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Blends or concentrated solutions of two different 
polymers often undergo phase separation due to the low 
entropy of mixing of the polymer components.'I2 Several 
methods to improve polymer A-polymer B compatibility 
have been p r o p o ~ e d , ~ ~ ~  among which is an introduction of 
interactive ionic groups into polymer A and polymer B. 
As a successful example, a bulk polymer blend of -5  mol 
76 sulfonated polystyrene (SPS) and poly(ethy1 acrylate- 
4 vinylpyridine) (P(EA-co-VP)) with - 5  mol ?6 of 4-vi- 
nylpyridine in composition was reported to have a single 
phase as evidenced by a single glass transition, whereas 
a blend of polystyrene (PS) and poly(ethy1 acrylate) (PEA) 
underwent phase ~eparat ion.~ This enhanced compati- 
bility could be attributed to the ionic interactions between 
the negatively charged sulfonate groups on the PS chains 
and the protonated nitrogen atoms on the P(EA-co-VP) 
chains. Each nitrogen atom on the polymer chains could 
possibly trap a positive charge due to its electron-donating 
nature and thus exhibited a cationlike property. P(EA- 
co-VP) could, therefore, be viewed as a potential poly- 
cation. In an aqueous solution of mixtures of polyelec- 
trolytes, where ionic groups could dissociate due to the 
high dielectric constant of water, the entropy of mixing 
became pronounced due to the translational entropy of 
counterions, and consequently the polymer compatibility 
was i m p r o ~ e d . ~ - ~  

It is of interest to investigate the phase behavior of some 
intermediate situations between the two extreme cases 
mentioned above, Le., interactive polymer mixtures in a 
nonaqueous solution versus polyelectrolyte mixtures in 
an aqueous solution. Another motivation of this work is 
to test the theoretical prediction718 on the formation of 
microdomain structures for mixtures of weakly charged 
polyelectrolytes analogous to those in block copolymers. 

In this paper, we report the phase behavior of mixtures 
of zinc-sulfonated polystyrene (ZnSPS) and P(EA-co-VP) 
as well as the corresponding "parent" polymers, PS with 
PEA, in THF solvent at room temperature. The main 
idea is to show that the compatibility enhancement effect 
by means of ionic interactions between a polycation and 
a polyanion can be overcome by a stronger effect which 
is due to the fact that some ionic groups are not dissociated. 
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Experimental Section. PEA ( M ,  - 8.1 X lo6, M ,  - 
1.8 X 105) and P(EA-co-VP) (M, - 5.3 X 105, M, - 2.0 
X lo5, and -2.4 mol '% of vinylpyridine) were prepared 
by random radical polymerization a t  low conversion using 
benzoyl peroxide as an i n i t i a t ~ r . ~  The polystyrene stan- 
dard (M, - 1.1 X lo5) was purchased from Pressure 
Chemical Co. The preparation of 2 mol % ZnSPS from 
monodisperse polystyrenes was described in ref 10. Mix- 
ture solutions were prepared by dissolving polymer A and 
polymer B at  varying mixing ratios in THF and further 
clarified by centrifuging the solution at  2000g for 2 h. The 
clarified solution was then transferred to optical cells for 
turbidity measurements. Each solution was concentrated 
by evaporating solvent slowly in an oven at  50 "C to a 
point where another phase appeared visibly. The cloud 
point was then determined by measuring the turbidity of 
these solutions at  each dilution level. 

Results and Discussion. Figure 1 shows the phase- 
separation diagrams for the PS (polymer A)/PEA (polymer 
B)/THF system denoted by hollow triangles and for the 
ZnSPS (polymer A)/P(EA-co-VP) (polymer B)/THF sys- 
tem denoted by hollow circles. The phase diagrams are 
plotted in terms of @A (volume fraction of component A) 
versus @B (volume fraction of component B). The volume 
fractions were determined by assuming @i = 
(Wi/di)/Z(WJdi), i = A, B, or S (S = solvent); Wi and di 
are the weight and the density of component i, respectively. 
The phase-separation region is above and to the right of 
the curves shown in Figure 1. 

