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Polymer Miscibility in Mixed Organic Liquids. 
An Extension of the Two-Dimensional Approach 

SHOW-AN CHEN, Converted Plastics Group, W.  R. Grace & Co., 
Duncan, South Carolina 29554 

Synopsis 
Previous work on the two-dimensional approach to polymer miscibility in organic liq- 

uids is extended to polymer-mixed liquid systems. From thermodynamic considerations 
methods for calculating 6, of the mixed liquid and xH of the polymer-mixed liquid system 
from properties of pure components are proposed, where 6, is the hydrogen-bonding solu- 
bility parameter of the liquid, and xN is a term which takes account of the dispersion and 
polar interactions between the liquid and the polymer and of effects due to temperature 
and molecular size of the liquid. Using these two calculated parameters, the solvent 
power of the mixed liquidcan be determined from its location on the xH+ plane. 

INTRODUCTION 

In the previous article’ it was proposed that the solvent power of an or- 
ganic liquid for a given polymer can be characterized by two parameters, 
8 h  and xH. Here, 8 8  is the hydrogen bonding solubility parameter of the 
liquid, and xH is a term which takes account of the dispersion and polar 
interactions between the liquid and the polymer and of effects due to tem- 
perature and molecular size of the liquid. Using these two parameters, a 
two-dimensional (2-D) solubility diagram can be constructed in which a 
given liquid or polymer is represented by a point. Thus, a given polymer 
will be represented in the diagram by a point (0,8h,p). Around the point 
( 0 , 8 h , P ) ,  a circle can be constructed of a radius such that any liquid charac- 
terized by a point ( X a j 6 h . L )  lying within the circle is a solvent for the poly- 
mer, while a liquid represented by a point outside the circle is a nonsolvent 
for the polymer. In the diagrams, the unit length on the axis reprsented 
by xa is twice the unit length used for 6h .  The radius of the circle must be 
determined experimentally and was found to  be equal to that of H a n s e n ’ ~ ~ . ~  
solubility sphere. 

In  this article, the 2-D approach is extended to polymer-mixed liquid 
systems. A mixed liquid is treated as a “single liquid”; thermodynamic 
principles are then applied to derive equations for calculating 8h  of the mixed 
liquid and xH of the polymer-mixed liquid system from the properties of the 
pure components. Using these two calculated parameters, the solvent 
power of the mixed liquid can be determined from its location on the x a - 6 h  

plane. Sometimes, it is desired to mix two nonsolvents (or poor plasti- 
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cieers) to form a good mixed solvent (or plasticizer) for a given polymer. 
Three examples involving poly(methy1 methacrylate), polystyrene, and 
poly(viny1 acetate) are given to demonstrate the applicability of the 2-D 
approach for this problem. A method for selecting a pair of liquids to form 
a good mixed solvent for the polymer is proposed. The proposed approach 
is also applicable for systems containing three or more liquids. 

THERMODYNAMIC CONSIDERATIONS 
In  the previous article' it has been proposed that the Gibbs free energy 

of mixing, AGM, far any given polymer-solvent system can be expressed as 

A P S  = (8d.S - 6d.P)' + (6p.S - ~ P , P ) ~  (5)  

where 6, x, and are solubility parameter, mole fraction, and volume frac- 
tion, respectively; the subscripts b, S, and P refer to binary system, solvent, 
and polymer, respectively; bd and 6, are dispersion and polar solubility 
parameters; fB is a function of 4s, 6h.S) and 6h.P; and z is the number of 
nearest neighbors. 

In eq. (l), the parameters xps and 8*1s, which characterize the polymer- 
solvent interactions, were considered to be concentration independent. 
xps was further separated into two concentration-independent terms as in 
eq. (2), the entropy term xs (= l/z) derived by hug gin^^^^ and the enthalpy 
term xH of the Scatchard-Hildebrand type of expression5 for taking account 
of the physical interactions (the dispersion and polar interactions). The 
consideration of the concentration independence of the parameters was 
based on the fact that, in the associated solution theories from which eq. (1) 
was derived,' the association constant K and the physical interaction pa- 
rameter a (or A,) are concentration independent. l , ~  

