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Abstract 

Mechanical properties of t r i -arm polyisobutylene based monomers have 
been investigated. Number average molecular weights (M~'s) of the polymers 
were varied from 8,300 to 34,000. The monomer of lowest Bn (8,300) 
exhibi ts very low extension at break (~ 150%) while the others with M~'s 
of 11,000, 14,000 and 34,000 show very high extensions, often exceeding 
1,000%, and display re la t i ve ly  low permanent set and low hysteresis 
behavior. Since the ionic bonding is located exclusively at the chain 
ends, end-linked pseudo networks are formed due to coulombic at t ract ions.At  
higher temperatures the coulombic interactions are weakened and the 
networks can be compression molded (~150~ 

Introduction 

Earlier work in the f ie ld of monomers has been principally carried 
out on non-elastomeric polymer systems such as ethylene-methacrylic acid 
copolymers and sulfonated polystyrene (I-6). I t  has been observed that by 
introducing very small quantities of ions into polymers, the mechanical 
and structural properties change dramatically from those of the nonionized 
systems (1,2). Recently Lundberg et at. (7) have carried out research on 
elastomeric monomers, specifically those based on sulfonated EPD~ (7). 
However, in the lat ter systems the ionic groups were introduced at random 
along the polymer backbone resulting in an i11-defined ionomeric network. 

The present study extends our ear l ie r  investigations (8,9)concerning 
the mechanical properties of new model monomers based on t r i -arm-star  
polyisobutylene (PIB) carrying a sulfonate group at the end of each arm. 
Upon neutral izat ion,  th is  system leads to a model network with ionic 
association only at the chain ends. The synthesis of these systems has 
been reported by Kennedy et a l .  (10,11) and developments concerning 
neutral izat ion of the sulfonic acid PIB with various bases, i .e .  KOH, 
Ca(OH) 2, was described by Mohajer et al .  (8). 

The cr i t ica l  molecular weight for entanglement formation of linear 
PIB is commonly reported as with some values as low as 9,000 and as high 
as 17,000 (12). Therefore, to study the effect of molecular weight on the 
mechanical properties and to determine the possible influence of 
entanglemnts, tr i-arm-star monomers with Mn's of 8,300, 11,000, 14,000 
and 34,000 were studied. Stress-strain behavior, permanent set, stress 
relaxation, and hysteresis have been investigated for potassium monomers 
produced by stoichiometric neutralization with KOH. Some comparisions 
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have been made with calcium ionomers. Difunctional ionomers and mixed 
d i f unc t i ona l / t r i - a rm-s ta r  ionomer systems w i l l  also be considered in a 
la te r  publ icat ion.  

Experimentai 

The synthesis of t r i -a rm star sul fonic acid PIB has been described 
(10,11,13). End point neutra l izat ions were carr ied out by the use of 
polymer solut ions of hexane/ethanol (8) and stoichiometr ic quant i t ies of 
ethanol ic KOH or aqueous Ca(OH)~. Since the number of variables 
involved in th is  study is large, a ~ystem of abbreviations w i l l  be used. 
This system is i l l us t ra ted  by an example, Spec i f i ca l l y ,  a sample des- 
ignated T-14-Ca-O would be a t r i -a rm.s ta r  PIB ionomer of Mn= 14 x l'03whicb 
has been neutral ized with calcium hydroxide to the exact sto ichiometr ic  
end point ,  i . e . ,  zero excess Ca(OH) 2 was added L ike~se ,  T-34-K-lOOwould 
indicate a t r i -a rm-s ta r  ionomer with ~ = 34 x 10 which has been 
neutral ized with a 100% excess of KOH oOer that required for  exact 
stoichiometr ic neut ra l i za t ion ,  i . e . ,  twice the amount of KOH needed fo r  
end point neu t ra l i za t ion .  The ionomers under study are thus designated as 
T-34-K-O, T-14-K-O, T-I1-K-O, T-8.3-K-O, T-34-Ca-O and T-14-Ca-O. 

