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A consideration on miscibility behaviour in 
random copolymer blends based on the 
equation-of-state theory 
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So-called miscibility and immiscibility windows in random copolymer blends are terms that describe the 
variation in miscibility with copolymer composition, i.e. immiscible -,  miscible --* immiscible and 
miscible --* immiscible ~ miscible, respectively. The miscibility has been explained by the change of sign of 
the intermolecular interaction parameter ~ expressed in terms of the intersegmental interaction parameters. 
For the former and the latter windows the sign of the intermolecular parameter g changes with copolymer 
composition from positive ~ negative ~ positive and negative ~ positive ~ negative, respectively. How- 
ever, the changing pattern of the sign ofx may depend on temperature because the Flory-Huggins interaction 
parameter Z depends on temperature. Flory's equation-of-state theory gives two kinds of temperature 
dependence of;G (a) a U-shaped curve, which is always positive, and (b) a function increasing monotonically 
from negative to positive. In this report we discuss, on the basis of Flory's equation-of-state theory, how 
the pattern of the temperature dependence of X changes with copolymer composition for copolymer blends. 
In consequence, even though the sign of X changes with copolymer composition from positive ~ negative --, 
positive in a limited temperature range, there were two types of dependences of temperature ver sus  Z curve 
on copolymer composition: (1) (b) regardless of the copolymer composition as well as (2) (a) ~ (b) ~ (a) 
with copolymer composition predicted by theory. Also, for the blends in which Z changes from 
negative --, positive --* negative at a certain temperature, two types were obtained: (3) (b) regardless of the 
copolymer composition as well as (4) (b) ~ (a) ~ (b) with copolymer composition. U-shaped curves can 
be found only in types (2) and (4); namely in these two types there exists a copolymer composition range 
where the two polymers are immiscible regardless of temperature. Therefore, it was concluded that so-called 
miscibility and immiscibility windows should be defined by types (2) and (4), respectively, even though the 
miscibility change is observed to be immiscible --* miscible ~ immiscible or miscible ~ immiscible ~ mis- 
cible with copolymer composition in a limited range of temperature. 
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I N T R O D U C T I O N  

Recently, miscibility in random copolymer blends has 
been studied theoretically and experimentally 1-6. In 
particular, it has been reported that some polymer blends 
containing random copolymers are miscible in a certain 
range of copolymer composition even though any binary 
combination of the homopolymers  of their constituent 
monomers  is immiscible. Such miscibility has been called 
a miscibility window, and explained by extension of the 
Flory-Huggins  interaction parameter  Z to random 
copolymer systems as follows 3-5. 

The intermolecular interaction parameter  X for blends 
of homopolymer  l with random copolymer 2, CyDl_y, 
can be written as: 

Z = Y Z 1 c  + (1 - Y)Z1D -- y(l - Y)Zco (1) 

where ;(is are the intersegmental Z parameters and y is 
the copolymer composition expressed as a volume 
fraction. According to the F lory-Huggins  theory 7, the 
critical value of Z for a mixture of r~- and r2-mers is: 

l = ( r ? ' 2  ,2)2 X. .  ~ + r ;  (2) 

* To whom correspondence should be addressed 

where the size of the segment is taken to be of equal 
volume between r 1- and r2-mers. In the limit of infinite 
molecular weights of both polymers, as is clear from 
equation (2), two polymers are miscible in the whole 
concentration range when Z < 0 .  In equation (1), even 
though all the intersegmental Z~s are positive, the 
intermolecular Z can be negative when the relation among 
Z~j satisfies the equationS'6: 

IxcDI > ( Iz lc l  1/2 + I x l o l ' 2 )  2 (3) 

Equation (3) means that the repulsive interaction between 
the segment monomers  C and D in the copolymer 
CyD1 _y is significantly large compared to the interactions 
between the segments belonging to different polymers. 
Therefore, this has been called a repulsive effect. 

