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nylon SMeGT/nylon 6 blend. 
Registry No. Nylon 4 (SRU), 24938-56-5; nylon 4 (homo- 

polymer), 24968-97-6; nylon 46 (SRU), 50327-22-5; nylon 46 
(copolymer), 50327-77-0; nylon 6,25038-54-4; nylon 66,32131-17-2; 
nylon 69 (SRU), 28757-63-3; nylon 69 (copolymer), 27136-65-8; 
nylon 610 (SRU), 9008-66-6; nylon 610 (copolymer), 9011-52-3; 
nylon 612 (SRU), 24936-74-1; nylon 612 (copolymer), 2609855-5; 
nylon 11 (SRU), 25035-04-5; nylon 11 (homopolymer), 25587-80-8; 
nylon 12 (SRU), 24937-16-4; nylon 12 (homopolymer), 25038-74-8; 
nylon 3Me6T (SRU), 9071-17-4; nylon 3Me6T (copolymer), 
25497-66-9; nylon 6ICOT (SRU), 58814-83-8; nylon 6ICOT (co- 
polymer), 25750-23-6; Bexloy APC-803, 11 272 1-08- 1. 
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ABSTRACT The effect of simple salts on the solution properties of sulfonated polystyrene ionomers was 
studied by viscosity and light scattering measurements. It was shown that the polyelectrolyte behavior of 
ionomers in a polar solvent was suppressed by the addition of simple salts (LiC1). A single peak in the reduced 
viscosity vs concentration curve was observed when salt concentration was 1 X lo4 M. It was found that 
the addition of simple salts also suppressed the aggregation behavior of ionomers in a low-polarity solvent. 
However, the addition of excess neutralizing agent (LiOH) seemed to  enhance the aggregation a t  high 
concentration. 

Introduction 
Ion-containing polymers, such as polyelectrolytes, bio- 

polymers, glasses, etc., have attracted the at tent ion of 
researchers for many  years.’” The most recent addition 
t o  these ion-containing polymers is ionomers which have 
a small number of ionic groups (i.e., up to 10-15 mol %) 
along a nonionic backbone Because of their 
special properties, such as excellent mechanical properties, 
high transparency, and oil resistance, ionomers have mostly 
been utilized and studied in  the solid state. It is now well 
recognized that the large change in properties of ionomers 
is due t o  the clustering of ion pairs  i n  nonionic medium 
of low dielectric constant.  

In contrast to the s tudy  of ionomers in  the solid state, 
l i t t le work has been done o n  the solution properties of 
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ionomers. However, during the past several years, the 
s tudy  of solution properties has become active and inter- 
esting results have been reported.!+M It has now been well 
established that ionomers show two types of behavior 
according to the polarity of so1vents:lla (1) polyelectrolyte 
behavior due t o  electrostatic interactions between ionic 
groups and small ions in polar solvents; (2) aggregation 
behavior due t o  the attraction of ion pairs i n  low-polarity 
or nonpolar solvents. 

There are many  molecular parameters that may  influ- 
ence the solution properties of ionomers. These are mo- 
lecular weight, ion content,  counterion, ion distribution, 
degree of neutralization, and the presence of simple salts. 
A systematic s tudy  o n  the effect of ion content was pre- 
viously reported;l’ the higher the ion content,  the larger 
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the polyelectrolyte and aggregation behavior. Light 
~ca t te r ing '~J~~ '  and neutron scattering16 give more detailed 
information on this subject. A systematic study on the 
counterion effect was recently reported;20 divalent ions 
have a larger effect than monovalent ions. Within a series 
of monovalent ions, the effect on both polyelectrolyte and 
aggregation behavior increases in the order of Li > Na > 
K > Cs for carboxylated ionomers, while the order is re- 
versed for sulfonated ionomers. These are understood in 
terms of solvation-desolvation for various counterion 
systems. 

