallocarboxylate rubbers. 

An alternative explanation for the high (relatively) 

strengths of polysulfide cures has recently been presented by 
0 

us. He proposed that the high tensile strength results from 

an internally relaxed network formed by the thermal lability 

of the polysulfide crosslinks at the vulcanization temperature 

rather than at the temperature of the tensile test. 

The recent discovery of ionomers (plastics in which a 

copolymer of ethylene and an acid is combined with a metal) 

has promoted a renewed interest in the structural effect of 

combining ions with erganie macromolecules. In a viscoelastic 

study of ionomers by one of us, it appeared that the mechanical 

behavior and strength of these transparent plastics was domi¬ 

nated by the existence of ionic clusters interspersed through- 
p 

out a predominantly amorphous matrix. Some slight crystallin¬ 

ity was also present; this affected the properties somewhat and 

also made interpretation more complex. 
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The viscoelastic study of metallocarboxylate rubbers 

reported here indicates that a similar clustering phenomenon 

obtains in these completely amorphous systems. The high 

strength of these, rubbers is consequently ascribed to the 

presence of hard ionic clusters which give rise to a two-phase, 

reinforced structure. Since the ionic clusters are integrally 

bonded to the elastomer phase, they function as excellent rein¬ 

forcing fillers. 

The tendency to segregate and form clusters (following 

neutralization of the acid groups by the metal oxides) is moti¬ 

vated by the highly unfavorable thermodynamic situation of 

ionic salts essentially dissolved in a hydrocarbon medium. The 

aggregation of the ionic groups from different chains relieves 

this energetically unfavorable condition. The long range 

coulombic interactions between ions undoubtedly assists in 

setting up the clusters. 

This mechanism of ’'vulcanization" effects the formation 

of an internally relaxed "network" structure with the ionic 

clusters acting as "filler" and "crosslink." The result is a 

high strength rubber. 

The viscoelastic effect of the presence of ions in poly¬ 

mers is more readily demonstrated in the two-phase carboxylic 

rubbers than in the three-phase ionomers. The viscoelastic 

response characteristics are similar to those observed with 

linear segmented elastomers -- an enhanced and extended 
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"rubbery plateau" region above a major glass transition temper- 

9 
ature• The characteristics are also similar to very slightly 

crystalline polymers in which the transition region is broad¬ 

ened on the temperature scale.10 The classic example is 

highly plasticized poly(vinyl chloride). The microcrystalline 

regions present in this system act as quasi-crosslinks. 

Toughness was also found in some completely amorphous 

carboxyl-containing polymers without added ionic salts. The 

same explanation of hard clusters dispersed throughout a rub¬ 

bery matrix is also valid here. However in this instance the 

clusters are composed of unionized acid groups. The segrega¬ 

tion in the ion-free systems reported here is undoubtedly 

fostered by the heterodisperse or "blocky" nature of the copoly¬ 

merization. This occurs at high conversions if the reactivity 

ratios differ appreciably from unity. 

It is probable that in any polymeric system containing 

acid groups in a predominantly hydrocarbon environment, there 

is a thermodynamic tendency for the acid groups to segregate 

themselves. The hydrocarbon matrix is simply not the best 

"solvent" for acid groups. This segregation can occur more 

easily when the copolymerization results in the formation of 

blocky sequences of the acid and hydrocarbon components. But 

even without blockiness the presence of ions in a neutralized 

system creates such an unfavorable thermodynamic situation that 

a massive reorganization to form hard ionic clusters is effected. 
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Experimental 

The apparatus for the modulus-temperature studies and the 

stress relaxation measurements has been described elsewhere.8*9 

The vulcanisâtes of the butadiene-acrylonitrile-methacrylic 

acid, terpolymer (Hycar 1072) were kindly supplied by Dr. K. 

Scott of the Goodyear Tire and Rubber Company. Their prepara¬ 

tion is described in Table II. 

The unvulcanized polymers studied included the Hycar 1072 

and a butadiene-acrylonitrile copolymer (Chemigum N 600) as 

well as a butadiene-methacrylic acid copolymer and an 

octylacrylate-methacrylic acid copolymer. The polymerization 

conditions in the latter two acid copolymers were probably 

instrumental in the formation of the "blocky" sequences. 

Results and Discussion 

The viscoelastic effect of cluster formation is most eas¬ 

ily observed in measurements of modulus vs. temperature. Evi¬ 

dence for the presence of ion-free acid clusters set up by a 

’'blocky’’ copolymerization is given in Figures 1 and 2. The 

octylacrylate-methacrylic acid copolymer (50:50) gave an 

extremely diffuse modulus-temperature curve, was hazy if not 

opaque, and showed very high strength; all characteristic of 

some highly heterodisperse copolymers; almost a block copolymer. 
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The butadiene-methacrylic acid copolymer (95:5) aleo gave a 

very shallow modulus-temperature curve. The enhancement and 

extension of the "rubbery modulus" region by the acid clusters 

is readily apparent. 

