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Figure 13. log-log plot of R versus M ,  for different polymer 
solutions (same as Figure 9 of ref 10): A and 0, polystyrene in 
benzene; 0 ,  polymethyl methacrylate in methyl methacrylate; 0, 
polyethylene in 1,2,4-trichlorobenzene; 0, PETFE in diisobutyl 
adipate; 0, PTFE in oligomers of poly(chlorotrifluoroethy1ene). 
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Figure 14. Stability of PTFE so_lution at 340 “C in terms of M ,  
and r: triangles, M,; squares, r at 6 = 30”. 

Teflon coil appears to be substantially contracted, in 
agreement with our present perception that PTFE coils 
are similar to those of polyethylene (PE) or PETFE. 
There could be subtle differences on the configuration of 
such polymer coils (PE, PETFE, PTFE) because of size 
differences between H and F. However, once in their 
respective solvents at whichever temperatures, the sta- 
tistical configurations are essentially the same. Finally, 
we also made a time study on the stability of Teflon so- 
lution a t  340 “C ,  as shown in Figure 14. M, remains 

constant for over a 24-h period while F (0 = 30”) appears 
to change after - 10 h. All our measurements were per- 
formed immediately after solution preparation within an 
8-h period. 

In summary, we have developed laser light scattering as 
a noninvasive analytical technique, especially suitable for 
intractable polymers such as PPTA (or “Kevlar”, a regis- 
tered trademark of Du Pont), PETFE (or “Tefzel”, a 
registered trademark of Du Pont), and Teflon. With in- 
formation on M, and MWD as well as R, and second virial 
coefficients, further improvements on polymerization and 
processing could be considered. 
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Light Scattering Study of Ionomers in Solution. 2. Low-Angle 
Scattering from Sulfonated Polystyrene Ionomers 
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ABSTRACT Low-angle light scattering studies were conducted for partially sulfonated polystyrene ionomers 
in a polar and a low-polarity solvent. In the low-polarity solvent tetrahydrofuran (THF), aggregation of ionomers 
due to the attraction of ion pairs was seen in changes of molecular weight and interaction parameter (second 
virial coefficient) with ion content. At high ion content, negative interaction parameters were observed. In 
the polar solvent dimethylformamide (DMF), typical polyelectrolyte behavior was observed in light (scattering 
data. Effective diameters of macroions (ionomers) were used to discuss the effect of counterion and ion content 
on the structural change of ionomers. 

Introduction 
Ionomers are a class of ion-containing polymers, which 

have ionic groups in concentration up to 10-15 mol %, 
distributed in nonionic backbone Since the 
development of Surlyn resin by Du Pont in 1966; ionomers 

0024-9297/88/2221-0402$01.50/0 

have caught the attention of people in both industry and 
academia. This is based on the fact that the incorporation 
of ions into solid polymers frequently leads to profound 
changes in properties, such as glass transition temperature 
and melt viscosity. Consequently, much work has been 
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devoted to elucidating the overall structure-property re- 
lationship of ionomers.1-8 I t  has been found that the 
change in properties of ionomers in the solid state is due 
to  the clustering of ion pairs in the medium of low di- 
electric constant. 

Compared with the work on ionomers in solid state, 
relatively little has been done to investigate the struc- 
ture-property relationship of ionomers in solution. This 
is in marked contrast to the situation with regard to an- 
other class of ion-containing polymer, polyelectrolytes, 
where major interest has been concentrated on solution 
properties.*ll Recently, however, the solution properties 
of ionomers have begun to be studied because of the re- 
alization of their unique p r ~ p e r t i e s . l ~ - ~ ~  

I t  has now been widely recognized that ionomers show 
two types of behavior depending on the polarity of the 
 solvent^:'^^^'^^^ (1) aggregation behavior due to  dipolar 
attractions of ion pairs in nonpolar solvents; (2) polye- 
lectrolyte behavior due to Coulombic interactions between 
ions in polar solvents. 