In this paper, the results of a study on the simple salt 
effect on the solution properties of ionomen are presented. 
So far, only limited work has been reported about the salt 
effect on polyelectrolyte behavior of ionomer s o l ~ t i o n s . ~ J ~  
Few studies have been reported concerning the salt effect 
on the aggregation behavior of ionomer  solution^.'^ 

Experimental Section 
Materials. Lightly sulfonated polystyrene (S-SSA) was pre- 

pared by solution sulfonation of polystyrene (PS) using the 
procedure described by Makowski et al.= Details of preparation 
and characterization of ionomers were described elsewhere.20*22 
Ionomer samples with excess neutralizing agent (LiOH) were made 
as follows: in addition to LiOH needed to neutralize sulfonic acid 
groups, the calculated amount of excess LiOH (i.e., 100%) was 
added to acid copolymers in a solvent mixture (benzene/methanol, 
90/10 v/v). Then, polymers were recovered by freeze-drying and 
drying under vacuum at room temperature for at least a week. 

In this work lithium was used as a counterion instead of sodium. 
Also, lithium chloride (LiCl) was used as an added salt. We use 
the following designation of ionomers;6 S-0.026SSA-Li means the 
copolymer of styrene (S) with lithium styrenesulfonate, whose 
mole fraction is 0.026. Therefore, this ionomer has 2.6 ionic groups 
per 100 repeat units of PS. The starting polystyrene was a 
polystyrene standard (Pressure Chemical Co.) with a narrow 
molecular weight distribution ( M ,  = 4.0 X lo6, M J M ,  1.06). 

Measurements. Ionomer samples obtained by freeze-drying 
were dissolved in a proper solvent (DMF, THF) under stirring 
for a day at room temperature. The detailed procedure for vis- 
cosity and light scattering measurements was described else- 

Also, preliminary dynamic light scattering experiments 
were conducted with a BI-200 SM photogoniometer (Brookhaven) 
and a BI-2030 correlator (Brookhaven). Details on experiments 
and data analysis will be reported in the near future.26 

Results and Discussion 
Polyelectrolyte Behavior. It is now well established 

that ionomers show polyelectrolyte behavior in polar or- 
ganic s ~ l v e n t s . ~ J ~ J ~ ~ ~ ~  Figure 1 shows the effect of added 
salt (LiC1) on the viscosity behavior of sulfonated poly- 
styrene ionomer in DMF. It  is seen that the reduced 
viscosity for the no salt system increases sharply with 
decreasing polymer concentration. This is the typical 
behavior of classical polyelectrolytes in By adding 
simple salts, it is seen that the viscosity decreases, a 
maximum is observed, and finally, neutral polymer be- 
havior is observed. This is due to the screening of ionic 
charges along the chain by simple salts. This seems to be 
the first example that a peak is observed in ionomer/polar 
organic solvent systems, although many examples are re- 
ported for polyelectrolyte/water systems.'-3 The intrinsic 
viscosity, [ a ] ,  is plotted as a function of salt concentration 
in Figure 2. The straight line is obtained between log [a]  
and log C,, where C, represents the salt concentration. A 
similar relationship between log [?I and log C, has been 
reported for various polyelectrolyte systems, although the 
slope of the line for the ionomer solution (-0.12) is smaller 
than for polyelectrolyte systems (-(0.245)).  This is 
probably due to the smaller change in chain size with the 
addition of salts for ionomers than for polyelectrolytes, 
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Figure 1. Reduced viscosity! qg/c ,  against polymer concentration 
for S-0.026SSA-Li in DMF wth various salt (LiCl) concentrations. 
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Figure 2. Intrinsic viscosity, [ q ] ,  against salt (LiC1) concentration, 
C,, for S-0.026SSA-Li in DMF. 

since the number of charges along the chain of the former 
is much smaller than for the latter. 

Small-angle light scattering data are shown in Figure 3. 
For a no-salt system, the characteristic curve for a polye- 
lectrolyte system19i27*28 is obtained; the reciprocal scattered 
intensity increases sharply and levels off a t  higher con- 
centration. We showed in previous  paper^'^^^^ that all 
curves for ionomer samples with different ion content 
seemed to converge to the same intercept corresponding 
to the inverse of weight-average molecular weight. It is 
also seen that neutral polymer behavior is observed for the 
0.1 M LiCl system. The intercept seems to give the correct 
molecular weight (4.0 X lo5), although we used the dnldc 
value for undialized samples (we could not dialize the 
system, because DMF attacks the regenerated cellulose 
membrane). This is primarily due to the fact that the 
dn/dc value is relatively insensitive to salt concentration 
for the ionomer/DMF system. It was reported that for 
some polyelectrolyte/water systems, dn/dc values for 
dialized samples and for undialized samples were almost 
the same.29 
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Figure 3. Reciprocal reduced scattered intensity at zero angle, 
K,/R,, against polymer concentration for S-0.026SSA-Li in DMF 
as well as S-0.026SSA-Li with 0.1 M LiCl. 

