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Solutions of homologous polymers with different mo
lecular weights in a solvent exhibits various aspects of 
phase equilibrium with increase of the polymer compo
nents, For multi-component systems the total polymer 
volume fraction </Js in each phase can be measured accu
rately by a refractive index method and the coexistence 
curve can be obtained on a diagram of temperature ver
sus </Js in high precision, because the refractive index of 
the homologous polymers is independent of molecular 
weight, Free energy for the multi-component system can 
be determined experimentally on the basis of the Flory
Huggins equation. We can predict phase equilibrium be
havior by analysis of the free energy and carry out ex
periments accordingly. 1 

For binary systems of monodisperse polystyrene(PS) 
in methylcyclohexane(MCH) we determined the critical 
exponent /3 and showed the molecular weight depend
ence of the range of the simple scaling.2

'
3 For ternary 

systems of two PS homologs(PSI + PSII) in MCH we 
measured the three-phase coexistence curve and ana
lyzed the behavior of the diameters and the shape of the 
coexistence curve near the upper critical end point 
(UCEP) and lower critical end point(LCEP).4

•
5 Recently, 

we observed a reentrant three-phase equilibrium for the 
quaternary system of PSI + PSII + PSIII + MCH as 
predicted from a numerical analysis of the empirical free 
energy.6 It is interesting to explore unchanged behavior 
and new aspects of the phase equilibrium, when the ho
mologous polymer solution changes from the ternary to 
quaternary system. In this study we measured the 
three-phase coexistence curve for the quaternary system 
to compare it with that for the ternary system and to dis
close the effect of the component PSIII on the three
phase coexistence curve. For the ternary system, the en
tire three-phase coexistence curve can be observed for a 
solution, whose composition is specified by a point on the 
Gibbs composition triangle in a space of volume fraction 
of PS I (¢1)-volume fraction of PS II (¢2), since the de
gree of freedom of the three-phase equilibrium of the 
system is one at atmosphere. This made the coexistence 
curve measurement near the top (the critical endpoints) 
very difficult. 4 For quaternary system the compositions 

of the solution, which yields the entire three-phase coex
istence curve, is given by a line in the composition tetra
hedron in </Jc<(J2-¢3 space. This relaxes the restriction on 
the entire three-phase coexistence curve measurements. 
Here, ¢1, ¢2, and ¢3 are the volume fractions of PS I, PS 
II, and PS III, respectively. In fact we could locate the 
three-phase region easily for the present quaternary sys
tem. 

EXPERIMENTAL 

Polystyrene with the molecular weight 1.81 X 104 

(Mw!Mn = 1.0l)(PSI) and 70.6 X 104(Mw!Mn = 1.05) 
(PSII) were purchased from TOSOH Co., Tokyo and used 
without further fractionation, where Mw and Mn are the 
weight- and number-average molecular weight, respec
tively. PSIII was prepared by solution fractionation from 
PS sample provided by Japan Synthetic Rubber Co., Ltd. 
The molecular weight of PSIII was determined as Mw = 
2.0 X 107 by a novel plot of observed light scattering 
data. 7 Methylcyclohexane was distilled twice after being 
passed through silica gel. The coexistence curve was 
measured by the refractive index method in a water 
bath, the temperature of which was controlled within 
±0.002 K. The solution for the measurement had the 
overall volume fractions of PSI, PSII, and PS III given by 
0.1698, 0.00930 and 1.55 X 10-4

, respectively. Detailed 
procedure of the experiment was reported in the previ
ous paper.2

'
8 

RESULTS AND DISCUSSION 

Figure 1 exhibits the observed coexistence curve for 
the present four-component system in a diagram of tem
perature T (°C) versus total volume fraction </Js of PS. 
With decreasing temperature the solution begins to 
separate into two phases at the cloud-point temperature 
32.27°C. The points C and c' are the cloud point and con
jugate point, respectively. Near 24.3°C the dilute phase 
starting from the cloud point C separates into the dilute 
phase a and intermediate phase /3, which gives rise to 
three-phase equilibrium together with the concentrated 
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Figure 1. Coexistence curve observed for the quaternary system 
PSI + PSII + PSIII + methylcyclohexane in diagram of total 
polystyrene(PS) volume fraction ¢, versus temperature T. Points C 
and C' are the cloud point and the conjugate point, respectively. a, 
/J, and y denote the three branches in the three-phase equilibrium. 
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Figure 2. Enlarged three-phase region in Figure 1. Solid and 
broken lines represent the three-phase and two-phase coexistence 
curves, respectively. The dotted lines give diameters for adjacent 
phases in three-phase equilibrium. 