Furthermore,  equation (1) suggests that an immiscibil- 
ity region may exist in a certain range of copolymer 
composition even if all combinations of homopolymers 
corresponding to the constituent monomers  are miscible. 
Namely, even though all the Z~i are negative, the 
intermolecular ;t parameter  can be positive. Even in this 
case, equation (3) is satisfied. This immiscibility may be 
called an immiscibility window by analogy with the 
miscibility window. A few real systems 8'9 whose miscibil- 
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ity changes with copolymer composition from miscible 
immiscible --* miscible have been found. 

Although miscibility and immiscibility windows have 
been explained so far by equation (1), as mentioned 
above, equation (1) does not explicitly reveal the 
temperature dependence ofz. Even if equation (3) is valid 
at a certain temperature, it does not necessarily hold at 
another temperature because the interaction parameter 
depends on temperature. 

According to the equation-of-state theory ~°'lt, ;t is 
expressed as follows: 

Z = f ( T )  + X ,  2/9(T) (4) 

where both f ( T )  and g(T) are functions increasing 
monotonically with temperature and X~2 is the inter- 
molecular exchange enthalpy parameter. The first and 
second terms on the right-hand side express the contribu- 
tions of the free-volume difference and enthalpic inter- 
actions, respectively. When X~ 2 is positive, the tempera- 
ture dependence of ~ is a U-shaped curve and Z is positive 
at all temperatures; while g increases monotonically from 
negative to positive values with an increase in tempera- 
ture when X~ 2 is negative. For so-called miscibility and 
immiscibility windows, therefore, the above two types of 
temperature dependences of Z should be taken into 
account as well as the change of the sign of g at a certain 
temperature, i.e. equation (3). ten Brinke et al. 4 qualita- 
tively discussed miscibility and immiscibility windows on 
the basis of the second term of equation (4). 

In this paper, we will discuss the miscibility and 
immiscibility windows in random copolymer blends on 
the basis of the interaction parameter X obtained by 
extending Flory's equation-of-state theory for homo- 
polymer systems to random copolymer systems. In 
particular, we will show how the type of temperature 
dependence of Z changes with copolymer composition 
for copolymer blends for which equation (3) is valid at 
a certain temperature. 

THEORETICAL 

In this section, we extend Flory's equation-of-state 
theory t° to the random copolymer system, the mixture 
of homopolymer 1 and random copolymer 2 (CyD~_y). 

In the Flory theory, the principle of corresponding 
states is assumed; the reduced variables ~, 7" and ~ of 
volume, temperature and pressure are given by: 

~= v/v* (5) 
7" = T / T *  (6) 

= p/p*  (7) 

where v*, T* and p* are the reduction or characteristic 
parameters. T* and p* are defined by 

T *  = srl /2v*ck (8) 

p* = Sq/2V . 2  (9) 

where s is the number of contact sites per segment, q is 
the parameter characterizing the intermolecular energy 
and c is the external degrees of freedom per segment. 
These characteristic parameters p*, v* and T* satisfy the 
equation: 

p ' v *  = c k T *  (10) 

For a mixture comprising N~ rl-mers of (homo- 
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polymer) 1 and N 2 r2-mers of (copolymer) 2, CyD l_y, 
the total intermolecular energy E o may be expressed by 
the following equation under the assumption that the 
total energy is additive in the segmental contact sites: 

Eo = - (Az zr/l z + Accqcc + ADDr/DD + ACDr/CD 

+ A 1cr/1c Jr- A1DrllD)/F (11) 

where - rh/V is the intersegmental energy per i - j  contact 
and A o is the number of i - j  contacts. When random 
mixing of segments is assumed and when a method the 
same as Flory's t° is used, then the energy E o can be 
rewritten as: 

- Eo/ ( rxN l + r2N2) 

= {qblp ~' + ~b2[yp~ + (1 - y)p~ - yO2DXcD ] 

