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ABSTRACT: A pair of dissimilar polymers with high molecular weights, poly(acrylonitrile-co­
styrene)lpoly(acrylonitrile-co-butadiene), was found to exhibit both UCST (upper critical solution 
temperature) and LCST (lower critical solution temperature) behavior. This phase behavior is 
interpreted by combining the solubility parameter theory involving the free volume term and the 
recent idea of "miscibility window" for the polymer blends including random copolymers. 
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It is well known that most pairs of dissimilar 
polymers with high molecular weights are 
immiscible. This is so because the combina­
torial entropy of mixing of two polymers 
is dramatically smaller than that of two 
low molecular weight compounds and the 
enthalpy of mixing is often a positive quan­
tity.1 Therefore dissimilar polymers are only 
miscible if there are favorable specific inter­
actions between them leading to a negative 
contribution to the Gibbs free energy of mix­
ing. Miscible polymer-polymer mixtures 
tend to phase-separate at elevated tempera­
tures. This LCST (lower critical solution 
temperatures) behavior is typical for miscible 
polymer blends. The LCST behavior is inter­
preted in terms of equation-of-state or free 
volume contribution.2 •3 Some miscible poly­
mer blends also exhibit phase separation 
at low temperatures. This UCST (upper criti­
cal solution temperature) behavior is rather 
uncommon. It has been observed only when 
one or two components have relatively low 
molecular weight, i.e., oligomer.4 •5 So far, the 
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blends of dissimilar polymers with high mo­
lecular weights have been found to show only 
the LCST behavior. 

We recently found that a pair of dissimilar 
polymers with high molecular weights, poly­

butadiene/poly( styrene-co-butadiene), exhib­
ited both UCST and LCST behavior.6 To our 
knowledge, this is the first observation of the 
coexistence of UCST and LCST behavior in 
polymer blends of high molecular weight 
polymers.24 In this paper, we describe the 
results with another system exhibiting both 
UCST and LCST behavior, poly(acrylonitrile­
co-styrene )/poly( acrylonitrile-co-butadiene). 

We also present. the thermodynamic inter­
pretation of this phase behavior by combining 
the equation-of-state theory7 - 9 and the recent 
idea of "miscibility window" for the polymer 
blends including random copolymers.10 -lz 

EXPERIMENTAL 

Polymer specimens used in this study, AS-
25 and NBR-40, were commercial polymers. 

521 



T. 0UGIZAWA and T. INOUE 

The AS-25 is poly(acrylonitrile-ca-styrene) 
containing 25 wt% acrylonitrile, supplied by 
the Mitsubishi Monsant Co., Ltd. (SAN-C, 
Mn=6.84 x lif, Mw=.1.94 x lOs). The NBR-40 
is poly( acrylonitrile-co-butadiene) containing 
40 wt% acrylonitrile, supplied by the Japan 
Synthetic Rubber Co., Ltd. (N220S, M" = 
9.13 x lif, Mw=2.97 x lOs). These molec­
ular weights were estimated by gel permeation 
chromatography calibrated with polystyrene 
standard. Note here that both polymers are 
random copolymers. 

The AS-25 and NBR-40 were dissolved at 
8 wt% of total polymer in tetrahydrofuran. 
The solution was cast onto a cover glass (for 
microscopy). The rate of solvent evaporation 
was adjusted to prepare the cast film with a 
regularly phase separated structureP The cast 
film was further dried under vacuum of 
10-4 mniHg for lOh. 

The structure of the dried film was observed 
under a light microscope. The film on the 
cover glass was inserted in a heating stage, the 
Linkam TH600 Heating-cooling stage.14 This 
stage can be programmed to provide isother­
mal setting and also a linear rise in tempera­
ture at any of 27 different rates between 
0.1 K min - 1 to 90 K min - 1 . The heating stage 
was set horizontally to the light scattering 
stageY A goniometer trace of the scattered 
light from the film was given during heating at 
a constant rate. Similar experiments were 
carried out at different heating rates and iso­
thermal settings. 