M_'s were determined by t i t r a t i o n  using a standard KOH solut ion and 
by assuming exact ly three sul fonic acid groups per PIB molecule (11). The 
sulfonated PIB sample u t i l i z e d  in previous studies (8,9) had an M = 
9,000 as determined by t i t r a t i o n  and corroborated by VPO measuremeBts of 
the sample pr io r  to sul fonat ion (8). The Mn of th is  sample increased to 
11,000 by loss of low molecular weight water-d ispers ib le product during 
pu r i f i ca t i on .  Nevertheless, the mechanical propert ies of the material 
remained largely unchanged. The T-8.3-K-O sample has a narrower molecular 
weight d i s t r i bu t i on  than the other polymers because the PIB t r i o l e f i n  
precursor was subjected to f rac t ionat ion  (13). The i n i t i a !  ~ of th is  
sample was 6,600 but i t  increased to 8,300 during pur i f i ca t ioR.  Higher 
molecular weight samples general ly do not undergo such changes in ~I n 
during pu r i f i ca t i on .  

lonomer f i lms were compression molded at 150~ and were then stored 
in a vacuum dessicator un t i l  use; storage at ambient condit ions had l i t t l e  
inf luence on material behavior so long as the extent of neut ra l i za t ion  was 
exact ly s to ichiemetr ic .  

Mechanical propert ies were determined on an Instron Model 1122 at 
room temperature. Stress-st ra in behavior was obtained by stretching 
m!cro~umbbells (10.0 mm long) at a constant crosshead speed of 100% 
mn. . Permanent set wasldetermined by cyc l ic  loading and unloading 
at a rate of 100% min.- '  to increasing st ra in levels in increments of 
50% elongation. The end of a cycle was taken at zero stress during the 
unloading which prevented . the material from fu r ther  relaxing or 
recovering. The value of the permanent set was defined as the 
instantaneous elongation at the end of the cycle. The percent hysteresis 
for  a given cycle was calculated as the ra t io  of the area bounded by the 
loading-unloading curves to the total area under the corresponding loading 
curve. The areas were determined by using an electronic d ig i ta l  
planimeter. Stress relaxation experiments were carried out at either 25% 
or 100% elongation. 
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Discussion 

Stress-strain data for the four molecular weight systems are shown in 
Figure I. With increasing molecular weight the stress is lower at any 
given elongation for the three higher molecular weight samples. Assuming 
that this system forms a "pseudo end-linked rubbery network" held together 
by coulombic forces at the chain ends where the ionic species are located, 
then according to the Gaussian theory of rubber elasticity the stress is 
given by (14): 

= MpRT (x- ~2)i 

C 

Thus, for the same extension ratio, x, the stress wil l  be lower for a 
higher Mc (R[ = the number average molecular weight between two 
"crossl lnk" ~oints). Assuming only two ion pairs per ion-pair mul t ip le t ,  
the M_ would be equal to the average molecular weight of two arms, 
i .e . ,C Pc = 2/3 Mn- For example, ~ for  a polymer of Mn = 8,300 
would be ~5,500. THe observed behavior of higher s.tres~es at a given 
extension rat io  for  lower molecular weight polymers in l ine with the 
predicted trend. 
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which is less characteristic of elastomers. However, the rest of 
ionomers exhibit elongations in excess of 800%, often exceeding 1000%. 

I T-8 3-K-0 
2, T - I I - K - 0  
3. T- 14-K-0 

4 T-34-K-O Figure l : Stress vs. percent 
2 elongation for the T-8,3-K-O , 

T-ll-K-O, T-14-K-O and T-34-K-O 
materi al s. 
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Sample T-8.3-K-O d i sp lays  only a moderate extension to break ('~150%) 
the 

The upturn in the stress at about 600% elongation suggests either 
development of crystal l in i ty  at higher elongations or deviation from 
Gaussian behavior due to limited chain extensibil i ty. Previous work on 
strain induced crystall ization for the low molecular weight (Bn 
9,000) PIB ionomer has shown the onset of crystal l in i ty at abou~ 500% 
elongation (9). Reversible crystal l in i ty promotes chain-chain interaction 
and thereby improves tensile properties and subsequent recovery following 
load removal. The corresponding permanent set of this series of ionomers 
is shown in Figure 2. 
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Figure 2: Percent permanent 
set vs. percent elongation for 
the T-8.3-K-O, T-II-K-O, 
T-I4-K-O, and T-34-K-O 
material s. 