Figure 3 contains the modulus-temperature curves of the 

raw carboxylic rubber and the analogous butadiene-acrylonitrile 

copolymer (68:32). The carboxylic rubber is a terpolymer of 

butadiene, acrylonitrile, and methacrylic acid (69:25:6). The 

strict parallel character of the two curves over the whole 

region indicates the absence of a viscoelastic effect due to 

any interactions of acid groups as, for example, by hydrogen 

bonding. The slight displacement of the entire carboxyl curve 

to a higher temperature is expected from the additive contri¬ 

bution of the acid groups distributed in a random fashion along 

the chain. 

Neutralization of the acid groups with zinc oxide has a 

profound effect on the modulus-temperature curve of the car¬ 

boxylic rubber. As shown in Figure 4, the curve is much shal¬ 

lower with the transition region extending over a wider temper¬ 

ature span. The enhanced "rubbery plateau" modulus extends to 

high temperatures but decreases slowly with increasing tempera¬ 

ture without ever reaching a plateau. 

Also shown in Figure 4 are the curves for poly(acrylic 

acid) before and after the formation of the zinc salt. The 

I 
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"after" curve is taken from Nielson's paper and actually repre¬ 

sents the zinc salt of an acrylic acid copolymer which is 96 

per cent acid.** 

The ionic clusters which are dispersed in the "vulcanized" 

carboxylic rubber and which form a continuous phase in the 

acrylic acid system appear to maintain their structural integ¬ 

rity up to at least 180°C. 

The viscoelastic effect of the ionic clusters is strikingly 

illustrated by comparing the modulus-temperature curve of the 

zinc salt cure of carboxylic rubber with curves of covalent 

sulfur-crosslinked networks (Figure 5;. The distinct charac¬ 

ter of thi zinc salt vulcanízate, that is ultimately reflected 

in the unique strength properties, is indeed apparent. 

The effect of crosslink density in covalent networks is 

also shown. Reducing the crosslink density results in a 

decrease of the modulus at all temperatures; the characteristic 

shape of the modulus-temperature curve is unchanged however. 

It is unreasonable to expect that low crosslink density could 

give rise to the high rubbery modulus exhibited by the metallo- 

4 
carboxylate rubber. 

A combination zinc salt/sulfur cure which contains both 

ionic clusters and covalent crosslinks exhibits the broader 

transition region and the enhanced rubbery modulus of the zinc 

salt cure but eventually does reach a plateau around 80°C. The 
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plateau modulus is approximately the same as that of the lower 

crosslink density sulfur cure. The curve has not been drawn 

in Figure 5 for reasons of clarity. 

Stress relaxation curves of the metallocarboxylate rubber 

are shown in Figure 6. The stress continually decays over the 

entire temperature region between 0° and 150°C. The curves 

are merely shifted downward with increasing temperature on log- 

log plots of modulus vs. time. A similar effect in stress 

relaxation has been observed for the high strength» two-phase 

thermoplastic elastomers (S/B/S block copolymers). 

It is of interest to contrast the actual stress relaxation 

data of the metallocarboxylate rubber with the data that would 

e. ». 

result from systems corresponding to the two current theories.'”* 

Corresponding plots of covalently crosslinked rubbers (even with 

low network densities) would show decreasing rate and amplitude 

of stress relaxation with increasing temperature. Such curves 

are convex to the time axis with a plateau effect. The curves 

would approach a horizontal line with increasing temperature 

because of the decrease in the entanglement relaxation time. 

On the other hand, the chemical exchange mechanism would result 

in increasing concavity of the curves towards the time axis with 

increasing temperature due to chemical flo*. It is significant 

that the high permanent set expected from this mechanism has not 

been observed.4 
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Paralleling Childers' observation concerning the stress 

relaxation of the S/B/S system, it is perhaps surprising that 

the stress relaxation data exhibit no plateau region correspond¬ 

ing to a pseudo-equilibrium relaxation modulus of the butadiene- 

acrylonitrile network joined by ionic clusters. The observed 

behavior suggests that relaxations involving the ionic clusters 

are occurring. The possibilities suggested in the S/B/S sys¬ 

tem might also obtain in the metallocarboxylate rubber. These 

include motions of the ionic clusters as a whole, detachment of 

individual groups from such clusters, and restricted mobility 

of butadiene-acrylonitrile phase.While the exact mechan¬ 

ism of relaxation remains an open question, restricted mobility 

of the entanglement network appears to be the most reasonable 

interpretation at the present time. 

It is of interest to illustrate the magnitude of the stress 

relaxation in the two-phase salt cure by comparing it with the 

sulfur cures and the combination cure. As shown in Figure 7, 

the sulfur cures give the expected curves -- convex to the time 

13 
axis in log-log plots of modulus vs. time. The lower cross¬ 

link density sulfur cure does exhibit a slightly higher rate 

and amplitude of stress relaxation but nowhere near that of the 

zinc salt cure. The combination (salt/sulfur) cure again 

reflects the characteristics of the clusters and the covalent 

network. The stress relaxation initially follows the high rate 
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of the salt cure but then begins to exhibit the convex curva¬ 

ture of a covalent network. 