In nonpolar or low-polarity solvents, ionic groups are not 
dissociated and form ion pairs, which further coalesce to 
form ionic aggregates. Therefore, the situation is close to 
the bulk state of ionomers. Initially, Lundberg et  al.14 
showed by viscosity measurements that  a t  low polymer 
concentration, intramolecular association dominated, while 
at higher polymer concentration, intermolecular association 
dominated. Similar results have been obtained for various 
ionomer ~ y s t e m s . l ~ ~ ~ *  Although the occurrence of aggre- 
gation between ionomer chains in dilute solution has been 
showed as mentioned, their structure has not been sys- 
tematically investigated. Recently, Lantman et al.20,21 and 
Hara et  a1.,26 started to use light scattering technique to 
elucidate the more detailed structure of ionomers in low- 
polarity solvents. 

In polar solvents, ionic groups are dissociated and cause 
polyelectrolyte behavior. Again, initially, viscosity mea- 
surements12 were used to show typical polyelectrolyte 
behavior. Similar studies were conducted for other ion- 
omer ~ y s t e m s . ~ ~ J ~ , ~ ~  The common point found in these 
observations is that  all ionomers studied in polar solvents 
showed characteristic polyelectrolyte behavior. Particu- 
larly interesting is the fact that even the samples with very 
low ion content (as low as 0.1 mol %) show polyelectrolyte 
behavior,29 although the effect in ionomers is smaller than 
that in polyelectrolytes in aqueous solutions. More re- 
cently, MacKnight et al.19 reported the broad single peaks 
in neutron scattering curves, which have been frequently 
observed for salt-free polyelectrolytes in aqueous solution. 
Hara et al.23 reported typical polyelectrolyte behavior in 
light scattering data from ionomer solutions. Although 
general polyelectrolyte behavior has been shown to occur 
for ionomers in polar solvents as mentioned, structural 
details of their solutions have not been determined. 

Here, we use low-angle light scattering to elucidate the 
structure of ionomers in both polar and nonpolar solvents. 
This is a second paper in a series of works on the study 
of ionomer solutions by light scattering. This light scat- 
tering technique is one of the direct methods for obtaining 
information on the structure of macromolecules in solution. 
This is especially useful in studying the molecular aggre- 
gates that  are formed due to the attraction between ionic 
dipoles: since the scattering power is proportional to the 
square of particle weight, the light scattering method is 
very sensitive to  aggregation behavior. 

Experimental Section 
Materials. Details concerning the preparation of lightly 

sulfonated polystyrene and their characterization were described 
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Table I 
Ionomer and Polystyrene Samples 

mol wt MJM, ion content, mol % 

400 000 <LO6 

9000 <1.06 

3500 <1.06 

0 
0.94 
1.9 
0 
2.1 
4.0 
0 
2.0 
5.6 

Table I1 
Specific Refractive Index Increment, dn /dc, of Ionomers 

and Polystyrenes 
mol wt ion content dnldc (THF) dnldc (DMF) 

0 

1.9 
0 

9000 2.1 
4.0 
0 

3500 2.0 
5.6 

400 000 0.94 
0.209 0.162 
0.193 0.155 
0.187 0.156 
0.197 0.158 
0.177 0.149 
0.179 0.156 
0.180 
0.175 
0.171 

e l se~he re .~~~"  Here we use the designation of ionomers proposed 
by Eisenberg;2 S-0.032SSA-Na means the copolymer of styrene 
(S) with sodium styrenesulfonate, whose mole fraction is 0.032. 
Therefore, ion content in this ionomer is 3.2 mol %, All starting 
polystyrenes were polystyrene standards (Pressure Chemical) with 
narrow molecular weight distributions (Table I). 