It should be noted that xps  in eq. (1) has a different meaning from the 
Flory interaction parameter in the Flory-Huggins equation. Despite the 
fact that the Flory-Huggins equation was derived for nonpolar polymer 
solutions, it was used for all types of polymer solution; and, consequently, 
the Flory interaction parameter and its two components, the entropy term 
and the enthalpy term, were found to be concentration dependent.'O.'l 
For systems in which mutual association occurs, such as poly(ethy1ene 
oxide)-chloroform solution12 at 25OC, the Flory interaction parameter can 
even be negative. However, in the associated solution theories, and 
therefore in eq. (I), the association effect due to hydrogen bonding forma- 
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tion was taken into account by the association constant K ,  and therefore 
the physical interaction parameter x x  is always positive. 

Applying the same considerations’ as in the formulation of eq. (l),  AGM 
for a ternary solution of polymer-solvent 1-solvent 2 can be expressed as 

where the subscripts 1, 2, and t refer to solvent 1, 2, and ternary, respec- 
tively; AIZ is defined as in eq. ( 5 ) ,  with the subscripts P and S replaced by 1 
and 2. Also AIZ is considered as a concentration-independent term based 
on the assccittted solution t h e ~ r i e s . ~ - ~  V m  is the molar volume of the poly- 
mer solution. 

Let us consider solvents 1 and 2 in the ternary polymer solution as a 
“single solvent” and that the polymer solution is formed by mixing the 
polymer and the mixed solvent. The ternary polymer solution can then 
be considered as a pseudobinary polymer solution for which its AGM can be 
expressed as in eq. (l), with the subscript S refering to the mixed solvent. 
Thus, by appropriate differentiations of eqs. (1) and (6)) the chemical po- 
tential of the polymer p p  in the ternary polymer solution can be expressed 
in two ways as follows: 
For polymer-solvent 1-solvent 2 tenary solution : 

V P  + x p 1 4 1 -  (1 - 4 P )  
v1 (5) P P  - PP* = 

axP ZI,Z?.T,P 

For polymer-mixed solvent pseudo-binary solution : 

V P  
P P  - PP* = (3) + - X P S 4 S 2  

a x P  zs.T,P VS 
with 

v s  = ZlOV1 + xzovz 
where pP* is the chemical potential of the pure polymer in a random state; 
xi’ and xz0 are mole fractions of solvents 1 and 2 in the mixed solvent, respec- 
tively; and the superscript 0 refers to polymer-free basis, i.e., xlo + xzo = 1. 

Since the ternary polymer solution formed by mixing the polymer, solvent 
1, and solvent 2 is identical to that formed by mixing the polymer and the 
mixed solvent a t  the same temperature and pressure, thus we must have 

p p  of ternary solution = p p  of pseudobinary solution. (9) 
Combining eqs. (7), (8)) and (9) and using the consideration that there is 
no coupling effect between combinatory and noncombinatory contribu- 
tions’ in the formulation of aGM, we obtain 
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and 

V P  V P  V P  A 12 

vs Vl - XP&S2 = X P 1 4 1  - (1 - 4 P )  + X P 2 4 2  v, (1 - 4 P )  - RT 4 1 & V P  

x ~ ~ , ~  of Polymer-Mixed Solvent System 

Since eq. (11) is valid for any c $ ~ ,  by letting 4p in the equation equal 
zero we obtain an expression for xps of polymer-mixed solvent solutions as 

ArzVs 
RT X P S  = ZlOXPl + x2°xP2  - ___ 4I04Z0 

where 

XlOVl 

XPVl + 2 2 v 2  
+lo = 

and 

x z o v 2  

XlOVl + X2OV2 
&O = 

Eliminating xs  from eq. (12), we obtain 

A 1 2 V s  

RT X P S , H  = Xl0XP1,H + z 2 O x p z . a  - - 4I0+z0. 

Using eq. (13), x ~ ~ , ~  of a polymer-mixed solvent system can be calculated 
from properties of pure components or of binary solutions. Equation (13) 
also shows that a large value of A 1 2 ,  an indication of great dissimilarities in 
polarity and structure between solvent 1 and 2, can make x ~ ~ , ~  small and 
therefore favors the miscibility between the polymer and mixed solvent. 

