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ABSTRACT: Late stages of phase separation in liquid mixtures of polystyrene (PS) and 
diisodecyl phthalate were investigated by microscopic observation. Droplet structures were 
observed in the matrix. Average droplet diameters d for mixtures of 5.7 and 16.6wt% PS varied 
with the period of phase separation t according to a power-law, doc with </;=0.30 ( ± 0.09) being 
independent of quench depth. This value of <P agreed well with 1/3, theoretically predicted on the 
basis of the coalescence mechanism and the Ostwald Ripening mechanism. For a blend of PS and 
poly(methylphenylsiloxane), we investigated the relation between the average droplet diameter and 
the wave length at the maximum intensity of scattered light observed in the early stage. 
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There are two different mechanisms for the 
coarsening of droplet phases in the late stage of 
phase separation1 : coalescence and Ostwald 
Ripening (OR). By the coalescence mechanism, 
droplets of the daughter phase impinge with 
each other by translational diffusion and are 
united into a new droplet. Time dependence of 
average droplet size l at separation temperature 
Tis theoretically predicted as1 

(I) 

where '1 is the viscosity of the matrix, ljJ is the total 
volume fraction of droplets, and kB is Boltzmann's 
constant. By the OR mechanism, large droplets 
become bigger and small droplets become even 
more diminished in size with time by evaporation 
and condensation of the components on droplet 
surfaces. Theoretical treatment of the OR mech­
anism was first made by Lifshitz and Slyozov2 

and by Wagner3 for supersaturated solid solutions. 
For a liquid-liquid phase separation, lis expressed 
by 

(2) 

where M is the mobility defined phenomenologi­
cally, <J is the interfacial tension, and c. and Cp are 
the equilibrium concentrations of two phases 
coexisting at the separation temperature T. Thus, 
the same power-law relation /oct"' with ¢=1/3 
holds both for the coalescence and OR mechanisms. 

A few observations have been made for the late 
stages of phase separation in binary mixtures of 
small molecules4 and polymer blends.5 - 7 Goldburg 
et al. studied a critical mixture of 2-6 lutidine and 
water by a microscope and found that the droplets 
grew in accordance with the power-law with an 
exponent ¢ = 1. 7, which is much larger than the 
theoretical value, ¢= 1/3. This discrepancy can be 
explained by the effect of gravity on the coarsening 
of the dispersed phases. McMaster6 investigated the 
coarsening process in mixtures of poly(methyl 
methacrylate) and styrene-acrylonitrile copolymer, 
and observed a significant difference in coarsening 
rate between the dispersed-phase structures and 
interconnected-phase structures; the former 
coarsened more slowly than the latter. It was con­
cluded that the dispersed-phases coarsened by 
the 0 R mechanism. 

The present paper reports a microscopic study on 
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the coarsening process in liquid mixtures of poly­
styrene (PS) and diisodecyl phthalate (DIDP) and 
those of PS and poly(methylphenylsiloxane) 
(PMPS). The former system was chosen for the 
following two reasons. First, the rate of phase 
separation is appropriate for observing the late 
stage of phase separation. Second, the refractive 
indices of pure components are very different from 
each other, and this condition is favorable for 
microscopic observation. The latter system was 
used to relate the average droplet diameter a to the 
wave length8 at the maximum intensity of scattered 
light at the early stage of phase separation. 

EXPERIMENTAL 

Materials 
The PS sample used for thePS-DIDPsystem was 

a product of Pressure Chern. Co. Its weight-average 
molecular weight Mw was 110,000 and the ratio of 
Mw to the number-average molecular weight Mn 
was less than 1.06. The DIDP sample was a com­
mercial product of Tokyo Chern. Co. and dried 
under vacuum for I 0 h at 90°C before use. The PS 
sample for the PS-PMPS system was also a product 
of Pressure Chern. Co. and its Mw and MwfMn were 
9,000 and less than 1.06, respectively. The PMPS 
sample was a product of Toray Silicone Co. and its 
Mw and Mw/Mn determined by gel permeation 
chromatography were 2,800 and 1.57, respectively. 

Determination of Cloud Points and Spinodal Points 

We obtained cloud point temperatures Tc(O) by 
the following method. First, cloud points Tc(R) 

were measured as a function of cooling rate R from 
the decrease in intensity of light transmitted 
through a sample cell with an optical path of I mm. 
Plots of Tc(R) vs. R showed an approximately 
straight line at any concentration. This allowed us 
to extrapolate Tc(R) with R=O to obtain Tc(O). The 
slope of the straight line was largely dependent on 
the concentration for mixtures of PS and PMPS,9 

but nearly constant for the PS and DIDP mixtures. 
Spinodal temperatures T, for the mixtures of PS 

and DIDP were obtained by light scattering 
measurements by the photon counting method. The 
details of this apparatus are presented elsewhere. 10 

It was assumed that the scattered intensity /(0) 
extrapolated to the zero scattering angle at a tem­
perature near T, could be expressed by 
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I(O)oc(T- T,)-y (3) 

with y= 1.26.11 First, we obtained the angular de­
pendence of the scattered intensity J(e) at a fixed 
temperature T, and then evaluated /(0) as a function 
of Tby extrapolating the plot of I( e) vs. sin2 (ej2) to 
e=O; the plot was linear. Next, T, was determined 
from a point at which /(0) -IJy became zero in the 
plot of /(0) -I!y vs. T. 