The viscoelastic effect of the hard clusters can be sig¬ 

nificantly diminished by a selective solvation of the ionic 

domains. This was accomplished by swelling samples in a para- 
» 

xylene solution containing about 5 per cent glacial acetic 

acid. The para-xylene acted as a carrier for the acid. After 

deswelling the sample at ambient conditions for a day, a 6 per 

cent concentration of plasticizer remained. 

The acid plasticizes the "rubbery plateau" modulus of the 

zinc salt cure by a factor of three while only slightly affect¬ 

ing the major transition temperature. In contrast, an equiva¬ 

lent amount of para-xylene swollen into another sample of this 

cure shifted the transition temperature but had a negligible 

effect upon the enhanced rubbery modulus. 

Selective solvation of the ionic clusters in the combina¬ 

tion (salt/sulfur) cure resulted in a stress relaxation curve 

exactly the same as the low crosslink density sulfur cure. 

Summary and Conclusions 

The viscoelastic effect of ionic linkages in carboxylic 

rubber is indicative of the presence of hard ionic clusters 

dispersed throughout an amorphous rubbery matrix. The 
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viscoelastic response characteristics of the metallocarboxylate 

rubbers are similar to those observed with linear segmented 

elastomers -- an enhanced and extended "rubbery plateau" region 

above a major glass transition temperature. 

The motivation to form clusters presumably arises from the 

highly unfavorable thermodynamic situation of ionic salts essen¬ 

tially dissolved in a hydrocarbon medium. The aggregation of 

the ionic groups into clusters relieves this energetically 

unfavorable condition. The long range coulombic interaction 

between ions undoubtedly assists in setting up the clusters. 

The high strength of the carboxylic rubbers cured with 

metal oxides is ascribed to the presence of ionic clusters 

which give rise to a two-phase, reinforced structure. The vul¬ 

canization results in the formation of an internally relaxed 

network structure with the ionic clusters acting as a reinforc¬ 

ing "filler" and quasi-crosslink . 

Toughness due to clustering can also occur in carboxyl- 

containing polymers in the absence of ionic salts. The clus¬ 

ters in this instance are composed of unionized acid groups . 

The segregation is fostered by the "blocky" nature of the 

copolymerization in these systems . 
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Table I 

Influence of Ions on the Bulk Properties of 

a Carboxylic Copolymer 

Polymer and Treatment Tensile Strength Elongation 
_ (psi) (per cent) 

Butadiene-methacry.^ic 
acid copolymer 100 1600 
(0.12 equivalent parts 
per hundred (ephr] C00H) 

Treated with NaOH 1700 
(0.12 ephr NaOH) 

900 

Treated with ZnO 6000 
(0.12 ephr ZnO) 

400 

Sulfur Vulcanizate < 500 
(gum) 



Table II 

Cure Recipes of Carboxylic Terpolymer 

Cure Type 

Polymer (Hycar 1072)3 

Stearic Acid 

Sulfur 

Tetramethy1thiuram- 
monosulfide 

Diphenylguanidine 

ZnO 

ZnO coated with ZnS 

Cure Temperature 

Cure Time 

Zinc Oxide Combination 
( Salt/Sulfur) 

100 100 

1 

1.5 

0.4 

5 

5 

15 2°C 152°C 

30 min. 30 min. 

Sulfur 

100 

4 

1 .75 

152°C 

40 min 
20 min 

aButadiene-acrylonitrile-methacrylic acid terpolymer, weight 
per cent: 69/25/6.3. 

lower crosslink density sample prepared by us. 



Captions for Figures 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

: Modulus-temperature curves of an octyl acrylate- 
methacrylic acid copolymer (50:50) and the respec¬ 
tive homopolymers . 

: Modulus-temperature curves of a butadiene- 
riethacrylic acid copolymer (95:5) and the respective 
homopolymers . 

Modulus-temperature curves of a butadiene- 
acrylonitrile copolymer (68:32)» a butadiene- 
acrylonitrile-methacrylic acid terpolymer (69:25:6), 
and the butadiene and methacrylic acid homopolymers. 

Modulus-temperature curves of poly(acrylic acid), a 
butadiene-acrylonitrile-methacrylic terpolymer 
(69:25:6), and their zinc salts. 

Modulus-temperature curves of the butadiene- 
acrylonitrile-methacrylic acid terpolymer with 
sulfur cures and a zinc salt cure. 

Stress relaxation curves of the butadiene- 
acrylonitrile-methacrylic acid terpolymer with the 
zinc salt cure. 

Stress relaxation curves of the butadiene- 
acrylonitrile-methacrylic acid terpolymer with 
sulfur cures, a zinc salt cure, and a combination 
zinc salt/sulfur cure. 

Figure 7: 
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