--  (~102[02cX1c  + 02DX1D 

-- 02C02D(Sl/Sc)XcD']}V*/~) (12) 

where Xkl is the exchange enthalpy parameter between 
thc components k and 1 defined in the same way as 
Flory's, ~bl and tk2 arc the segment fractions, 01 and 02 
are the site fractions of the polymers I and 2 and 02c 
and 02D are the site fractions of the segment C and D in 
the copolymer 2. These fractions are defined by: 

c~2 = 1 -- dpl = r2N2/ ( r lN  1 + r2N2) (13) 

01 = 1 - 02 = q~lst/[dPlsl + 492ySc + ~b2(1 - y)so] (14) 

02c = 1 -- 020 : Oc/O 2 = y s c / [ y s  c + (1 -- y)SD] (15) 

respectively. 
Defining the characteristic pressure p, of the copoly- 

mer 2 and the exchange enthalpy X12 between the 
polymers 1 and 2 as: 

p~ = yp~ + (1 - y)p*  - Y O 2 D X c D  (I 6) 

and 

X12 -~- 02cX1c Jr- 02DXID -- 02C02D(SI/Sc)XcD (17) 

respectively, then equation (12) can be rewritten as: 

- -Eo / ( r lN~  + r2N2) = (c~lP'~ + ~2P~  --  ~)102Xl2)v*/v '  
08) 

When the energy Eo for the mixture is defined by: 

- E o / ( r  I N x + r2N2) = p*v*/F; (19) 

comparison of equation (19) with equation (18) gives: 

p* --- q~,p* -t- ~2P~ - -  (J~lO2Xl 2 (20) 

for the characteristic pressure p* for the mixture. 
The characteristic temperature T,  of copolymer 2 can 

be derived using equation (10) under the assumption of 
additivity for the external degrees of freedom, namely the 
equation: 

c2 = YCc + (1 - y)c  o (21) 

gives: 

1 / T *  = [ y ( p ~ / T * )  + (1 - Y)(PD/TD)J/P2 (22) 

In the same way, T* for the mixture can be expressed 
as follows: 

1 / T *  = [dpx(p~/T*)  + q~2(p*/T*)] /p* (23) 

As shown in equations (16), (17) and (22), it should 
be noted that p* and T* for the copolymer and Xt2 are 
independent of the polymer concentration, and also the 
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expressions of p* and T* given by equations (20) and 
(23), respectively, for the mixture are the same as Flory's. 
Therefore, various thermodynamic quantities of mixing 
for random copolymer systems derived using the parti- 
tion function proposed by Flory are completely the same 
as those for homopolymer systems if p~ and T~ are fixed. 
The enthalpy of mixing is: 

An  M = ( r l N  1 + r2N2)o*(ttplp~/~; 1 + ~P2p~/b2 -- p*/?;) 
(24) 

and the excess volume V E is: 

vE/V° = VE/Vo = (v - Vo)/Vo (25) 

where V ° is the unmixed volume and: 

UO ~- (#101 "Jr- (~202 (26) 

The interaction parameter X defined by the expression 
for the following chemical potential: 

(/~1 - U°)/ R T = ln(I - $2) + (1 - rl/r2)c]~2 + Zc~ 2 
(27) 

can be written as: 

Z = (P*rlv*/RTd)~){3~'l ln[(vl/3 - 1) / (  ~1/3 - -  1)] 

+ (~-1 _ ~-1)} +rtv.Xa202/(~RTc~2) (28) 

At infinite dilution: 

ZI = lim Z 
¢,2~0 

= (p*riv*/~lRT)c q TA2/2 + (p*rlv*/~xRT)Y12 (29) 

where 

A = (l  - -  T t / T 2 ) ( p 2 / p l ) -  (s2/st)X12/p ~ (30)  

Y12 = (s2/s1)2 XI 2/P~ (31)  