phase y starting the conjugate point C'. Near 23.9°C the 
intermediate and concentrated phases coalesce into one 
phase and two phase equilibrium occurs again. Figure 2 
shows the coexisting curve near the three-phase region 
in the diagram of Figure 1 with enlarged temperature 
scale. The solid and broken lines represent the three
phase and two-phase coexistence curves, respectively. 
The three-phase coexistence curve is s-shaped with a 
maximum and a minimum, which may give UCEP and 
LCEP, respectively. The small open circles give the di
ameters for the adjacent two phases. The diameter for 
the a and /3 phases is well represented by a straight line 
in the whole range, while the diameter for the f3 and y 
phases shows deviation from the straight line at higher 
temperatures. It should be noted that the straight lines 
are given parallel each other. The intersection of the 
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Figure 3. Plots of temperature T versus volume fraction differ
ence li(/1, for total polystyrene between two adjacent phases in 
three-phase equilibrium. The filled and open circles represent data 
for upper and lower critical end points, respectively. The solid lines 
are given by eq 1 with the obtained values of /3 and B. 

three-phase coexistence curve and diameter can be used 
to determine the critical end point. This behavior of the 
diameters is very similar to that for the three
component system of PSI+ PSII + MCH.5 Figure 3 
shows plots of the composition difference between the 
two adjacent phases /J.</) 8 versus temperature, where the 
filled and open circles give the differences between the a 
and f3 phases and between f3 and y phases, respectively. 
The difference near the critical end point may be repre
sented by the relation, 

(1) 

where /J.T denotes the temperature distance from the 
UCEP temperature Tu or LCEP temperature TL. As
suming various values of Tu and TL eq 1 was fitted to the 
data points by the nonlinear least-squares method. For 
the data points near UCEP the standard deviation of the 
fit became a minimum for Tu= 24.253°C, at which /Ju 
= 0.366 ± 0.016 and Bu = 0.203 ± 0.008 were deter
mined. Similarly, we obtained TL= 23.940°C, fJL = 
0.340 ± 0.042 and BL= 0.175 ± 0.017 for the data 
points near LCEP. The solid lines in Figure 3 were cal
culated by eq 1 with the above values of /3 and B. 

In the previous study,4
•
5 we analyzed the three-phase 

coexistence curve for the ternary system PSI(M = 1. 73 
X 104) + PSil(M = 7.19 X 105) + MCH in the same 
manner and obtained /Ju = 0.381 ± 0.012 and Bu = 
0.202 ± 0.005 at UCEP and /JL = 0.342 ± 0.031 and BL 
= 0.153 ± 0.013 at LCEP. According to the calculation 
using a generalized Flory-Huggins free energy, the tie 
lines near UCEP were parallel to each other, whereas 
those near LCEP were not parallel but the surface in
cluding a set of tie lines near the LCEP was twisted. 
From this aspect the value /Ju =0.381 ± 0.012 was com
pared with the renormalized exponent f3' = /J/(1- a) for 
the ternary system and/or the impurity system, where a 
denotes the critical exponent for specific heat. 9 Thus, the 
critical behavior at UCEP was concluded to be the same 
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as that near the usual plait point of the three-component 
system or the impurity system. The smaller value /h = 
0.342 ± 0.031 was ascribed to the improper behavior of 
the tie line. The present values of f3 and B for the qua
ternary system agree with previous values for the ter
nary system within the experimental errors both for 
UCEP and LCEP. To reveal the correspondence between 
the ternary and quaternary systems, we calculated the 
tie lines near the critical end points using a generalized 
Flory-Huggins free energy with an empirically deter
mined interaction parameter.3 Near UCEP the tie lines 
calculated at different temperature were roughly paral
lel to each other in a composition tetrahedron, while 
near LCEP the tie line changed direction noticeably with 
temperature. Thus, the three-phase behavior of the qua
ternary system agrees with that of the ternary system. 
This agreement confirms typical behavior of the three
phase equilibrium in the multi-component homologous 
polymer system, though the three-phase coexistence 
curve cannot be determined reliably because of its ap
pearance in a very narrow range. Since the overall vol
ume fraction of PSIII is small compared with those of 
PSI and PSII, the three-phase equilibrium is formed 
near the surface of the composition triangle for PSI, 
PSII, and MCH of a composition tetrahedron. However, 
this small fraction is large enough to bring about an es
sential change in phase behavior of the quaternary sys
tem on account of the large molecular weight. We ob
served a reentrant three-phase equilibrium for the pre
sent quaternary system with overall volume fractions 
0.1875, 0.00360 and 1.430 X 10-4 for PSI, PSII, and 
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PSIII, respectively: On lowering temperature, phase be
havior changed as one-phase, two-phase, three-phase, 
two-phase, three-phase, and two-phase equilibrium as 
predicted from a numerical analysis of the free energy.6 

It should be noted that the volume fraction of PSIII is 
comparable with that of the present quaternary system. 
It is interesting to explore unchanged behavior and 
newly emerging aspects in phase equilibrium with in
crease in polymer components in homologous polymer 
systems. 
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