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Copolymers with uniform grafts were prepared by copolymerization of polystyrene macromer with butyl 
acrylate and acrylic acid. They were neutralized with alkali or metallic salts to form ionomers. The 
tensile strength of the ionomers can reach almost twice those of copolymers of butyl acrylate and acrylic acid 
without uniform polystyrene grafts or those of copolymers without neutralization. The tensile strength 
of ionomers neutralized with different metallic ions decreases in the following order: 
Pb 2 ÷ > Zn 2 + > Na ÷ > Ca 2 + > Mg 2 + > K +. The water absorbency of the ionomers decreases with increasing 
amount or increasing molecular weight of the polystyrene grafts, but increases with metallic ions used in 
neutralization in the order: Pb 2+ <Zn 2+ <Mg 2+ <Ca 2+ <K  ÷ <Na ÷. 
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I N T R O D U C T I O N  toluene, cyclohexane and n-butyl chloride were dried by 

Since the development of thermoplastic elastomers, it has standing over 4/~ molecular sieves for 24 h before use. 
Tetrahydrofuran (THF) was distilled over Cal l  2. 

been established that three types of physical crosslink Solvents used for neutralization are chemically pure and 
exist in different thermoplastic elastomers, namely, glassy used without purification. Ethylene oxide was purified by 
domains, crystallites and ionic clusters or multiplets. In successive distillations over K O H  and Call2. 
recent years Milkovich et al. 1, using a macromer 

Methacryloyl chloride was synthesized by reaction of 
technique, successfully prepared poly(butyl acrylate-co- methacrylic acid with SO2C1 at 65°C and purified by 
ethyl acrylate) with uniform polystyrene grafts--a new 
kind of thermoplastic elastomer, containing the vacuum distillation over CuCI. n-Butyl lithium was 
polystyrene domains as physical crosslinks. MacKnight 2 synthesized by reaction of n-butyl chloride with lithium 

chips in cyclohexane at 50°C under nitrogen and its 
reported the synthesis of ionomers used as thermoplastic concentration was determined by double titrations. 
elastomers with metallic-ion clusters or multiplets as 
crosslinks. More recently we a have synthesized 
poly(butyl acrylate-co-acryhc~ acid) with uniform Preparation of  polystyrene macromers and copolymeri- 
polystyrene grafts and, after neutralization with salts, zation with BA and AA 
obtained ionomers that showed the existence of three Methacrylate-terminated polystyrene macromers 1 
phases under a transmission_ electron microscope, i.e. were prepared by capping living polystyrene anions with 
ionic clusters, glassy domains and continuous ethylene oxide, followed by terminating with 
polyacrylate phase, methacryloyl chloride at 50°C for 2 h. The products were 

This paper deals with the mechanical behaviour of precipitated and washed with ethanol, then dried. Their 
these ionomers as a function of structural parameters and molecular weight and molecular weight distribution were 
neutralization conditions, such as neutralization method, determined by g.p.c., carried out in an LC-4A type 
degree of neutralization, type of metallic ion used, apparatus using a column filled with porous crosslinked 
carboxylic acid content, molecular weight and content of polystyrene gels (HSG-40 and HSG-60) and using a u.v. 
polystyrene grafts, and also molecular weight of the detector and TH F  as eluent at 25°C. 
copolymers. The effect of different factors on water Polystyrene macromer, BA and AA were copolyme- 
absorption of the ionomers was also studied, rized in benzene using AIBN as initiator at 61 ___ 2°C for 

24 h under nitrogen. After evaporating the solvent, the 
EXPERIMENTAL copolymer was vacuum dried. The dried copolymer was 

extracted with n-butanol three times to remove 
Materials homopolymers and copolymers of BA and AA, then with 

Styrene and butyl acrylate (BA) were purified by first mixed solvent of decalin and petroleum ether three times 
washing with 1 0 ~  N a O H  solution to remove inhibitors to remove homopolystyrene, followed by washing with 
and then distilling under reduced pressure over CuCI. petroleum ether and drying under vacuum. The 
Acrylic acid (AA) was dried over 4/~ molecular sieves and carboxylic acid content of the copolymer was titrated in 
distilled under reduced pressure. Azobisisobutyronitrile acetone with standardized N a O H  solution in ethanol, 
(AIBN) was recrystallized from ethanol. Benzene, using phenolphthalein as indicator. The number-average 
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molecular weight of the copolymer was determined by a RESULTS AND DISCUSSION 
Bruss membrane osmometer using THF as solvent. 