For simplicity, assuming that the numbers of contact 
sites per segment are the same among the components, 
i.e.: 

we obtain: 

sl =Sc=SD (32) 

sl =s2 (33) 

and 

02 = 1 - 0 1  = qb 2 (34) 

02D = 1 -- 02c = 1 -- y (35) 

Then, A and YI: can be rewritten as: 

A = (1 - -  T1/T2) (p2 /p t  ) - Xl2/P ~ (36) 

= {y(l -- TI /Tc)Pc  Xxc] 
* * * =It + (1 - y)[(1 -- T~/TD)PD -- Xxo]}/pt (37) 

and 

YI2 =X12/P~ (38) 

with 

X l z = Y X t c + ( 1 - - y ) X i D - - y ( l  -- y)XcD (39) 

In this case, X t 2 is a quadratic equation for the copolymer 
composition y at a given temperature. 

RESULTS AND DISCUSSION 

In this section we present the results of the temperature 

dependence of X simulated using equation (29), i.e. the 
expression of Xl at q~2 = 0. Therefore, the shape of the 
phase diagram is rather different from that drawn using 
the concentration-dependent ;( expressed in equation 
(28), and also the value of ;( and its temperature 
dependence obtained here are somewhat different from 
those of ;( at ~l = 0 because the expression for ;( in 
equation (28) is not symmetrical about the concentration. 
However, trends of temperature dependence of ;(t 
simulated here would be useful for the purpose of this 
study. Furthermore, in calculations we use the expression 
of;(t with equations (36)-(39) which are for sl = Sc = SD. 

The results of the temperature dependence of ;(1/(rl v*) 
calculated using the characteristic parameters shown in 
Table 1 and using the exchange enthalpy parameters 
given in the respective figure legends are shown in parts 
(a) of Figures 1-4. The values of these parameters used 
in the calculation were arbitrarily given, though they are 
usual for polymers. In these figures, the broken and chain 
curves indicate the interactional and free-volume contri- 
butions, which correspond to the first and second terms 
on the right-hand side of equation (29), respectively, and 
the full curve is ;(t/(rtv* ), which is the sum of the above 
two contributions. Parts (b) in these figures show the 
copolymer composition dependence of the exchange 
enthalpy parameter obtained by use of equation (39). 
Parts (c) show the schematic illustrations of relation 
between the temperature at ;(t = 0 and the copolymer 
composition. The critical temperature should be obtained 
by the critical conditions (0#t/dr#2)= (d2/q/dq~22)=0. 
Since the concentration dependence of ;( may be very 
small in the vicinity of;( = 011-a 3, the critical temperature 
may be very close to the temperature at ;(1 = 0. Therefore, 
parts (c) would show a good approximation to the 
relation between the critical temperature and the 
copolymer composition. 

As examples of the calculated results in Figures 1 and 
2 show, there are two types of dependences of the 
temperature-;(t curve on copolymer composition for the 
copolymer blends whose miscibility changes from im- 
miscible --* miscible --. immiscible with copolymer com- 
position in a certain temperature range around "Fob. In 
the example shown in Fioure I, the temperature depen- 
dence of Zt changes from a U-shaped ~ monotonically 
increasing ~ U-shaped function with copolymer com- 
position. Since the pattern of the temperature dependence 
of ;(1 depends on the sign of the exchange enthalpy 
parameter X12 between polymers 1 and 2, this can be 
predicted by equation (29) with equation (39). As is 
obvious from equation (39), derived on the assumption 
of equation (32), Xa2 is changed from positive--* 
negative --, positive with copolymer composition y on the 
following condition: 

IXcDI > (IXlcl t/2 + IXaDIX/2) 2 (40) 

T=bl¢ 1 Characteristic parameters used in simulation of temperature 
dependence of Z~ for blends of homopolymer 1 with random copolymer 
2 (CyD1-0 

T* (K) p* (Jcm -3) 
Figure 
number 1 C D 1 C D 

1-3 5500 7500 4000 450 650 350 
4 7500 5500 4000 650 450 350 
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increasing function over all the copolymer compositions, 
the sign of X~ can change from positive-, negative--* 
positive with copolymer composition (namely miscibility 
changes from immiscible --, miscible --* immiscible) in a 
limited temperature range around Tot,. In this case, 
however, the sign of X~ is negative below a certain 
temperature regardless of the copolymer composition, 
namely two polymers are miscible below that tempera- 
ture regardless of the copolymer composition (Figure 2c). 

