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ABSTRACT: The modified equation-of-state theory extended to random copolymer systems was applied 
to ternary solutions of two random copolymers in tetrahydrofuran and to random copolymer blends. Two 
random copolymers were poly(ethy1ene-co-vinyl acetate) (EtVAc) and poly(viny1 acetate-co-vinyl chloride) 
(VAcVC), whose blends are known to have a miscibility region with respect to the copolymer composition. 
First, the theory was applied to ternary solutions to reproduce well the dependence of the interaction parameter, 
x ,  on copolymer composition. Next, the theory was applied to the random copolymer blends, and it was 
examined how the temperature dependence of x changed with the copolymer composition. For the EtVAc 
copolymer/PVC homopolymer blends with a series of the copolymer compositions, the calculated temperature 
dependence of x changed from a U-shaped curve to a monotonically increasing function and back to a U-shaped 
curve with changing copolymer composition. This calculated result shows that the EtVAc/PVC blends have 
a so-called miscibility window. The calculations of the temperature dependence of x were carried out over 
all copolymer compositions for EtVAc/VAcVC copolymer blends. Consequently, the copolymer composition 
range in which the calculated x increased monotonically from negative to positive with an increase in temperature 
corresponded to the miscibility region obtained experimentally by Shiomi et al. 

Introduction 

Recently, dependence of miscibility on the copolymer 
composition for random copolymer blends have been 
studied theoretically and experiment all^.'-^ So-called 
miscibility and immiscibility windows are typical miscibility 
behaviors though any clear evidence for the immiscibility 
window may not be found yet for real The 
former window is that two polymers are miscible with each 
other in a certain range of the copolymer composition even 
though any binary combinations of their corresponding 
homopolymers are immiscible, while the latter is the 
reversed case. These behaviors have been e~plained3-~18 
by expressing the Flory-Huggins intermolecular interaction 
parameter, x, in terms of the intersegmental x parameters 
between the  different consti tuent monomers; such 
miscibility and immiscibility windows may occur due to 
the intramolecular repulsive and attractive effects between 
the different monomers, re~pectively.~ 

According to Flory's equation-of-state theory?J0 we have 
two kinds of temperature dependences of x shown in Figure 
1: (A) one is a U-shaped curve and (B) the other is a 
monotonically increasing function. For infinite molecular 
weight polymer blends, two polymers are immiscible over 
all of the temperature range in the case of the curve A 
because x is always positive, and in the case of B two 
polymers are miscible below a certain temperature at  which 
x is zero. For random copolymer blends with a miscibility 
or immiscibility region with respect to copolymer com- 
position, alternativity of the curves A and B may depend 
on the copolymer composition. It may be reasonable5." 
that so-called miscibility and immiscibility windows are 
defined by the changes of A - B - A and of B - A - 
B, respectively, with copolymer composition, and therefore 
any other case is not such windows even though the 
miscibility or immiscibility regions are observed a t  a certain 
temperature. The poly(ethy1ene-co-vinyl acetate) (EtVAc)/ 
poly(viny1 acetate-co-vinyl chloride) (VAcVC) copolymer 
blends studied in the present paper have a miscibility 
region in certain ranges of the copolymer composition and 
of the temperature.'* Therefore, it is very interesting to 
evaluate the copolymer composition dependence of the 
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Figure 1. Schematic illustrations of the temperature dependence 
of x .  
temperature-x curve over all the copolymer compositions 
for the EtVAcIVAcVC blends. 

In the preceding paper,13 we extended the modified 
equation-of-state theory14-16 to random copolymer systems 
and applied it to the EtVAc and VAcVC solutions in THF. 
In this paper, we will first apply it to the solutions of Et- 
VAc/VAcVC blend in THF, Le., the ternary solutions. 
Next, we will evaluate the temperature dependence of x 
for the EtVAc/VAcVC copolymer blends with various 
copolymer compositions according to the theory. In the 
theoretical calculations, the characteristic parameters and 
the intersegmental parameters determined in the preceding 
paper and in the above ternary systems will be used. 
Through these theoretical evaluations of the temperature 
dependence of x ,  it will be clarified whether the miscibility 
behavior of the EtVAc/VAcVC blends is corresponding 
to a miscibility window defined as mentioned above or not. 