Effect of neutralization method on the mechanical 
properties of the ionomers 

Preparation of ionomers Table 1 compares the mechanical properties and 
In the case of neutralization in solution, a 0.1 N apparent crosslink density between the ionomers 

neutralized in solution and those neutralized in the melt. ethanolic solution of univalent metal hydroxide was 
added to a 5 % copolymer solution in acetone with It can be seen that ionomers neutralized in solution 

exhibit higher tensile strength, lower elongation and stirring and the reaction was carried out at room 
temperature for 24 h. When a 1% solution of divalent permanent set than those neutralized in the melt. This 
metal acetate in methanol was used, the neutralization implies that neutralization in solution is more uniform, 
proceeded at 50°C for 24 h. The products were resulting in a higher degree of neutralization and higher 
precipitated in water, washed with water several times crosslink density than neutralization in the melt. 

Three solvent mixtures were tried in solution and then dried under vacuum. If toluene or xylene was 
neutralization. The results in Table 2 show that used as solvent, aqueous 10% zinc acetate solution was 

added dropwise and the reaction was carried out with neutralization seemed perfect in either of these solvent 
agitation at 80°C for 5 h or 125°C for 40 min, respectively, mixtures, resulting in almost the same high tensile 
The products were obtained by evaporating off the strength. However, the time needed for neutralization in 
solvent, methanol-acetone mixture was longer than that in the 

Instead of neutralization in solution, the copolymers other two solvent mixtures, because of the lower 
can also be neutralized in the melt. Copolymer (35 g) was neutralization temperature due to the lower boiling point 
mixed with the stoichiometric amount of metal acetate of the methanol-acetone mixture, but the treatment after 

neutralization was easier. powder in a Brabender Plasticorder at 160--165°C and a 
shear rate of 30rpm. Values of mixing torque were 
recorded in 5 min intervals till equilibrium. The ionomers 
obtained were vacuum dried. Effect of metal carboxylate content on the mechanical 

properties of the ionomers 
Copolymers of butyl acrylate with uniform polystyrene 

Measurement grafts containing no metal carboxylate also exhibit some 
The ionomers or copolymers were compression tensile strength and elasticity, due to the presence of 

moulded at 150-160°C between polyester films. The glassy domains formed by aggregation of polystyrene 
tensile strength, ultimate elongation and permanent set grafts. However, the ionomers from copolymers with 
were determined on a DL-250 tensile tester at 25_ 2°C, uniform polystyrene grafts showed much better 
with an extension rate of 500 mm min- 1. mechanical properties due to double crosslinks, formed 

The apparent crosslink density (V~)was calculated from by both ionic bonds and glassy domains (Table 3). With 
the following equation: increase of carboxylic acid groups in the copolymer, 

which was neutralized by metal salts to the equivalence 
V = t r ( R T ) - ~ ( 2 _  1 /22)-1  point, tensile strength, modulus and hardness increase, 

while ultimate elongation and permanent set decrease. 
When the carboxylic acid content of the original 

where tr is the tensile strength and 2 is the extension ratio, copolymer exceeded 5.6 %, the ionomer behaved 
Water absorbency was measured according to the somewhat like a toughened plastic. 

following procedure. The samples were first hot-pressed 
into 0.2-0.4 mm films, which were then cut to 1 cm 2 and 
weighed. The samples were immersed in water at constant 
temperature and taken out at different time intervals. 
After removing water from the surface, the films were Table 2 Effect of solvent used in neutralization on mechanical 
weighed. The water absorbency is given by: properties of the ionomers 

Temp. Time TS UE M PS 

W a t e r  absorbency, H 2 0  ( % ) =  [ ( W  a -  Wb)/Wb] X 100 Solvent (vol. ratio) (°C) (h) (MPa) (%) (MPa) (%) 

Acetone/methanol (4/1) 50 24 12.8 430 3.0 10 
where Wb is the weight of samples before water absorption Toluene/water (20/1) 80 5 13.1 410 3.0 8 
and Wa is the weight of samples after water absorption. Xylene/water (10/1) 125 0.66 13.3 430 2.9 10 

Table 1 Comparison of mechanical properties a of ionomers obtained by different neutralization methods 

Reagent Method TS (M Pa) UE (%) M (M Pa) PS (%) V~ x 10 a (tool cm- 3) 

ZnAcz Soln) 12.8 430 3.0 10 10.1 
ZnAc2 Melt 8.7 520 1.7 14 5.9 
MgAc 2 Soln) 9.0 380 2.5 10 7.7 
MgAc 2 Melt 8.0 470 1.8 14 5.8 