RESULTS AND DISCUSSION 

Figure 1 is a typical example of the light 
micrograph of the cast film of AS-25/NBR-
40 =50/50. A highly interconnected two-phase 
morphology with uniform domain size is seen 
in the micrograph. We call it a "modulated 
structure,"13 partly for convenience to de­
scribe the morphological features of unique 
periodicity and high level of phase connec­
tivity. Figure 2 shows a light scattering pat-
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Figure 1. Light micrograph of AS-25/NBR-40 =50/50. 

tern (a) and a light scattering profile (b) from 
the cast film of Figure 1. The ring pattern indi­
cates some degree of regularity of the phase 
separated structure in Figure 1. The Bragg 
spacing from the peak in the light scattering 
profile corresponds to the periodic distance in 
Figure 1. 

Elevating the temperature at a constant rate, 
the light scattering profile did not change up to 
a certain temperature Tct. Above Tct the in­
tensity of the scattering peak decreased with 
temperature, keeping peak angle almost 
constant. The scattering peak finally disap­
peared. Tct corresponds to onset temperatures 
of phase dissolution, as will be discussed later. 
Tct varied with heating rate. Figure 3 shows Tct 
vs. heating rate plots. Intercept of Tct, at which 
the heating rate is zero, may correspond to the 
binodal temperature. Similar experiments were 
carried out for blend specimens with various 
compositions. The binodal points thus esti­
mated are indicated by open circles in Figure 
4. A UCST -type phase diagram is drawn in 
Figure 4. However, it is quite strange in shape. 
In the AS-25 rich region, Tct (intercept) linearly 
decreases with composition. This behavior 
should be apparent because of the location of 
glass transition temperature (T8). 

A T8 vs. composition curve estimated by the 
simple weight-average is shown by a thin solid 
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Figure 2. (a) Light scattering pattern (Vv) from AS-25/NBR-40=50/50 blend film of Figure I, and (b) its 
goniometer trace. A He-Ne laser of 632.8 nm wavelength was radiated. 
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Figure 3. Td vs. heating rate plots. Td is the onset 
temperature of the scattered intensity decay. 

line in Figure 4. The observed Td (intercept) in 
the AS-25 rich region is just above the Tg line 
and the former is parallel to the latter. Below 
Tg, of course, the displacement of chain mo­
lecules is almost immobilized. Hence, the 
phase dissolution cannot take place below Tg 
even when the is thrust into the single 
phase region above UCST. Even above Tg, at 
temperatures just above Tg, the rate of phase 
dissolution may be so low that one cannot 
detect this phenomenon in a few hours. Real 
binodal may be such as represented by a 
dotted line in Figure 4. 
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Figure 4. Phase diagram of AS-25/NBR-40 system. 
Open circles are the Td at zero heating rate. Thin solid 
line is the T8 curve calculated by the weight-average; 
T8 = 107°C for AS-25, T8 =- 33°C for NBR-40. UCST 
curve is continued symmetrically into the AS-25 rich 
region as indicated by dotted line. LCST curve is shown 
by broken line; (D) the film became opaque and ( x) 
was still clear after the temperature-jump from single 
phase region. 

The UCST behavior was confirmed by iso­
thermal experiments as follows. Film speci­
mens with modulated structures underwent a 
rapid temperature-jump from room temper­
ature to various higher temperatures set iso­
thermally and above the UCST. Below UCST, 
appreciable change in the scattering profile with 
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Figure 5. Change of light scattering profile with an­
nealing at 85°C. AS-25/NBR-40= 50/50. Each numeral 
gives the time after temperature-jump. 

time of isothermal annealing could not be 
detected in 2 h. This means that appreciable 
structural change did not take place. On the 
other hand, above UCST, the scattered in­
tensity decreased with time of annealing, 
keeping the peak angle constant. A typical 
example is shown in Figure 5. The intensity 
decay in Figure 5 corresponds to the phase 
dissolution of the modulated structure, keep­
ing the periodic distance constant.6 This was 
also confirmed under a light microscope. 
Below UCST, the modulated structure did not 
change with time after the temperature-jump. 
Above UCST, the image contrast of modu­
lated structure became weak gradually, and 
finally the image disappeared. The kinetic 
aspect of the phase dissolution is an interesting 
problem. It is however out of the scope of this 
paper and presented elsewhere.15 