Microscopic Observation 
The separation process was followed with an 

optical microscope with the magnification of 100. 
Average droplet diameters a at various tempera­
tures and times of phase separation were obtained 
from a photographic analysis. Phase separation was 
allowed to occur by the temperature quenching 
method. The quenching was carried out by moving 
the sample cell of 50 f.i.ID in thickness rapidly from an 
external thermostat controlled just above the cloud 
point Tc(O) into a hot stage in the microscope 
maintained at the separation temperature T0 . This 
moment was designated as the beginning of the 
phase separation even though about 5 min were 
required to reach the thermal equilibrium at T0 . For 
the PS-DIDP system, experiments were carried out 
on two mixtures of 5.7 and 16.6 wt% PS at various 
quench depths !J. T( =- Tc(O)- T0 ). All of the 
quenches are into the spinodal region. For the 
PS-PMPS system, the separation process was ob­
served with a sample of 23.9 wt% PS at !J.T=5.4 

and 8.4°C. The phase separation was observed 
about 1000 min for the PS-DIDP system and for 
8000 min for the PS-PMPS system. Temperature 
fluctuations throughout the experiments in the 
former and the latter systems were within ± 0.1 
and ± 0.2°C, respectively. 

RESULTS 

PS-DIDP System 
Figure I shows the cloud and spinodal points for 

mixtures of PS and DIDP, in which the critical 
temperature and concentration are 48.5°C and 13 
wt% PS, respectively. 

In Figure 2 are shown a series of typical photo­
graphs taken for a mixture of 16.6 wt% PS at !J.T= 
3.9°C. At the beginning of the separation, there 
appeared a regular pattern of reticulate structure 
(Figure 2a), whose repeating unit, or characteristic 
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length, developed as the separation proceeded 
(Figure 2b ). This pattern took on the form of small 
droplets (Figure 2c), which grew larger with time 

so 
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Figure 1. Cloud point curve ( 0) and spinodal curve 
(0) for PS-DIDP system. 

(a) 4.5min 

(c) 30.0min 

(Figure 2d). Finally the movement of droplets oc­
curred, which prevented further observation of the 
phase separation. 

Figure 3 shows the time dependence of d for 
mixtures of 5.7 and 16.6 wt% PS at various !J.T. 
Droplet growth was rapid initially and then became 
slower for any !J.T and concentration c. At a fixed 
separation time t, droplet diameter increased with 
increasing AT. As shown in Figure 4, the time 
evolution of the average droplet number N per unit 
volume became faster as !J.T increased. 

PS-PMPS System 
The time evolution of the separated-phase struc­

ture for a blend ofPS and PMPS was similar to that 
for the PS-DIDP mixture shown in Figure 2 except 
that the separation proceeded more slowly. Figure 5 

(b) 13.5min 

(d) 403min 

iOJlm 

Figure 2. Time variation in phase separation behavior for PS-DIDP system of 16.6 wt% PS at AT= 
3.9oC. 
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Figure 3. Time dependence of the average droplet 
diameter a for PS-DIDP system of 16.6 wt% PS at 
various quench depths; ( 0) 4.SOC, (.6.) 3.9°C, (D) 3.SOC, 
('v) 2.SOC ( <>) l.8°C, ( 0) l.l ac, and of 5. 7 wt% PS; 
(e) 3.8°C, (•) 3.4°C. 

0 4 8 12 16 
t·10-2/min 

Figure 4. Time dependence of the average number of 
the droplet per unit volume R for PS-DIDP system. The 
symbols are the same as those in Figure 3. 

shows the time dependence of d at 11T=5.4 and 
8.4°C. The three points for 11T=5.4oC during a 
short period of time indicate the length of the 
repeating unit instead of the diameter, since we 
observed no droplet structure but a regular pattern 
of the reticulate structure like Figure 2b. 