= TS denotes tensile strength, UE ultimate elongation, M modulus at 300% elongation, PS permanent set and V~ apparent erosslink density 
bAcetone-methanol mixture used as solvent 
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Table 3 Effect of carboxylic acid content = of the graft copolymers on important factor influencing the properties of ionomers. 
mechanical properties of the ionomers The higher the ionic potential of a metallic ion, the larger 

AA TS UE M PS V=x 10" the repulsive force between the cations and the more 
(wt %) (MPa) (%) (MPa)  (%) H ~ (mol cm-3) difficult it becomes to form ionic clusters. Ionic potentials 

for the divalent cations such as Pb 2 +, Zn 2 +, Ca 2 ÷ and 
0 3.0 820 - - 30 1.3 Mg 2 + are 1.67, 2.70, 2.02 and 3.03, respectively. Thus the 
1.11 4.6 630 0.6 14 44 2.6 
2.33 8.4 500 1.4 10 48 5.7 tendency for formation of ionic clusters is: 
3.10 12.8 430 3.0 10 56 10.1 p b 2  + > C a 2  + > Z n 2  + > M g  2+- The electronic c o n -  
4.23 14.4 320 4.2 8 62 14.3 figurations of metallic ions also exert an important 
5.62 14.6 180 9.2 c 8 66 22.4 influence on the formation of ionic bonds. The existence 

of external d-level electrons makes Pb and Zn more 
= The carboxylic acid groups were neutralized with zinc acetate to the 
equivalence point covalent s. These two cations exhibit lower electrostatic 
~H represents Shore hardness attraction than Ca 2+ and Mg 2+, and it is easier to 
This modulus is at 100 % elongation interchange their ionic bonds. When stress was applied to 

the ionomer, cation exchange between neighbouring 
groups through dissociation and re-formation of ionic 

Table 4 Effect of degree of neutralization on the mechanical properties bonds may occur so as to prevent the formation of local 
of the ionomers stresses and hence premature failure. Thus the tendency 

for cation exchange decreases in the order: 
Equivalent TS UE M PS V=xl04 p b 2 + > Z n 2 + > C a 2 + > M g  2+.  Experimental results of 
ZnAc2/COOH (MPa) (%) (MPa) (~) n (molcm -3) tensile strength (Table 5) indicated that cation exchange 

0 5.9 630 1.4 18 30 3.3 seemed to be the main factor influencing the tensile 
0.5 10.1 450 2.7 10 48 7.6 strength of the ionomers. The ultimate elongation of Pb 
1.0 12.8 430 3.0 8 56 10.1 or Zn ionomer and permanent set of the Pb ionomer were 
1.5 15.1 460 3.1 12 58 11.1 larger than those of other divalent cations. 
2.0 13.3 350 3.4 12 58 12.3 

In the case of univalent cations, the tensile strength of 
the ionomers decreases with decreasing ionic potential, 
i.e. Na ÷ (1.03) > K ÷ (0.75). This is contrary to the divalent 

Effect of  degree of neutralization on the mechanical ions. The reason is probably due to the different 
properties of  the ionomers behaviour of univalent and divalent cations in the 

The amount  of zinc acetate used in the neutralization formation of crosslinks. The former forms weak 
has a significant influence on the mechanical properties of crosslinks through association of oppositely charged 
ionomers, as shown in Table 4. Increase of degree of ions, while the latter forms chemically bonded crosslinks 
neutralization enhances the modulus, hardness and through ionic bonds 6. For  univalent cations, the higher 
crosslink density of the ionomer, but reduces the ultimate the ionic potential, the more dispersed the ionic clusters 
elongation. Tensile strength increases with neutralization and therefore the greater the strength of the ionomer. 
degree until the equivalent sal t- to-COOH ratio reached Effect of polystyrene graft content on the mechanical 
1.5, above which tensile strength decreases. properties of  the ionomers 

These phenomena may be interpreted as follows. When 
a stoichiometrically equivalent amount  of metallic salt The mechanical properties of different zinc ionomers 
was used in neutralization, only a certain portion of the obtained from copolymers with constant AA/BA ratio 
zinc salt was used in effective chemical crosslinking, but different proportions of polystyrene grafts and 
leaving some free carboxylic acid groups, some unlinked neutralized to the equivalence point are listed in Table 6. 