Finally, the preliminary dynamic scattering data also 
show the suppression of polyelectrolyte behavior. The 
cumulant analysis of the data for S-0.026SS-Li in DMF 
shows a deviation of the correlation curve from single 
exponential due to the long-range ionic interactions. 
However, with the addition of LiC1, the second cumulant 
is very small and the correlation curve is almost the same 
as that of the PS precursor, Le., the correlation curve is 
single exponential. Therefore, the polyelectrolyte behavior 
of ionomers due to the ionic interactions is completely 
suppressed by the addition of simple salts. Systematic 
dynamic light scattering studies of these ionomer solutions 
will be reported soon.2e 

Aggregation Behavior. The aggregation behavior due 
to dipolar attractions of ion pairs in nonpolar solvents has 
been studied extensively. However, most of the studies 
reported have been conducted for no-salt systems. Figure 
4 shows the effect of added salt (LiC1) on the aggregation 
behavior of ionomers. I t  was shown that the viscosity 
behavior is interpreted in terms of intra- and intermole- 
cular aggregation;'lJ" at dilute concentration, the viscosity 
of the ionomer is smaller than that of its precursor (ex. PS) 
due to the dominant intramolecular interactions. At higher 
concentrations, the viscosity of the ionomer is larger than 
that of its precursor due to the dominant intermolecular 
interactions. This behavior is observed for the no-salt 
system of S-0.026SSA-Li ionomer in THF. However, with 
the addition of simple salts (LiCl), it is seen that both 
intra- and intermolecular aggregation is suppressed (Figure 
4). We showed in a previous study20 that the interaction 
between fixed ions and counterions in nonpolar solvents 
is essentially similar to that in polar solvents. The only 
difference is that more ion pairs are formed in nonpolar 
solvents than polar solvents. If this is the case, the sup- 
pression of aggregation behavior by the addition of simple 
salts may be understood in the same way as the suppres- 
sion of polyelectrolyte behavior by the addition of simple 
salts: interaction between ionic species is shielded by the 
ionic atmosphere of added salts.'S2. 

I t  is of interest to consider the effects of excess neu- 
tralizing agent on the aggregation behavior of ionomers 
(Figure 5). I t  is seen that excess LiOH enhances the 
intermolecular interactions, while the degree of intramo- 
lecular interaction seems to stay the same. Although we 
do not know the mechanism of enhancement a t  this stage, 
it should be mentioned that in the solid state, the en- 
hancement of physical properties of ionomers by the ad- 
dition of excess neutralizing agent has been o b s e r ~ e d . ~ ~ ~ ~ ~  
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Figure 4. Reduced viscosity, qlp/c,  against polymer concentration 
for S-0.026SSA-Li in THF with various salt (LiCl) concentrations. 
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Figure 5. Reduced viscosity, / c ,  against polymer concentration 
for S-0.0026SSA-Li in THF ?or S-0.026SSA-Li as well as S- 
0.26SSA-Li with 100% excess LiOH. 

I t  is suggested that the excess neutralizing agent 
strengthens the ionic aggregates and helps to prevent ion 
hopping. This seems to be consistent with our results in 
solution. 

Conclusion 
The effect of simple salts (LiCl, LiOH) on the solution 

properties of sulfonated polystyrene ionomer was studied. 
I t  was observed that the polyelectrolyte behavior of ion- 
omers in a polar solvent was suppressed by the addition 
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of LiC1, as expected from the behavior of polyelectrolytes 
in water. The single exponential correlation function ob- 
tained for ionomer salt systems also shows the suppression 
of charge effects by small salts. This result also suggests 
that the molecular weight distribution of ionomers is not 
affected by the sulfonation reaction of the polystyrene 
precursor. A similar shielding effect of a simple salt (LiC1) 
on the aggregation behavior of ionomers in a low-polarity 
solvent was observed, although it did not completely 
suppress the aggregation. Also, it was observed that the 
addition of excess neutralizing agent (LiOH) enhanced 
intermolecular aggregation. This seemingly opposite effect 
of different simple salts is of interest in connection with 
the control of degree of aggregation in ionomer systems. 
This behavior is currently under investigation by dynamic 
light scattering technique. 
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