Experimental  Section 
Polymer samples employed were the same as those used in the 

preceding paper.13 Their molecular weights and copolymer 
compositions are shown in Table I of the preceding paper. 

The interaction parameter, xop, for the ternary solutions was 
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Table I 
Intersegmental Parameters Used for Calculations of the 

Interaction Parameters, x 
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system sl/sk x k i ,  J/cm3 ck1 

Et/VAcQ 0.680 63.0 0.117 
Et/VC 0.747 23.9 O.Oo0 15 
VAc/VCa 1.099 12.9 O.OO0 05 

a Determined in the preceding paper.lS 
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Figure 2. Dependence of xop on the total polymer core volume 
fraction, gp, for the THF/EtVAc/PVC systems at 25 "C. The 
calculated curves are shown by the solid lines. 
obtained from osmotic pressures, r ,  by using the equation 

-rV,/RT = (p, - r,O)/RT = In (1 - 4p) + 

where V, is the molar volume of the solvent, m,, ml, and mz are 
the masses of the solvent and polymers 1 and 2, respectively, uap,* 
(i = s, 1, and 2) is the respective characteristic or core volume 
per gram, g1 and 42 are the core volume fractions of the polymers 
1 and 2, respectively, and 4p is the total polymer core volume 
fraction given by 

(2) 
These core volume fractions are given in the same way as eq 13 
in the preceding paper. Excess volume ratios P / V O  were 
determined from the respective specific volumes uIpi by using 

(3) 
where w,, wl, and w2 are the weight fractions of the solvent and 
the polymers 1 and 2, respectively. 

Results 
( 1 )  Solutions of Copolymer Blend in THF. The 

experimental results of xoP for t he  solutions of t he  
copolymer blend in THF are shown by the circles in Figures 
2 and 3. In all the systems, the blend ratio is 1/1 by weight, 
and the measurement temperature is 25 "C. Figure 2 shows 
the  results for t he  solutions containing the  EtVAc 
copolymer/PVC homopolymer blend, and Figure 3, the 
results for the EtVAc/VAcVC solutions in THF. The 
result of P / V o  for the THF/EtVAc70/PVC system is 
indicated by the triangle in Figure 2* of the preceding 
paper. (Hereafter, the figures, tables, and equations taken 
from the preceding paper'3 will be referred to  by an 
asterisk.) 

We will apply the modified Flory equation-of-state 
theoryl4-'8 to ternary solutions. The combining rules" for 

(1 - ~ , ~ a p , a * / ~ l ~ , p , l * ) 4 1  + (1 - ma~,p,s*/m2Uap.2*)42 + xap2 (1) 

4JP = 4, + 4 2  = 1-4, 

VE/ v0 = uap/ ( w ~ s p , a  + wlu,p,l+ w ~ s p , 2 )  - 1 

-9-  - -  
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Figure 3. Dependence of XQ, on the total polymer core volume 
fraction, dP, for the THF/EtVAc/VAcVC systems at 25 "C. The 
calculated curves are represented by the solid lines. 

the ternary mixture of solvent (s)/polymer l/polymer 2 
can be given as follows by extension of the binary mixture 

m = a,m, + alml + uzm2 (4) 

QlQ2U12* + asu2U,2*) (5) 