This shows that ionomers containing no uniform metal bonds and some intramolecular bonds. Since not 
all the zinc ions play a role in crosslinking, the tensile polystyrene grafts possess only low tensile strength and 
strength of the ionomer neutralized at the equivalence modulus with higher elongation and permanent set. With 
point was not the highest. When a moderate excess of zinc increase of polystyrene graft content, the tensile strength 
acetate was used, the number of zinc ions that functioned increases and the elongation decreases, while permanent 
as crosslinks increased and a small amount  of zinc salt set exhibits a minimum at 20-30~o polystyrene content. 
was distributed into the ionic clusters, thus increasing the The apparent crosslink density increased with 
size of the clusters and also reinforcing the polymer. This polystyrene graft content and the products changed 
results in an increase of the tensile strength. However, if gradually from elastomer to toughened plastic. 
the zinc acetate used for neutralization is in too great an 
excess, the excess zinc salt not used in neutralization is 
separated out as a filler, thus inducing a decrease of the 
tensile strength. Table 5 Mechanical properties of the ionomers neutralized with 

different types of cation 

Effect of  type of metallic ion on the mechanical properties of  TS UE M PS V~ x 104 
the ionomers Cation (MPa) (%) (MPa) (%) (mol cm -3) 

The mechanical properties of the ionomers neutralized 
K ÷ 7.3 480 1.5 12 5.3 

with different types of cation are listed in Table 5. The Na + 11.6 350 2,6 10 10.6 
tensile strength of the ionomers decreases in the following Ca 2+ 9.7 400 2.6 8 8.0 
order: p b 2 +  > Z n 2 +  > N a +  > C a 2 +  > M g 2 +  > K + .  Mg 2÷ 9.0 380 2.5 8 7.7 

Eisenberg et al. 4 indicated that the ionic potential (Z/r, Zn2÷ 12.8 430 3.0 8 10.1 
charge-to-ion-size ratio) of the metallic ions is an pb2+ 13.7 470 2.8 14 9.9 
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Table 6 Effect of polystyrene graft content on the mechanical grafts  and  ionic  cross l inks  per  mac romolecu l e  increased 
properties of the ionomers as the  molecu la r  weight  of  the  c o p o l y m e r  increased,  

Graft resul t ing in an  increase  of  the  cross l ink  densi ty.  
content TS UE M PS V~ x 104 
(wt%) (MVa) (%) (MPa) (%) H (mol cm -3) Comparison of  the mechanical properties of  copolymers 

with a single crosslink and double crosslink 
0 5.3 520 1.0 14 36 3.5 Table 9 summar izes  the  mechan ica l  p roper t i e s  of  the 

10 7.6 440 1.9 10 45 5.8 
16 11.7 420 2.8 lO 50 9.3 copo lymers  with only  po lys ty rene  grafts o r  only  ionic 
22 12.8 430 3.0 8 56 10.1 clusters o r  wi th  b o t h  po lys tyrene  grafts and  ionic  clusters 
27 14.7 300 4.9 8 64 15.3 as cross l inkages .  I t  can be seen tha t  tensile s t rength  and  
32 15.5 240 8.2 = 12 72 19.2 a p p a r e n t  cross l ink  densi ty  of  the  copo lymers  with a 
38 16.9 160 12.3 = 30 88 28.1 
50 17.2 60 - 50 94 58.5 doub le  c ross l inkage  are  h igher  and  the pe rmanen t  set is 

lower than  those  with only  a single cross l inkage,  while the  
=This modulus was at 100% elongation, while others were at 300% ul t imate  e longa t ion  was still sa t isfactory.  
elongation 

Water absorption of  the ionomers 

I o n o m e r s  neut ra l ized  with different ca t ions  showed the Table 7 Effect of molecular weight of polystyrene grafts on mechanical 
properties of the ionomers fol lowing o rde r  of  decreas ing water  abso rbency :  

N a  + > K + > C a  2 + > Mg 2 + > Zn  2 + > Pb 2 +, as i l lus t ra ted  
TS UE M PS V~x 104 in Figure 1. The water  abso rbency  of  the  a lka l i -meta l  

Mn x 103 (MPa) (%) (MPa) (%) n (mol cm -3) i onomers  is the  highest  and  tha t  of  Pb  and  Zn ionomers  

6.7 6.2 570 1.2 14 40 3.8 the  lowest  in the  t empe ra tu r e  range  20-80°C.  This is 
10.0 12.1 420 2.1 10 54 9.6 p r o b a b l y  due to univa lent  ca t ions  forming  weak  
11.0 12.5 410 2.9 I0 54 10.1 cross l inks  t h rough  the assoc ia t ion  of  oppos i t e ly  cha rged  
12.0 13.1 370 3.1 10 56 11.6 ions,  which m a y  a l low wate r  molecules  to  penet ra te ,  
14.0 14.4 300 4.8 8 60 15.0 while divalent  ca t ions  form chemical ly  b o n d e d  cross l inks  
19.0 13.7 260 - 10 60 15.8 

between macromolecu les ,  which prevent  pene t r a t i on  of 
water  molecules .  Also,  sod ium and  po ta s s ium ions are  
easier  to  solvate  by  wate r  than  zinc and  lead ions,  which 