By following the same procedure, equations for xps  and x ~ ~ . ~  of a poly- 
mer solution containing n solvents can be expressed as 

1 v s  
2 RT i = l  j = 1  

n 

(14) x p s  = C X P X p f  - - - C C A i A P 4 I O  
i= 1 

with 

A , ,  = 0 

and 
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where 

Solubility Parameter and Three-Dimensional Solubility 
Parameter of Mixed Liquid 

Since eq. (10) provides no explicit expression for calculating 81 of mixed 

The molar cohesive energy, -Es, of a binary liquid mixture can be 
liquids, another method of calculation is considered below. 

written as 

-Es  = -Elxi' - EZXZ' - AEM (16) 

where AEM is the molar energy of mixing. Dividing eq. (16) by the molar 
volume of the mixture, Vs ,  multiplying the numerator and denominator 
of the first term of the right side of eq. (16) by V l  and those of the second 
term by VZ,  and applying the definition of solubility parameter, 6i2 = 

- E,/V, ,  we obtain 

According to Hansen's concept of three-dimensional solubility parameter, 
in which cross effects among dispersion, polar, and hydrogen bonding in- 
teractions were neglected, the three-dimensional solubility parameter for a 
mixed liquid can be expressed as 

j = d, p ,  h. 

By comparing experimental data13 of AE'/Vs with those of 6.2 for all 
types of liquid mixtures, it can be found that AEM/VS in eq. (17) is negligi- 
ble in a calculation of 6s. Since this conclusion is also valid for aliphatic 
hydrocarbon mixtures, in which only dispersion interaction is involved, 
AEdM/Vs in eq. (18) is also negligible in a calculation of 66,s .  As a method 
for calculating AEpM is not available, a comparison between AEpM/Vs and 
6 p , s 2  is dificult. But it is not unreasonable to assume that AEPM/Vs is 
also negligible in eq. (18), because the polar contribution possesses the same 
nature as the dispersion contribution. 

For liquid mixtures involving hydrogen bonding such as ethanol-n- 
hexane system at 3OoC, AEhM/VS at  equal molar concentration calculated 
using associated solution theory6s8 is 1.26 cal/cc, which is 4.1% of the &,s2 
value of 30.3 cal/cc. But the 61,s value calculated using eq. (18) with 
AEhM/Vs neglected, 5.4 (cal/cc)l'z, deviates only 1.8% from the actual 
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Fig. 1. Solubility of poly(methy1 methacrylate) in mixed liquids using Hansen’s ex- 

perimental aj and RA, values for the polymer obtained from the solvent placement 
method: (0) soluble, group 1; (69) nearly soluble, group 2; (d) strongly swollen, slightly 
soluble, group 3; (El) swollen, group 4; ( X  )slightly swollen, group 5; (*) no visible effect, 
group 6. 

6h.S value of 5.5 (cal/cc)’”. For water-methanol mixture14 at 19.68”C, 
A E M / V s  at equal molar concentration is -6.65 cal/cc, which is 3% of the 
6h.S2 value of 219.8 cal/cc calculated using eq. (18) with AEhM/Vs neglected. 
Thus, for hydrogen-bonding mixtures, 6h,S can be calculated using eq. (18) 
with AEhM/VS neglected. 

It should be noted that the term “hydrogen bonding” means a formation 
of hydrogen bond detectable from spectroscopy and that the term “hydro- 
gen bonding solubility parameter,” according to Hansen’s ~ o n c e p t , ~ . ~  
represents a component of solubility parameter contributed from hydrogen- 
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Fig. 2. Solubility of polystyrene in mixed liquids using Hansen's experimental ai 

Symbols and Rno values for the polymer obtained from the solvent placement method. 
same as in Fig. 1. 

bonding energy which has a nonzero value for any polar substance or any 
hydrogen-bonding substance. But for liquid mixtures involving no hydro- 
gen bonding such as acetone-hexane system, a method for calculating 
AEhM/vs is not available. Here, we assume that AEhM/Vs in eq. (1s) is 
also negligible for such systems. Thus, following the above discussions, 
AEJM/VS in eq. (18) can be neglected. By taking square root for both 
sides of eq. (18) with AEjM/VS neglected, an expression for calculating 
6 j , s  from pure component properties is obtained as 

6 j , s  = d 4 i ' 6 , , i 2  + 42'6j ,2'  j = d ,  p ,  h .  (19) 
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Fig. 3. Solubility of poly(viny1 acetate) in mixed liquids using Hansen’s experimental 
6, and R A ~  values for the polymer obtained from the solvent placement method. Symbols 
same as in Fig. 1. 