DISCUSSION 

PS-DIDP System 
The theories of the coalescence and OR mech-
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Figure 5. Time dependence of the average droplet 
diameter a for PS-PMPS system of 23.9 wt% PS at two 
quench depths; ( 0) 5.4°C, (D) 8.4°C. 
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Figure 6. Time dependence of Ra3 for PS-DIDP sys­
tem. The symbols are the same as those in Figure 3. 

anisms assume that the total volume fraction of 
daughter phases does not change during the phase 
separation and is equal to the volume fraction of the 
minor phase (1/1) macroscopically coexisting with the 
major phase following equilibrium. Therefore, the 
value of N(J.3, which is proportional to the volume 
fraction of droplets, must be independent of the 
separation timet. In Figure 6, the values of Nd3 are 
plotted against t for two mixtures of 5. 7 and 16.6 
wt% PS at various 11T. After a short period of rapid 
increase, these values level off to become nearly 
constant, though there is some scattering of the 
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Figure 7. Quench depth dependence of the volume 
fraction of the droplet phase t/1 for PS-DIDP system. 
The solid curve was obtained from Figure I assuming 
the lever rule on the phase diagram. 
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Figure 8. Time dependence of d for PS-DIDP system 
in log-log plot. The symbols are the same as those in 
Figure 3. 

experimental data. In Figure 7, the volume fractions 
of the droplet phase tf; calculated from the final 
values of RJ3 are shown as a function of llT for a 
mixture of 16.6 wt% PS. The temperature de­
pendence of tf; obtained by microscopic measure­
ments agrees with that calculated from the cloud 
point curve (Figure I) by the lever rule (indicated by 
a solid curve). From this result, we conclude that 
the process observed was the coarsening process, 
such as coalescence and the Ostwald Ripening. 

Figure 8 shows plots of log J vs. log t, which give 
straight lines except at the end of the observation. 
Table I summarizes the values of¢ in the power­
law expression, Joc t"' obtained from Figure 8. The 
average value of ¢ is 0.30 ( ± 0.09) in good agree­
ment with the theoretical value l/3. 

Generally, for a critical mixture, we can dis­
tinguish the coalescence mechanism from the 0 R 
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Table I. The exponent cp in the power-law 
relation, doct¢, for PS-DIDP system 
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Figure 9. Relative slope in dvs. t113 against PS­
DIDP system. 

mechanism by the temperature dependence of the 
pre-factors of t113 , k 8 Tt/J/YJ and aMj(c.-cp)2 , in eq I 
and 2. In the former mechanism, the pre-factor 
should decrease gradually with increasing llT in the 
critical region, since the value of tf; is approximately 
constant for a critical mixture and 1J increases slowly 
with llT without singularity at the critical point Tc. 
In the latter mechanism, the interfacial tension a 

must be dominant near Tc and yield a rapid increase 
in the magnitude of the pre-factor as the separation 
temperature departs from Tc, since the values of a 
and (c.- cp)2 increase in accordance with the power­
law against llT with Jl= 1.3 and 2/3=0.7, respec­
tively.U The pre-factors obtained from Figure 8 
show rapid increase with increasing llT as illus­
trated in Figure 9. But in the present case, we can 
not distinguish between the mechanisms from Figure 
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9, since the value of 1/J in eq 1 also increases with 
increasing t1T (see Figure 7). The cross-over from 
the OR mechanism to the coalescence mechanism is 
theoretically predicted to occur at the small volume 
fraction 1/J of the daughter phase, such as at about 
1% for binary mixtures of small molecules. 1 This 
suggests that the coalescence mechanism holds for 
the present case in which the fraction 1/J exceeded 
20% (see Figure 7). 

For binary mixtures of 2-6 lutidine and water, 
Gold burg et a/. 13 found the time dependence of a to 
obey the power-law a with¢= 1/3, but recently 
a more rapid growth of a with ¢= 1.74 was found. 
This rapid growth was fully understood as resulting 
from the gravity effect which is not serious in 
polymer blends because of the high viscosity of the 
matrix phase. In fact, the present data, which show 
a rather slow growth at the end of the observation 
(see Figure 8), agree well with their early data. This 
fact suggests that there is no essential difference in 
the coarsening process in binary mixtures of small 
molecules and polymers. 

PS-PMPS System 
Figure 10 shows a plot of log a vs. log t for the 

blend of 23.9 wt% PS at t1T= 5.4°C, and that of 

E 10 
=>. -,, 

5 

E 
.< 

2 

1 
1 10 102 

tlmin 

Figure 10. Time dependence of Am and a for PS-PMPS 
system of 23.9 wt% at e, Am by light 
scattering; o, a by microscope. 
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log Am vs. log t for the same system obtained in a 
previous study by light scattering.8 Here, Am is the 
wave length at which the scattered intensity shows a 
maximum. The plot of log a vs. log t obeys the 
power-law a with ¢=0.3, as in the case of the 
PS-DIDP system, suggesting no essential difference 
in the coarsening process in the PS-DIDP and PS­
PMPS systems except for separation rates. 

The change in Am with t is also expressed by a 
power-law with ¢=0.34. The value of Am is twice as 
large as that of a in ranges of comparable time. If we 
difine a characteristic length T as T =Am and T = 2a for 
early and late stages, respectively, the time de­
pendence of r is approximately represented by a 
single power-law roc t<l> with ¢ = 1/3 throughout the 
phase separation including early and late stages. In 
a mixture of small molecules, 2-6 lutidine and 
water mixture, the rapid growth of droplets due to 
the gravity effect prevents a continuous increase in 
the characteristic length T, but gives an inflection in 
the log f VS. log (curve in the CfOSS-OVer region from 
the early to late stages.4 
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