2(a,~lpsl*u,1*2 + alef112*~12*2 + ~ , ~ ~ s 2 * u , z * 2 ) l / u * 2  (6) 

u* = &,* + u12u1* + a&2* + 2(u,(T1u,1* + 

p* = [ase$,*u,*2 + ulelpl*~l*2 + a2e2p2*u2*2 + 

x.. 11 = pi* + (u.*/ui*)(si/sj)pj* J - 2(uij*/ui*)pij* (7) 

c = e,c, + ulcl + u2c2 - (u,el~,l + a,e2c12 + u,eZ~,2) (9) 

u..* lJ = [ (u i * l l3  + ~ . * ~ / ~ ) / 2 ] '  J (ij) = (s,l), (1,2), (s,2) (8) 

where the symbols are the same as those used in the 
preceding paper. When the polymers 1 and 2 are the 
copolymers 1 and 2, respectively, the respective char- 
acteristic parameters for the copolymer can be expressed 
in terms of those for the copolymer components using the 
same relations as given for the binary copolymer mixture 
in the preceding paper.13 On the basis of these relations 
and the partition function proposed by Flory? we can 
derive the interaction parameter xop for the ternary mixture 
as 

(10) xop = (P, - cl,")R/(RT4p2) 
with 

(p,  - F , " ) ~  = r,Rq3A In [(2amkT)'/2/h(gu*)'/3(;1/3 - 

l ) ]  + 3c, In (m,/m)'/' + (3/2)c(m - m,)/m) + 
ps*rsu,*Ts{ln (u,*/u*) + 3 In [(;,'/3 - 1 ) / ( V 3  - 01) + 
2p*rSu*Ti'(1 - W) + ps*rsus*/;, + (p*r,u*/;)[(e,/a,) - 

2(1- w) - 2yJ (11) 

A = [a,(i - e,)e,c,, + a,(i - es)e2Cs2 - ~ 1 e s ~ 2 ~ 1 2 ~ / ~ ,  (12) 

Y = (esps*u,*2 + e1p,1*~,l*2 + e2ps2*~ ,2*2) / (p*~*2)  (14) 

where 

w = (usus* + U1U,,* + LT2us2*)/u* (13) 

The excess volume ratio, vE/ V", can be written as 

VE/Vo = u*;/(u,u,*;, + o ~ u ~ * ; ~  + a2u2*G2) - 1 (15) 

In the present paper, the subscripts s, 1, and 2 indicate 
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Table I1 
Intermolecular Parameters Used for Calculations of the 

Interaction Parameters, x ,  for the Ternary Systems 

Macromolecules, Vol. 23, No. 23, 1990 

' 
system (i/jP Si/Si Xij, J/cm3 C i i  

EtVAc83.21 PVC 1.020 2.52 0.000 07 
EtVAclO/ PVC 0.966 -0.01 0.OOO 08 

EtVAc87.1/VAcVC90 1.026 2.44 0.001 8 
EtVAc81.1fVAcVC81 1.016 1.46 0.003 3 

a The numerical values indicate the copolymer compositions 
expressed in weight percent. 

the solvent (THF) ,  EtVAc copolymers, and VAcVC 
copolymers (or PVC homopolymer), respectively. 

As mentioned in the preceding paper,13 in order to 
calculate thermodynamic quantities, we need the equation- 
of-state parameters for the component molecules and the 
intermolecular parameters Xij, cij, and sj/i. For the random 
copolymer system, these parameters can be obtained from 
those for the components of copolymers or the cor- 
responding homopolymers. We already evaluated the 
equation-of-state parameters for THF, PEt, PVAc, and 
PVC and the parameters Xkl, C k l ,  and S l / S k  for THF/Et ,  
THF/VAc,  THF/VC,  Et/VAc, and VAc/VC in the  
preceding paper.13 The remaining parameters necessary 
for the calculations of thermodynamic quantities for the 
present copolymer systems are Xkl, C k l ,  and S l / S k  for Et /  
VC. SVC/SE~ can be obtained from Bondi's table.18 We 
determine the values of XEtjVC and CEt /VC from the  
experimental values of xoP and vE/ Vo for the EtVAc70/ 
PVC solutions in THF. When the values of Xij and C i j  are 
used for EtVAc70/PVC shown in Table I1 together with 
the characteristic parameters for THF, EtVAc70, and PVC 
(shown in Table II*) and the intermolecular parameters 
Xij and ci, for THF/EtVAc70 and THF/PVC (shown in 
Table III*), the theory can reproduce very well the 
experimental xoP and VE/Vo for the THF/EtVAc70/ 
PVC system as shown in Figures 2 and 2*, respectively. 
From this value of XEtVAc70/PVC and the values of X E ~ I V A ~  
and X V A ~ / V C  shown in Table III*, XE~/VC was determined 
by using eqs 8*, 35*, and 31*. In the same way, CEt/VC was 
also determined by using eq 42*. The values Of  X ~ t / v c  and 
CEt/VC determined thus are shown in Table I together with 
SE~/SVC. Now we can obtain the intermolecular parameters 
Xij, cij, and sj/si over all the copolymer compositions 
according to the relations given in the preceding paper.13 
These values for the systems presented here are listed in 
Table 11. 