Via the same reasoning, as expression for S,,, of a multicomponent liquid 
mixture can be written as 

Sjss  = J:,...t j = d ,  p ,  h.  (20) 

THE TWO-DIMENSIGNAL APPROACH TO POLYMER 
MISCIBILITY IN MIXED LIQUID 

In using the 2-D approach to predict the solvent power of a mixed liquid 
for a given polymer, we first calculate Sh of the mixed liquid using eq. (19) 
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TABLE I 

Between the 2-D Approach and Hansen’s 3-D Approach 
Solubility of Poly(methy1 Methacrylate) in Mixed Liquids. Comparison 

Group 

solvent the proposed Hansen’s 
of Location in Location in 

Liquid no.‘ Liquid power S.Cb s.s.c 
5 

25 
Mixed liquidd 
23A 
42 
Mixed liquid 
23A 
56 
Mixed liquid 
20 
42 
Mixed liquid 
21 
23A 
Mixed liquid 
23A 
38 
Mixed liquid 
38 
57 
Mixed liquid 
39 
62 
Mixed liquidd 
39 
57 
Mixed liquid 
42 
56 
Mixed liquid 

n-butanol 
methylal 
5 + 25 
furan 
aniline 
23A 4- 42 
furan 
a-bromonaphthaline 
23A + 56 
oxitol 
aniline 
20 + 42 
diacetone alcohol 
furan 
21 + 23A 
furan 
acetonitrile 
23A + 38 
acetonitrile 
benzene 
38 + 57 
nitromethane 
hexane 
39 + 62 
nitromethane 
benzene 
39 + 57 
aniline 
a-bromonaphthaline 
42 + 56 

6 
5 
1 
4 
4 
1 
4 
6 
1 
5 
4 
1 
5 
4 
1 
4 
6 
1 
6 
5 
1 
6 
5 
1 
6 
5 
1 
4 
6 
1 
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outside 
outside 
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inside 
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outside 

outside 
inside 

outside 
outside 

outside 
outside 

outside 
outside 

inside 
outside 

outside 

inside 

outside 

inside 

inside 

inside 

inside 

inside 

inside 

inside 

outside 
outside 

outside 
inside 

outside 
outside 

inside 
inside 

inside 
outside 

outside 
outside 

outside 
outside 

outside 
outside 

outside 
outside 

inside 
outside 

outside 

inside 

outside 

inside 

inside 

inside 

inside 

inside 

inside 

inside 

* Same as that listed in Hansen’s work.2.3 
S.C. = Solubility circle. 

0 S.S. = Solubility sphere. 
The mixed liquid, which dissolves the polymer as determined expeimentally,2 is com- 

posed of two equal volumes of liquid. 

and xx of the polymer-mixed liquid using eq. (13). Using the values of 
these two parameters, w e  then locate the mixed liquid in the XK-6,  plane. 
If the mixed liquid is located within the solubility circle of the polymer, it 
is a good solvent for the polymer; if it is located on the boundary or outside 
the circle, it is a poor solvent or nonsolvent for the polymer. 

Polymer solubility data and experimental values of Ad, 6,, and 6h  of poly- 
mers and liquids were taken from Hansen’s w0rk.~83 The solubility data 
were determined by visual inspection of solutions at concentration of about 
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TABLE I1 
Solubility of Polystyrene in Mixed Liquids and Comparison Between 

the 2-D Approach and Hansen’s 3-D Approacha 

Group 

solvent in the in 
of Location Location 

Liquid no. Liquid power proposed S.C. Hansen’s S.S. 

23 diethyl ether 3 inside outside 
27 propylene carbonate 6 outside outside 
Mixed liquid 23 + 27 1 inside inside 
62 hexane 3 outside outside 
29 acetone 3 inside inside 
Mixed liquid 62 + 29 1 inside inside 

a Footnotes same as for Table I. 