Measurements. Polymer solutions were prepared by dissolving 
the freeze-dried samples in a proper solvent (DMF, THF) under 
stirring for a day at  room temperature. Light scattering mea- 
surements were conducted with a KMX-6 low-angle light scat- 
tering photometer (Chromatix) at a wavelength of 633 nm at 25 
& 0.5 "C. This instrument was designed only for measurements 
at low angles (2-7") with high pre~ision.~' The usual calibration 
was unnecessary, since absolute scattering intensity was directly 
calculated by geometric parameters and ratio of radiant p ~ w e r . ~ , ~ ~  
Furthermore, the effect of dust (foreign particles) was minimized 
due to very small scattering volumes (1 X cm3). The effect 
of large dust particles was easily distinguished by using a flow 
cell and a recorder. Measurements were carried out at  a 6-7" 
scattering angle, which was small enough to assume that no ex- 
trapolation to zero scattering angle was necessary for our systems. 
The optical clarification of the solution was carried out by passing 
the solution through two membranes, whose pore sizes were 0.5 
and 0.2 (or 0.1) pm, in succession (Fluoropore Filter: Millipore 
Co, and Nucleopore Filter: Nucleopore Co.). Measurements were 
done at  three different points of the cell window to make sure 
that the effects of the roughness of the cell windows on scattering 
were negligible. The specific refractive index increment, d n l d c ,  
was measured at  25 f 0.1 "C by using a KMX-16 differential 
refractometer (Chromatix) (Table 11). 

Light Scattering Equations. Various forms of equations are 
used for analyzing light scattering data. The most general for- 
m ~ l a ~ ~  is given by 

dr] (1) 
sin hr 

where RB is the excess reduced scattered intensity at angle 0 from 
solution. c represents polymer concentration, M (weight-average) 
molecular weight, and P(0) particle scattering factor. N is the 
number of molecules in the volume V, h is the scattering vector 
h = 47n sin (0/2)/h0, A, is the wavelength of the light in vacuo, 
and p(r) is the radial distribution function. Since polarized light 
is used as the incident beam, the optical constant K = 4n2n02 
(dn/dc)2/NoXo4. The first bracket in eq 1 reflects the scattering 
from a single polymer chain. The second bracket reflects the loss 
of scattering due to external interference arising from intermo- 
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Figure 1. Reciprocal reduced scattered intensity at zero angle, 
Kc/Rol against polymer concentration for S-xSSA-Na (M,  400000) 
in THF. 

lecular interactions, and the integration must be carried out 
depending on the distribution of particles, i.e., p(r).  

When the interaction is relatively weak, as is the case of neutral 
polymers at low concentrations, the interference effect is relatively 
small and expressed in terms of a virial e ~ p a s i o n ~ ~  

( 2 )  

where Q ( O )  is the interparticle interference factor. This leads to 
the famous Zimm equation,% when Q(0) = 1. Ionomers in THF 
will be analyzed by this equation. Since we measure only at very 
low angles 

(3)  

where P(0) = 1 and Q(0) = 1. 
When the interaction is strong, as is the case of macroions, a 

virial expansion is not sufficient to describe the interference effect. 
Doty and Steiner35 derived equations by considering several in- 
terparticle potentials (rigid sphere, electrostatic potential, and 
Gaussian-type repulsion). It was shown that Kc/RW vs c curves 
for these three cases were not appreciably different. The simplest 
model to be utilized is the effective hard sphere model. This model 
treats the macroions as if they were neutral but have an effective 
size, which is larger than the real volume because of the long-range 
repulsive Coulombic interaction. The equation obtained is 

K c / R ~  = 1/MP(B) + 2AzQ(O)c + ... 

Kc/RO = 1/M + 2 A 2 ~  + ... 

(4) 

Here @ ( x )  = (3/x3)(sin x - x cos x )  and B' = (2a/3)03No;  D 
represents the effective diameter, which is a measure of the range 
of interactions, and is thought to be a decreasing function of 
concentration. Ionomers in DMF will be analyzed by this 
equation. Again, since we use low-angle light scattering 

4nD3( c) No 
3M (5) 

At this time, we do not know the function of D(c). In order to 
obtain information on macroions, we analyze the initial slope of 
Kc/Ro vs c curves. From eq 5 

Do is the effective diameter at zero concentration. This means 
that from the initial slope of Kc/Ro vs c curve, we can obtain Do. 
Actually, the concept of an effective sphere is equivalent to the 
concept of an equivalent impenetrable sphere in excluded volume 
theory for neutral polymers by F10ry.~~ 

Results and Discussion 
Aggregation Behavior. It has been pointed out that 

ionomer molecules tend to aggregate in nonpolar solvents 
due to attractions between ionic dipoles (ion pairs) .13*14 

I50 I 0 %  

. 
2.1 % 

4.0 % 

2 

I 
0.0 1.0 2 . 0  3 .0  

c x lOl(siml) 

Figure 2. Reciprocal reduced scattered intensity at zero angle, 
Kc/Ro, against polymer concentration for S-xSSA-Na (M, 9000) 
in THF. 
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Figure 3. Reciprocal reduced scattered intensity at zero angle, 
Kc/Ro, against polymer concentration for S-xSSA-Na (M, 3500) 
in THF. 