Table 8 Effect of molecular weight of the copolymers on mechanical a re  of  more  cova len t  charac ter .  
properties of the ionomers 

Mn x 104 TS (MPa) UE (%) M (MPa) PS (%) 

11.0 9.5 550 1.3 20 Table 9 Comparison of mechanical properties between copolymers 
18.5 11.5 440 2.5 14 with single and double crosslinkage 
21.0 13.2 420 3.0 10 
41.0 15.5 340 4.1 10 TS UE PS V~ x 104 
43.0 17.2 300 5.6 8 Samp les= (MPa) (%) (%) (mol cm -3) 

PBA-g-PSt (BA/PSt = 74.9/22) 3.0 820 - 1.3 
PBA-g-PSt (BA/PSt = 60/40) 7.3 360 20 6.6 
P(BA-AA)-Zn (BA/AA = 74.9/3.1) 5.3 520 14 3.5 

Effect of  molecular weight of  polystyrene grafts on P(BA-AA)-Zn(BA/AA=74.9/6.2) 8.8 290 14 9.5 
mechanical properties of  the ionomers P(BA-AA)-Zn-PSt 

Table 7 shows the mechanica l  p roper t i e s  of  zinc (BA/AA/PSt=74.9/3.1/22) 12.8 430 10 10.1 

ionomers  p r epa red  by  copo lymer i za t i on  of  BA, A A  and  =All the ratios in the parentheses are weight ratios 
po lys ty rene  m a c r o m e r s  of different molecu la r  weights 
and  consequent  neu t ra l i za t ion  to  the  equivalence  po in t  
with zinc acetate .  The  tensile s t rength  increased and  the 
u l t imate  e longa t ion  and  pe rmanen t  set decreased with 
increas ing molecu la r  weight  of  po lys tyrene  grafts  up to 
1 .4x  104, exceeding which bo th  tensile s t rength  and  30 - 
u l t imate  e longa t ion  decreased.  The  la t ter  p h e n o m e n o n  
m a y  be a t t r ibu ted  to  the relat ive decrease  in the  number  _ ~ Na 
of polys tyrene  grafts per  mac romolecu le  as a cons tan t  ~_ 

CMa 

p r o p o r t i o n  of  po lys tyrene  was used, resul t ing in a o 20 - • K 
reduct ion  of  the  physical  cross l inks  formed by 
polys tyrene  grafts. 

Effect of  molecular weight of  the terpolymer on the 1 0 -  ~ / ~ . . . . , , - , ¢ t ~  
mechanical properties of  the ionomers 

The molecu la r  weight  of  the  copo lymer  also affects the  
mechanica l  p roper t ies  of  the  ionomers ,  as shown in Table 0 0 
8. Wi th  increase  of  mo lecu la r  weight  of  t e rpo lymers ,  20 40 60 80 
tensile s t rength  and  modu lus  of  the  ionomers  increased,  T (°C) 
while ultimate elongation and permanent set decreased. Figure 1 Water absorption versus immersion temperature for 
This m a y  be because  the n u m b e r  of  bo th  po lys ty rene  ionomers with different types of cation 
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PS (wt%) 

0 10 20 30 40 50 
60 4 / I I I t 

o ~ I i t I t 
0 200 400 600 800 4 6 8 10 12 14 16 

Time (h) Mn x 10 4 

Figure 2 Water absorption versus immersion time for ionomers with Figure 3 Effect of molecular weight or content of the polystyrene (PS) 
different original carboxylic acid content. Weight per cent of AA in grafts on water absorbency of the ionomers 
copolyrner: ([3) 4.23, (O) 3.10, (A) 2.33 and (0)  1.11 for Na ionomer; 
( x ) 3.10 for Zn ionomer 

Raising the temperature accelerates movement of The copolymers before neutralization are easily soluble 
chains, thus facilitating diffusion and penetration ofwater in toluene, benzene, ethyl acetate, acetone or diethyl 
molecules, ether, but after neutralization with metallic salts the 

Figure 2 indicates that water absorbency of sodium ionomers obtained do not dissolve but swell to different 
ionomer increased markedly at the beginning of degrees in the above solvents. However, if a solvent such 
immersion in water, then gradually with time, and also as toluene was used to swell the ionomer first and then a 
increased significantly with ion content. However, zinc small amount of alcohol was added, the ionomers can be 
ionomer behaved in a quite different manner. Not only dissolved. 
immersion time but also ion content affect the water 
absorbency of zinc ionomer slightly. ACKNOWLEDGEMENT 
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