The solid lines in Figures 2 and 3 show the $p depen- 
dence of xoP calculated by use of the parameters obtained 
above. The calculated results show satisfactory agreement 
with the experimental ones though the slope of the $p- 

xoP curve somewhat deviates from the experimental one 
for the VAc-rich systems. This deviation may be caused 
by the surface ratio of THF/VAc as mentioned in the 
preceding paper.13 

(2) x Parameter for Copolymer Blends. The mis- 
cibility for the copolymer blends of EtVAc and VAcVC 
depends on their copolymer composition12 as shown in 
Figure 4; namely, the miscibility region with respect to the 
copolymer composition exists. In this section, we will 
present the copolymer composition dependence of the 
temperature-x1 curve for these copolymer blends according 
to the equation-of-state theory extended to the random 
copolymer systems. The calculations of the interaction 
parameter, x, were carried out a t  42 - 0; i.e. 

x1 = lim x (16) 

to avoid complication of the concentration dependence of 

EtVAc5Ol PVC 0.892 2.38 0.OOO 10 

92-0 

0 2L A\\\\\\\\ 

x ,  mol fr. 

- fCH2-CHCl t f  CH2-CHOCOCH,j 
I I- x 

Figure 4. Summary of the calculated results for the temperature 
dependence of x1 for the EtVAcf VAcVC copolymer blends. The 
shadowy region shows the copolymer compositions where the 
temperature-X1 curve is a monotonically increasing function, and 
the other region corresponds to the copolymer composition range 
in which the temperature-x1 relation is a U-shaped curve. The 
symbols indicate the experimental results12 for miscibility at 100- 
160 OC: the open and filled ones show miscible and immiscible 
results, respectively. The calculated temperature dependences 
of x1 for the copolymer blends corresponding to x = 1 and to the 
broken lines were illustrated; the line along x = 1 corresponds 
to  Figure 5, and the upper, middle, and lower broken lines 
correspond to Figures 6-8, respectively. 

x. In the calculations, the characteristic parameters for 
the corresponding homopolymers and the intersegmen- 
tal parameters (Table I) obtained in the preceding section 
and paper13 were used. 

Figure 5 shows the calculated result of the temperature 
dependence of x for the EtVAc copolymer/PVC ho- 
mopolymer blends with various VAc contents of EtVAc 
copolymer. As shown in this figure, the calculated 
temperature dependence of XI changes from a U-shaped 
curve to a monotonically increasing function and again to 
a U-shaped curve with the copolymer composition. The 
U-shaped curves are always positive regardless of tem- 
perature, and the monotonically increasing curves change 
from negative to  positive with an increase in temperature. 
Namely, the calculated result shows that the miscibility 
region may exist in a certain range of the copolymer 
composition below a temperature even for the EtVAc/ 
PVC blends with infinite molecular weights. T h e  
experimental result12 of the miscibility for these blends, 
which are along x = 1 in Figure 4, shows that the miscibility 
changes from immiscible to  miscible and again to im- 
miscible with the copolymer composition. The calculated 
result of x1 represents well this trend of the miscibility 
behavior for the EtVAc/PVC copolymer blends. 