Table I11 
Weight-Average Molecular Weight, M,, and Second Virial 

Coefficient, A 2, for S-xSSA-Na in THF 
mol wt ion content, mol % M w  A? 

0 4.11 x 105 4.7 x 10-4 

0 9.08 x 103 2.9 x 10-3 

400 000 0.94 5.89 2.1 
1.9 7.13 0.23 

9000 2.1 1.25 x 104 -0.92 
4.0 1.28 -1.8 
0 3.51 x 103 2.0 x 10-2 

5.6 5.70 -0.51 
3500 2.0 5.30 0 

Figures 1-3 show the reciprocal reduced scattered intensity 
at zero angle, Kc/Ro, against polymer concentration for 
ionomers as well as starting PS in THF. In these systems, 
since a linear relationship is obtained, eq 3 can be used 
to  analyze the data. It is clear that the weight-average 
molecular weight increases and the second virial coefficient 
decreases with increasing ion content. These values are 
summarized in Table 111. 

Figure 4 shows the change in molecular weight as a 
function of ion content for the S-xSSA-Na ( M ,  9000) 
sample. First, the molecular weight increases rather 
sharply and then increases gradually at higher ion content. 
Other ionomer samples having different molecular weights 
(400000 and 3500) show a similar tendency. Figure 5 
shows the change in interaction parameter, A2, as a 
function of ion content. The A2 decreases rather sharply, 
passes the line of A2 = 0 and decreases gradually at higher 
ion content. Here, we obtain negative A2 values. This 
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Figure 4. Ion-content dependence of molecular weight of S- 
xSSA-Na (M, 9000) in THF. 
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Figure 5. Ion-content dependence of second virial coefficient, 
A,, of S-xSSA-Na (M, 9000). 

trend is also similar to other samples having different 
molecular weight (400000 and 3500). For the low molec- 
ular weight samples, we obtain a transparent solution a t  
even higher ion content than the high molecular weight 
samples because of the higher solubility. 

The decrease in A2 is attributed to two factors: (1) poor 
solubility of solvent, since T H F  is not a good solvent for 
ionic groups; (2) attraction between ion pairs in low di- 
electric constant medium. If the former is the only reason, 
we should obtain the same molecular weight irrespective 
of the ion content. However, as is shown in Table I11 and 
Figure 4, the molecular weight increases with ion content. 
Therefore, the decrease in A2 definitely reflects the at- 
tractions between ion pairs in THF. These data are con- 
sistent with those reported by Lantman et a1.21 and the- 
oretical calculation by J ~ a n n y . ~ ~  It was pointed o ~ t ~ ~ 3 ~  that 
the second virial coefficient of ionomer solutions is com- 
posed of two parts; i.e., A2 = A i  + PA;, where A2 is the 
overall second virial coefficient, A{ is the second virial 
coefficient due to the excluded volume of the backbone 
chains, A /  is the second virial coefficient due to attractions 
between dipoles (therefore, A< is always negative), and 
f is ion content. Although, in the original treatment by 
J ~ a n n y , ~ ~  A i  reflects only the excluded volume of homo- 

Light Scattering Study of Ionomers in Solution 405 

1 1 
2 4 

c x W  ( g i m l )  

Figure 6. Reciprocal reduced scattered intensity at zero angle, 
Kc/Ro, against polymer concentration of S-0.0094SSA-Na (M,  
400000) and PS in DMF. 

polymer chains (e.g., polystyrene), it should include the 
interaction between ionic groups and solvent (i.e., solvent 
quality); A,' is actually a decreasing function of ion content. 
Thus, it is obvious that the overall second virial coefficient, 
A2,  decreases with increasing ion content, since A{ de- 
creases and f "  increases with ion content. 