As previously observed (8), the instantaneous permanent set, of these 
systems is relatively smali, e.g., only 50-60% even at 700% elongation. 
Additional recovery occurs quickly with time further implying network 
integrity. The mechanical hysteresis of samples T-34-K-O and T-34-Ca-O, 
and T-14-K-O and T-14-Ca-O .is shown in Figures 3 and Figure 4, 
respectively. Even at very high elongations, the hysteresis is only about 
20%, which is quite small considering that these samples are uncrosslinKed 
~olymers of relatively |ow molecular weight and that these tests are 
performed far above the Tg (-6~C). Crystal l ini ty at high elongations 
restricts chain relaxation and flow because the crystal l i tes serve as 
anchor points. Thus, except for T-8.3-K-O, the elastic properties of 
these systems are surprisingly good for a low molecular weight system with 
no permanent crosslinks. 

y , 
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Figure 3: Percent hysteresis vs. percent elongation for the 
T-34-K-O and T-34-Ca-O materials. 
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Figure 4: Percent hysteresis vs. percent elongation for 
the T-14-K-O and T-14-Ca-O materials. 

Results of s t ress-re laxat ion experiments on the three higher 
molecular weight ionomgrs at 25% and 100% elongation are shown in Figure 
5. The near equi l ibr ium stress level fo r  the 11,000 molecular weight 
polymer is higher than that fo r  the 14,000 molecular weight sample which 
in turn is higher than that of the 34,000 molecular weight sample. The 
near equi l ibr ium stress is 50% to 80% of the i n i t i a l  stress in a l l  cases. 
At 100% stra in the relaxat ion is fas ter ,  l i ke l y  due to the higher dr iv ing 
force to increase the conformational entropy. The increase in the near 
equi l ibr ium stress with decrease in molecular weight is again in accord 
with the Gaussian theory of rubber e l a s t i c i t y .  Comparison of stress 
values at a given time for  the two d i f f e ren t  stra in levels for  a 
par t i cu la r  sample indicates that at 100% st ra in ,  these systems do not 
qui te behave as perfect  l inear v iscoelast ic  materials. Evidently the 
ra t io  of stress at 100% and at 25% elongation is not constant at a l l  times 
fo r  a given polymer, however, th is  is not uncommon for  elastomers at these 
extensions. 

The above mechanical propert ies render these low molecular weight 
ionomers po ten t ia l l y  good thermoplastic elastomers. Since the 
"crossl inks"  between the chain ends are ionic in nature, the materials can 
be processed at elevated temperatures. With the increasing temperature 
the coulombic forces of a t t rac t ion between the ion pairs decrease, while 
the e las t i c  forces of re t ract ion increase, thereby causing the system to 
f low at elevated temperatures. Detailed studies concerning the melt 
rheology of these systems w i l l  be reported (15). 
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Figure 5: Stress relax- 
ation behavior for 
T-II-K-0, T-14-K-0 and 
T-34-K-0 materials at 25% 
and I00% elongation at 
ambient temperatures. 

Conclusions 

The present study indicates that tri-arm-star PIB ionomers of 
relatively low molecular weight (11,000 <~ 34,000) are interesting new 
thermoplastic elastomers. They have hTgh n tensile properties and low per- 
manent set and hysteresis at ambient conditions, and they can be thermally 
formed above ~150~ The presence of crystall inity at higher elongations 
helps to enhance mechanical properties. The lowest molecular weight 
ionomer studied (~n = 8,300) exhibits less attractive properties due to 
low extensions at break. I t  is remarkable that the introduction of three 
terminal ionic groups per molecule is sufficient to transform room 
temperature liquid PIB prepolymers into elastomers with good mechanical 
properties. 
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