The calculations of the temperature dependence of XI 
were carried out over all copolymer compositions. We will 
illustrate the results for three representative blends along 
the broken lines in Figure 4; (1) one corresponds to  the 
miscibility behavior to be immiscible over all the copolymer 
compositions of VAcVC, (2) another corresponds to the 
miscibility change of immiscible - miscible with an 
increase in the VC content of VAcVC, and (3) the other 
is for the miscibility behavior of immiscible - miscible - immiscible. Figure 6 shows the result for the blends 
(1) of the EtVAc copolymer with a 0.76 mol fraction of Et 
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Figure 5. Temperature dependence of x1 for the blends of a series 
of EtVAc and the PVC homopolymer. The numerical values in 
the figure indicate the copolymer composition (mole fraction of 
Et) of EtVAc. 
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Figure 6. Temperature dependence of x1 for the blends, which 
correspond to the upper broken line in Figure 4, of the EtVAc 
copolymer with a 0.76 mol fraction of Et and the VAcVC 
copolymer with the copolymer composition (mole fraction) of VC 
indicated by the numerical values. 

content  and the  VAcVC copolymer with a series of 
copolymer compositions. For this copolymer composition 
of EtVAc, as shown in Figure 6, the temperature de- 
pendence of XI is U-shaped regardless of the copolymer 
composition of VAcVC. This means that the blends with 
infinite molecular weights are immiscible a t  any copolymer 
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Figure 7. Temperature dependence of x1 for the blends, which 
correspond to the middle broken line in Figure 4, of the EtVAc 
copolymer with a 0.383 mol fraction of Et and the VAcVC 
copolymer with the copolymer composition (mole fraction) of VC 
indicated by the numerical values. 
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Figure 8. Temperature dependence of x1 for the blends, which 
correspond to the lower broken line in Figure 4, of the EtVAc 
copolymer with a 0.139 mol fraction of Et and the VAcVC 
copolymer with the copolymer composition (mole fraction) of VC 
indicated by the numerical values. 

composition of VAcVC and a t  any temperature. Figure 
7 shows the calculated results for the blends (2) of the Et- 
VAc copolymer with a 0.383 mol fraction of Et and a series 
of the VAcVC copolymers. In this case, the calculated 
temperature-X1 curve changes from a U-shaped curve to 
a monotonically increasing curve as the VC content of the 
VAcVC copolymer increases. In Figure 8 are shown the 
result for the blends (3) containing EtVAc with a 0.139 
mol fraction of Et content. In this copolymer composition 
of EtVAc, the temperature dependence of x1 changes from 
a U-shaped curve to a monotonically increasing function 
and again t o  a U-shaped curve with the  copolymer 
composition of the VAcVC copolymer. 

The  results of the  temperature dependence of y.1 
calculated over all the  copolymer compositions are  
summarized in Figure 4. The shadowy region is cor- 
responding to monotonically increasing curves and the 
other to U-shaped curves. 
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in Figure 5, on the other hand, the calculated results of 
the temperature dependence of XI show that these blends 
are type a, described above. This suggests that the EtVAc/ 
PVC blends may have a so-called miscibility window. 

As shown in Figure 4, the calculated results for the Et- 
VAc/VAcVC copolymer blends showed that the inter- 
molecular parameters x1 increase monotonically from 
negative to positive with temperature in the shadowy 
copolymer composition range and that the temperature- 
x1 curves are U-shaped in the other range. This means 
that the blends can be miscible below a certain temperature 
regardless of the copolymer composition in the shadowy 
region. Comparison between the shadowy region and the 
experimental miscibility region shows that the theory 
extended to the random copolymer blends gives qualitative 
agreement with experiments for the copolymer composition 
dependence of miscibility. 
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