For the investigation of phase behavior at 
higher temperatures, the gradual heating 
procedure used for the study of UCST was not 
appropriate. It was due to deterioration of 
specimens by long exposure to high tempera­
ture atmosphere during the slow heating 
process. Instead we employed a dissolution 
and temperature-jump procedure: the cast film 
was annealed above UCST, e.g., at 90°C for 
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ca. 60 min, then the annealed specimen un­
derwent a rapid temperature-jump to an iso­
thermal setting at higher temperature and the 
structural change was observed under a micro­
scope and by the light scattering technique . 
When no appreciable change took place after 
the temperature-jump, we judged that the 
system was still at the single phase region. 
On the other hand, when the film became 
opaque and the scattering intensity increas­
ed, we judged that the system was at the two 
phase region. On the basis of these observa­
tions, the LCST line was drawn somewhat 
arbitrarily by a broken line in Figure 4. Ac­
tually, we observed the development of a 
modulated structure during isothermal an­
nealing at the two phase region above LCST. 
It was similar in appearance to that in Figure 
1 but the periodic distance of the structure was 
much shorter than the original one in the as­
cast film. This implies that the structural 
memory in the cast film had disappeared by 
annealing at the single phase region and a new 
concentration fluctuation developed by the 
spinodal decomposition thermally induced 
above LCST. 

Thus we have found the coexistence of 
UCST and LCST behavior in AS-25/NBR-40 
system. 

THERMODYNAMIC DISCUSSION 

The coexistence of UCST and LCST is not 
specific to this particular pair, AS-25/NBR-40. 
Similar phase behavior has been also found in 
another pair of high molecular weight poly­
mers, polybutadienejpoly(styrene-co-buta­
diene),6 and seems to be rather general phe­
nomenon for some classes of homopolymer/ 
copolymer and copolymer/copolymer systems. 
However, this phase behavior has never been 
predicted by current theories of polymer­
polymer miscibility. 2 •3 •16 - 18 

The equation-of-state theory successfully 
interprets the LCST behavior for the mixture 
with specific interactions leading to a negative 
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heat of mixing (exothermic system). For the 
mixture with repulsive interactions leading to a 
positive heat of mixing (endothermic system), 
this theory interprets the appearance of UCST 
and LCST, if the molecular weights of com­
ponent polymers are so small that the com­
binatorial entropy of mixing makes a signifi­
cant contribution to the Gibbs free energy of 
mixing. However, when the molecular weights 
are very high, the appearance of UCST, both 
in the endothermic and exothermic systems, is 
not interpreted directly by the current equa­
tion-of-state theory. 

Here we will describe a thermodynamic 
interpretation of the coexistence of UCST and 
LCST behavior by combining the recent idea 
of "miscibility window" and the solubility 
parameter theory involving the free volume 
term in the equation-of-state theory. 

Neglecting the combinatorial entropy term 
for the mixture of dissimilar polymers with 
high molecular weights, the miscibility prob­
lem is simply an argument on the sign of the 
Flory's interaction parameter x 12; if x 12 is 
negative, the dissimilar polymers are miscible.1 

For a binary system of the copolymer-1 
composed of monomers A and B and the 
copolymer-2 composed of monomers C and D, 
the interaction parameter is given by 

X12 =XYXAc+(1-x)YXBc 

+ x(1- YiXADI + (1- x)(1- y)xBD 

- x(1- x)xAB- y(l- Y)XcD (1) 

where x andy are the copolymer compositions 
in volume fraction of A and C, respectively, 
i.e., copolymer-1 is (AxB 1 _x) and copolymer-
2 is (CyD1_ y). Even if all binary interactions, 
X AC• X BO X AD• X BD• X AB• and X CD• are positive, 
the net interaction x 12 can be negative in a 
limited range of x andy. This happens when 
XAB and/or XeD are very large. Thus, the ap­
parent attractive interaction between copoly­
mers 1 and 2 comes from the large repulsive 
interaction between comonomers A and B 
(and/or C and D). This is the concept of 
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Table I. Values of IX and (j from 
the polymer handbook 

()( (j (25°C) 
Polymer 

oc-1 (cal(cm - 3) 112 

(A) Polyacrylonitrile 1.4x10-4 12.75 
(B) Polystyrene 1.9 X 10-4 9.12 
(D) Polybutadiene 7.1 X 10-4 8.38 

"miscibility window,"7 - 9 which interprets 
miscibility without any specific interactions. 