TABLE I11 
Solubility of Poly(viny1 Acetate) in Mixed Liquids and Comparison 

Between the 2-D Approach and Hansen’s 3-D Approach. 

Group 

solvent in the in 
of Location Location 

Liquid no. Liquid power proposed S.C. Hansen’s S.S. 

3 ethanol 4 outside outside 
61 tetralin 5 outside inside 
Mixed liquid 3 + 61 1 inside inside 

a Footnotes same as for Table I. 

0.5 g polymer per 5 ml mixed liquid composed of two equal volumes cf 
nonsolvent or poor solvent. Hansen classified the polymer-liquid mixtures 
into six groups: (1) soluble, (2) nearly soluble, (3) strongly swollen, 
slightly soluble, (4) swollen, (5 )  slightly swollen, and (6) no visible effect. 
The solvent powers of the mixed liquids he reported were of group (1). 

The solubilities of poly(methy1 methacrylate), polystyrene, and poly- 
(vinyl acetate), which have been given as examples in the previous article,’ 
in mixed liquids were again studied. It was found that most mixed liquids 
that dissolve the polymers as determined experimentally are located inside 
the solubility circles, as shown in Figures 1,2, and 3, and that the prediction 
using the 2-D approach is satisfactory. A comparison of the applicability 
between the 2-D approach and Hansen’s 3-D approach for the polymer- 
mixed liquid systems, as presented in Tables I, 11, and 111, shows that both 
approaches work equally well for the systems studied. For poly(methy1 
methacrylate), both approaches fail to predict the solvent power of these 
two mixed liquids, n-butanol-methylal and furan-a-bromonaphthaline. 

In selecting a liquid pair to form a good mixed solvent for a given poly- 
mer, it is required that liquids 1 and 2 satisfy the following conditions: (a) 
the absolute value of the difference between the hydrogen-bonding solubil- 
ity parameters of the polymer and mixed liquid, should be - 
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small enough; and (b) A12, a measurement of dissimilarities of the dis- 
persion and polar contributions between these two liquids, should be large 
enough to make xps,u small so that 

(&,P - 6 h , S l 2  + ~ ( X P S , X ) ~  < RAl, Ra2, and RAO (21) 

where RAo is the radius of the solubility circle and RAl (or RA2) is the dis- 
tance between locations of the polymer and liquid 1 (or liquid 2) in the 2-D 
plane. 

This approach should also be applicable for polymer miscibility in mixed 
plasticizer or mixed plasticizer-solvent systems because a plasticizer also 
behaves as a diluent for polymers. 

DISCUSSION 

1. If 6 h  values equal zero, eqs. (1) and (6) reduce to the Flory-Huggins 
equation and eq. (12) can be considered as an expression for the Flory in- 
teraction parameter of a polymer-mixed solvent system. Applying regular 
solution theory and the assumption of equal molar volume of solvents 1 and 
2 to the Flory-Huggins equation, Scott15 reached an expression similar to 
eq. (12) for xps  of polymer-mixed solvent, systems. Despite these two 
assumptions made in Scott’s derivation, his expression for x p s  has been 
applied by Dondos and Pattersonl‘j to systems in which the regular solution 
theory is completely inapplicable, one of the values of the Flory interaction 
parameter in the ternary solution being negative. However, these two 
assumptions appear to be unnecessary in our derivation. Thus, eq. (12), 
if considered as an expression for the Flory interaction parameter of poly- 
mer-mixed solvent system, can be used in all cases including that for which 
values of the Flory interaction parameters are negative. 

have been proposed by 
Burrell” and by H a n ~ e n , ~ , ~  respectively, as 

2.  Other methods for calculating 6s and 

6s = 9161 + $62 (22)  

(23) 

and 

~ S J  = 916,~ + 4 2 b  j = d, P, h .  
Values of 6s and &,, calculated using eqs. (22) and (23) are close to those 
calculated using the proposed mixing rule, eq. (17) with AE‘/Vs neglected 
and eq. (19)) for binary liquid mixtures of equal volume concentration, but 
may have a significant difference for mixtures in which one component is 
diluted . 
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