From the above discussion, it is obvious that small 
molecular aggregates are formed mainly due to attraction 
between ion pairs. However, it should be pointed out that 
only a small percentage of ion pairs are participating in 
the intermolecular association at very dilute concentration. 
For example, the ionomer whose ion content is 2 mol % 
and molecular weight is 400 000 has about 80 ion pairs per 
chain. If one out of 80 ion pairs participates in the in- 
termolecular association, the dimer whose molecular weight 
is 800 OOO can be found. Our experiments shows that the 
weight-average molecular weight is about 700 000; there- 
fore, the number of ion pairs participating in intermole- 
cular associations at very dilute concentration is only about 
1% of the total number of ion pairs. 

Polyelectrolyte Behavior. I t  has been pointed out 
that ionomers in polar solvents show typical polyelectrolyte 
b e h a v i ~ r . ' ~ J ~ , ~ ~  It is of interest to notice that even ionomers 
with very low ion content (0.1 mol 5%) show this behavior.B 
Figure 6 shows the typical Kc/R,  vs c plot of i o n o m e r ~ : ~ ~  
the reciprocal scattered intensity increases sharply from 
the intercept a t  zero concentration and bends over a t  
higher concentrations. This behavior was reported for 
polyelectrolytes (serum albumin35 and sodium poly(me- 
t h a ~ r y l a t e ) ~ ~ )  in aqueous solution, although the reliability 
of these early measurements are rather poor because of 
very small scattered intensity from polyelectrolyte/aqueous 
solution systems and use of less sophisticated instruments 
a t  that time. As we pointed out in a previous paper23 the 
scattered intensity from ionomers in polar solvents (Ro = 
(1-20) x lo4) is much larger than that from polyelectro- 
lytes in aqueous solution (R, = (0.1-1) X lo4), while the 
polyelectrolyte behavior was essentially kept. Also, the 
instrument we use is much more sophisticated with regard 
to the detection of weak signals. Therefore, it is clear that 
these curves are characteristic to ionic polymers in polar 
solvents. 

These data are analyzed by using eq 4-6. First, we use 
eq 6 and obtain effective diameters. One method for ob- 
taining the initial slopes is shown in Figure 7 .  The slope 
of each line connected between intercept and each data 
point in the Kc/Ro vs c curves are plotted as a function 
of polymer concentration and are extrapolated to zero 
concentration. The values obtained by this simple method 
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Figure 7. Extrapolation of the slopes to zero concentration for 
S-0.032SSA-Na (M,  400000) in DMF. 

I'. 4 

Figure 8. Effective diameter at zero concentration, Do, against 
ionic radius of counterion for S-0.032SSA-Na (M,  400 000) in 
DMF. 

are in good agreement with values obtained by curve fitting 
using third degree  polynomial^.^^ 

Various effects can now be discussed quantitatively by 
using the effective diameter; effective diameter reflects the 
range of intermolecular repulsive interactions. Figure 8 
shows the counterion effect on the effective diameters. 
The original K c I R o  vs c curves were reported before.% It 
is clear that  the effective diameter decreases with in- 
creasing ionic radius of counterion. This is due to the 
increase in counterion binding with ionic radius for sul- 
fonated ionomer system, which is consistent with previous 
results.24 Figure 9 shows the ion content effect. Original 
K c / R o  vs c curves were reported elsewhere.23 The effective 
diameter increases linearly with ion content, or effective 
volume increases with the third power of ion content. 

Conclusions 
Low-angle light scattering measurements were con- 

ducted on partially sulfonated ionomers with sharp mo- 
lecular weight distributions. Aggregation behavior of 
ionomers in low-polarity solvent (THF) was discussed more 
quantitatively in terms of molecular weight and second 
virial coefficient. It was seen that small aggregates were 
formed even in very dilute solution. It was reported re- 
cently'@ that these aggregates were more time-dependent 
than originally thought, which is clearly an important 
subject for further studies. Polyelectrolyte behavior of 
ionomers in polar solvent (DMF) was discussed in terms 
of effective diameters of macroions. The effect of ion 
content and counterion was discussed more quantitatively 
by using this concept. It is shown that ionomers are a good 