An introduction of ionic interactions into the polymer 
solution mixture leads to a broadening of the phase- 
separation region. The phase separation for the ionic 
polymer mixture occurs a t  lower polymer concentrations 
than that for the neutral polymer mixture. This obser- 
vation is consistent with our previous studies"J2 where a 
gellike phase appeared upon mixing two interactive 
polymer solutions up to a certain composition, implying 
that the thermodynamic stability of the one-phase region 
could become worse rather than better."e 

A generalized mathematical theory for ternary poly- 
electrolyte mixtures, i.e., polymer A/polymer B/solvent 
with charge density 0 5 fA << 1 and 0 5 f~ << 1 for 
components A and B, respectively, has been developed 
recently by one of the authorse on the basis of the 
framework of the Flory-Huggins lattice model. The theory 
has taken into account the extra contributions to the free 
energy arising from the translational entropy of counte- 
rions and from the electrostatic interactions. The resulting 
thermodynamic stability condition for a homogeneous 
single phase is given by's 

where NA and NB are degrees of polymerization of polymer 
A and polymer B, fA and fB are fractions of charged links 
in A and B chains, and XM, XBS, and X A B  are Flory-Hug- 
gins interaction parameters between the components. 
When fA = fB = 0, eq 1 is simply reduced to the Flory- 
Huggins model. Hence, eq 1 is applicable to polymer A/ 
polymer B/solvent systems whether the polymer compo- 
nents (A and/or B) are charged or not. The theoretical 
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Figure 1. Phase-separation diagrams for ternary mixtures of 
polymer A/polymer B/solvent at room temperature. 4 ~ ,  4 ~ ,  and 
4s are the volume fraction of polymer A, polymer B, and solvent, 
respectively, with a normalization condition of 4~ + 4~ + 4s  = 
1. Hollow triangles represent the mixture of PS/PEA/THF 
(solvent). Hollow circles represent the mixture of ZnSPS/P(EA- 
co-VP)/THF (solvent). Theoretical parameters are as follows: 

0.50, X E S  = 0.50, and x- = -0.36, with fB indicated on the curves. 
The dash-dot-dot line accompanying curve c denotes the 
theoretical prediction of the microphase separation preceding 
the macrophase separation (solid line) in accordance with the 
parameters used in curve c.l6 

fitting curves of the phase-separation behavior in accor- 
dance with eq 1 are shown as solid lines in Figure 1. The 
values N A  = 1000 and NB = 1400 for PS and PEA, 
respectively, were set according to both the molecular 
weights and the ratio of the molar volume of the smallest 
polymer repeat unit of PS over that of PEA (-98 and 89 
cm3 m0l-l).l3 The charge density for the 2 mol % ZnSPS 
was taken as f A  = 0.02, while the charge density for the 
P(EA-co-VP) with a composition of 2.4 mol 5% of 4-vi- 
nylpyridine was adjusted between 0 and 0.024 because 
the pyridine groups could only partially be converted into 
"cations". XM = 0.5 was cited from ref 13. As the solubility 
parameters for PS, PEA, and THF are, respectively, 6~ = 
9.05,6~ = 9.16, and 6s = 9.10 cal/cm3 and the difference 
1 6 ~  - 6sl between PS and solvent is very close to 1 6 ~  - 6sl 
between PEA and the solvent, XBS should have about the 
same value as XAS.14 Therefore, XBS = 0.5 was presumed. 
Finally, XAB was also left as a fitting parameter in order 
to match the experimental curve. A good fitting was 
achieved for the neutral polymer mixture (curve a) using 
the following parameters: f A  = f B  = 0, XAS = 0.5, XBS = 
0.5, and xm = 0.026. The fitting of the phase-separation 
curve for the ionic polymer mixture could be represented 
by curves b-d, embracing the experimental points in order 
to account for the uncertainty in the charge density of 
component B since f ~ ,  as previously discussed, should 
depend on the chemical environment. The parameters 
for curves b-d are NA = 1000, NB = 1400, f A  = 0.02, XAS 
= 0.5, XBS = 0.5, and xm = -0.36, with f B  indicated on the 
curves. The results show that the f B  value should be small 
(approximately0.001). In other words, only a few percent 
of the 4-vinylpyridine groups are acting as effective 
associating groups. The smallfB value is comparable with 
what we observed in our previous studiesl1J2 where only 
a few percent of the base-containing groups on the polymer 
chains effectively took part in ion-pair interactions with 
the ZnSPS. The theoretical curve goes down with an 
increase in the f B  value, predicting a poorer thermodynamic 
stability for the homogeneous phase with a larger fraction 
of cationlike properties on the polymer B chain in a non- 
aqueous solution. The fitting curve a demonstrates a 