When there are no specific interactions such 
as· hydrogen bonding and charge transfer 
complex, x ij may be represented by 

V; 2 xij= RT(u;-<5) (2) 

where V; is the molar volume of i-compo­
nent, T is temperature, R is gas constant, and 
J is the solubility parameter defined by J = 
(!l.EvjV)112 , where !lEvis the energy of va­
porization.19 

The familiar formulation by eq 2 is com­
monly assumed to involve only energetic in­
teraction. This is so when there is no volume 
change with mixing (!l.Vm=O). However, if 
we eliminate the condition of !l V m = 0, the 
equation-of-state or the free volume term is 
automatically involved in eq 2. Namely, J 
depends on the free volume through !lEv 
and V. This point has been suggested by Biros 
et a/.20 in terms of 

( .alnJ) -rx 
ar p 

(3) 

where rx is thermal expansion coefficient. 
Hence, X ii by eq 2 implicitly involves the 
free volume contribution. 

From eq 1 and 2, x 12 is given by 

vl{ 2 2 X12=RT xy(uA-uc) +(1-x)y(J8 -Jc) 

+x(l- y)(J A- JD)2 + (1- x)(1- y)(J8 - JD)2 

- x(l- x)(J A- b8f- y(l- y)(Jc- JDf}' (4) 
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Figure 6. Temperature dependences of x12 calculated; 
by eq 4 (solid line); by eqs 4 and 6 (broken line) setting 
Kso= -1 X J0-4 and KAo=KAs=0. 

Combining eq 3 and 4, one can estimate the 
temperature dependence of x 12, provided that 
the values of rx; and (J; (at 25°C) are given. 
For our AS-25/NBR-40 system, we are able to 
pick up these values from Polymer Hand­
book.21 They are summarized in Table I. 

The temperature dependence of x 12 calcu­
lated for AS-25/NBR-40 is shown by the solid 
line in Figure 6. The temperature dependence 
of x 12 is concave. Minimum x 12 is zero but not 
negative, as is natural. . The situation is re­
vealed by rewriting eq 4 by 

(5) 

where 

and 

b 2 = Ybc+(l-y) b o 

and by plotting the temperature dependence of 
b 1 and b 2 as in Figure 7. 

Further, if one recalls that eq 2 comes from 
the assumption of the so-called "geometric 
mean rule" for the contact energies 6;; and 6ii 

6;;' 6ii ),22 ·27 eq 2 may be formulated 
more generally as 
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Figure 7. Temperature dependences of {J calculated. {J1 

and {)2 are the solubility parameters of AS-25 and NBR-
40, respectively. 

(6) 

where Kii is a parameter describing the de­
parture from the geometric mean rule. 12 

Combining eq 4 and 6 and introducing a 
very slight deviation (e.g., KBo= -1 X 10-4 , 

KA0 =KA8 =0, for the A-B copolymer/A-D 
copolymer system23), x 12 shifts downward to 
negative values at a certain temperature 
range, as shown by the broken line in Figure 
6. 

Thus, we are able to interpret the appea­
rance of both UCST and LCST. The inter­
pretation is just a semi-empirical one. How­
ever, the result is quite interesting. Of par­
ticular interest is answer to the question: what 
is the physical meaning of the concave char­
acter in the temperature dependence of X12? 
An answer may be as follows. 

As has been usually done, let's separate x 12 
into the interactional energy term ( x int) and the 
free volume term •• ). The equation-of-state 
theory has shown that x is an increasing 
function of temperature as shown in Figure 
8a. So the total x 12 could be concave with 
minimum, if x int changes sign from positive 
to negative with increasing temperature as 
shown in Figure 8a. However, such tempera­
ture dependence of x int is not conceivable. 
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Temperature Temperature 

(a) (b) 

Figure 8. Schematic representation for the consti­
tution of x12(T): (a) familiar Xr.ee(T) and unconceivable 
X1n1(T), (b) conceivable X;n1(T) and Xrcoe(T) to be in­
vestigated theoretically in the future. 

The natural temperature dependence of x int 

should be given as shown in Figure 8b. If it is 
so, X free itself should be concave. In other 
words, the free volume contribution becomes 
bigger also with decreasing temperature. 
This behavior has never been predicted by the 
current theories. However, we believe that it 
may be so for polymer-polymer mixtures, but 
not so for polymer-solvent systems. 
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