*"w I 1 

-4 3000 t 

0.0 1.0 2.0  3.0 4.0 5.0 6 . 0  

Ion Content ('3) 

Figure 9. Effective diameter at zero concentration, Do, against 
ion content for S-xSSA-Na (M, 400000) in DMF. The error bars 
of data points for samples with less than 4 mol % are within 
circles. 

model system to study characteristic behavior of salt-free 
polyelectrolytes. Further works by light scattering on this 
subject will be reported. 
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ABSTRACT: Morphology control of binary polymer mixtures through spinodal decomposition and crys- 
tallization was studied by using polypropylene and ethylene-propylene random copolymer as a model system. 
The solid texture consisted of dual morphological units, (i) the modulated network structure resulting from 
spinodal decomposition and its coarsening processes in the isothermal demixing of the mixture in the molten 
liquid state and (ii) the spherulite structure resulting from crystallization by subsequent cooling of the demixing 
liquid. Interrelations of the two morphological units in the solid texture were closely investigated by polarized 
and phase-contrast optical microscopy and light scattering by changing isothermal demixing conditions and 
crystallization conditions. A criterion for conservation of the modulated structure developed in the demixing 
liquid during and after the crystallization is discussed, and the locking-in phenomenon of the demixing processes 
by crystallization is clearly presented in some certain cases and WBS found to be responsible for the conservation 
of the structure existing in the liquid. Some unique morphologies are presented schematically in the text. 

I. Introduction 
In a previous paper’ we proposed a particular method 

of morphology control for polymer mixtures such as iso- 
tactic polypropylene (PP) and ethyleneprapylene random 
copolymer (EPR), which can be immiscible in the molten 
liquid state and contain a crystallizable component, at  least 
as one component. The  method involves liquid-liquid 
(L-L) phase separation to a certain demixed state by 
spinodal decomposition, subsequent coarsening processes 
in the molten liquid state, and then crystallization by 
cooling the demixing liquid mixture. It was found’ that 
a unique demixed structure in the molten liquid state, i.e., 
the modulated, bincontinous, and periodic structure,2 is 
conserved during the rapid crystallization process, resulting 
in space-filling PP spherulites of average radius R within 
which the L-L demixing structure of the spacing A, (A, 
< R )  is conserved, as a particular example (this phenom- 
enon being designated as “memory conservation”). 

In this paper we further investigate the interrelation 
between the two morphological units, i.e., the modula ted  
structure and the spherulites, in the solid texture by 
changing further demixing and crystallization conditions. 

Presented in part at the 34th Polymer Symposium, the Society 
of Polymer Science, Japan, Sept 26-28, 1985. Inaba, N.; Sato, K.; 
Suzuki, S.; Hashimoto, T. Polym. Prepr. Jpn., Soc. Polym. Sci., Jpn. 
1985, 34, 2809. 

The interrelation will be fully investigated by polarized 
and phase-contrast light microscopy and by light scat- 
tering. We explore the cases where R < A, as well as R 
> Am as in the previous case’ by changing the time spent 
for demixing in the molten liquid state before crystalli- 
zation. 

We will explore slow isothermal crystallization as com- 
pared with a rapid crystallization involved in atliermal 
quenching (one of the “diffusion-limited’’ crystallization’ 
conditions) as in the previous case in order to investigate 
criteria in which the “structure memory” of the L-L de- 
mixing is conserved during the crystallization process. The 
criterion will be studied both by optical microscopy and 
by studying crystallization kinetics. The rapid crystalli- 
zation which is found to meet the criterion involves “the 
diffusion-limited crystallization”,’ i.e., the crystallization 
occurring in and through PP-rich domains and by finding 
and following PP-rich domains without invoking long- 
range rearrangement of PP molecules such as segregation 
of the EPR component from crystallization front of PP 
and destruction of the modulated structure developed 
before crystallization. I t  will be shown also that the 
crystallization is very effective to lock-in further growth 
of the L-L demixing. 
11. Experimental Methods 

The details of the experimental methods were described in the 
previous paper.’ Here we briefly describe only the essential part. 
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