Figures 3 and 4 show the cases in which the dependence 
of miscibility behaviour on copolymer composition is like 
a so-called immiscibility window in a certain temperature 
range. In both cases, miscibility changes from miscible --* 
immiscible--+ miscible with copolymer composition in 
the vicinity of Tot,. In the case of Figure 3, two polymers 
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Figure 1 (a) Temperature dependence of X t at copolymer composition 
y, (b) dependence of the exchange enthalpy parameter X~: on the 
copolymer composit ion and (c) schematic illustration of miscibility in 
the copolymer composi t ion- temperature  plane for the blend of 
homopolymer 1 with random copolymer 2 (C,D~ _,). The calculations 
ofxa and Xt2 were carried out using X~c = 20 J c m -  a, X~D = 10 J c m -  a 
and XcD = 70 J c m -  3 together with the characteristic parameters shown 
in Table I 

In the range of copolymer composition in which the 
temperature dependence of X~ is U-shaped, two polymers 
with infinite molecular weight are immiscible regardless 
of temperature, while two polymers are miscible below 
a certain temperature at the copolymer composition 
where g~ is a monotonically increasing function. The 
schematic illustration of miscibility corresponding to 
these behaviours of the temperature dependence of Z~ is 
shown in Figure Ic. As shown in Figure 2a, even though 
the temperature dependence of X~ is a monotonically 
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Figure 2 The calculations of Xs and X 1, were carried out using 
Xtc = 15 J cm - 3, X~o = 5 J cm - 3 and Xcn = - 2 J cm-  3. See the legend 
of Figure 1 
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Figure 3 The calculations of Xt and Xt2 were carried out using 
Xtc = - 2 0 J c m  -3, X I D = - 1 0 J c m  -3 and X C D = - 7 0 J c m  -3. See 
the legend of Figure I 
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Figure 4 The calculations of Xt and Xt2 were carried out using 
X , c = - 2 0 J c m  -3, X t D = - 2 0 J c m  -3 and X C D = - 5 0 J c m  -3. See 
the legend of Figure I 

are immiscible over all the temperatures in the copolymer 
composition range corresponding to the positive inter- 
molecular exchange enthalpy parameter X12 shown in 
Figure 3b. In this case, equation (40) is satisfied. In the 
case shown in Figure 4, on the other hand, two polymers 
are miscible over all copolymer compositions below a 
certain temperature. These dependences of miscibility 
on copolymer composition are qualitatively shown in 
Figures 3c and 4c, respectively. 

As mentioned above, there are two types of depen- 
dences of temperature-z curve on copolymer composi- 
tion for both miscibility behaviours like miscibility and 
immiscibility windows observed in a certain temperature 
range. In addition to those, for the blends comprising 
polymers with finite molecular weights, apparent miscibil- 
ity and immiscibility windows may obey some other types 

besides those discussed here because X,it is not zero. The 
miscibility and immiscibility windows may be defined by 
the cases shown in Figures 1 and 3, respectively, or by 
equation (40) on the assumption of sl = Sc = SD, because 
in these cases an immiscibility region with respect to 
copolymer composition exists regardless of temperature. 
Therefore, for the dependence of miscibility on copolymer 
composition obtained experimentally in a limited tem- 
perature range, whether it is a so-called miscibility (or 
immiscibility) window or not should be concluded by the 
type of temperature dependence of X- 
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