(a) NA = 1000, NB = 1400, f~ = f~ = 0, xm = 0.50, XBS = 0.50, 
and XM = 0.026; (b-d) N A  = 1000, NB = 1400, f~ = 0.02, XM = 

polymer-polymer interaction parameter value of xm = 
0.026, a small positive value which is analogous to a xm 
value of -0.012 for the blend of polystyrene and poly- 
(methyl methacrylate).15 As XAS and XBS values were not 
available for the ZnSPS/P(EA-co-VP)/THF system, we 
simply used the same values of XAS and XBS as in curve a. 
The resulting value of xm = -0.36 suggests an exothermic 
mixing, i.e., a negative enthalpy, which is in agreement 
with our expectation, due to the coordination chemistry 
based interpolymer interactions. In other words, the 
interactions are between the Zn counterion on polymer A 
with the vinylpyridine unit of polymer B. It is noted that 
the theoretical curve at  the higher $B region deviates 
appreciably from the experimental points. One possible 
reason might be attributed to the polydispersity of the 
component of P(EA-co-VP) since the theory deals with 
strictly monodisperse polymers in terms of molecular 
weight, composition, degree of branching, and other 
variables. Nevertheless, the theory, when applied to poly- 
disperse polymers, could serve as a valuable guide for 
investigating the phase-separation behavior of real polymer 
mixtures. As a result of the disparity in molecular weight 
and charge density for the two components, the phase 
diagram for the ionic polymer mixture is asymmetric. 

In refs 7 and 8 it was predicted that in the mixtures of 
weakly charged polyelectrolytes it should be possible to 
observe some form of microdomain structure which is 
analogous to that formed in block copolymer systems. The 
region of equilibrium stability of this microdomain struc- 
ture calculated according to eq 32 of ref 8 with the 
parameters corresponding to curve c is shown between 
solid and dash-dot-dot lines in Figure 1. Detailed small- 
angle X-ray scattering (SAXS) experiments aimed to 
detect the microdomain structure in this region are 
underway. 

Conclusion. A phase diagram for nonaqueous polymer- 
polymer complex solutions consisting of an ionomer and 
an amine-containing copolymer was obtained. By com- 
paring this phase diagram with the phase diagram for the 
corresponding noncharged parent polymer mixture, poorer 
miscibility associated with polymer complexes was ob- 
served after introducing the anions and cations into the 
polymer chains. This phenomenon is different from the 
observations obtained in bulk polymer blends having 
anion-cation interactions. The opposite behavior could 
be considered as a consequence of the polymer-polymer 
aggregation phenomenon and poorer solvent quality with 
respect to the resulting polymer complexes due to the 
presence of ions. Theoretical estimates of the phase 
behavior are in agreement with experimental results 
utilizing reasonable molecular parameters, which could 
provide us with an insight into the phase diagram. The 
microdomain structure formation predicted by the theory 
and preceding the spinodal decomposition has not yet been 
observed by means of SAXS. Further SAXS studies are 
underway. 
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