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The miscibility and kinetics of phase separation in mixtures of poly(ethylene oxide) (PEO) and poly(ether 
sulphone) (PES) were studied. The mixture was found to have a lower critical solution temperature which, 
in contrast to observations by other authors, is higher than the glass transition temperatures of the mixtures. 
Using a light scattering technique the spinodal decomposition temperatures of the mixture were also 
obtained. The Cahn-Hillard theory was found to be capable of predicting qualitatively the behaviour of 
phase separation in one mixture (PES/PEO, 10/90). Quantitative description of the spinodal decomposition 
behaviour would require knowledge of the effects of thermal fluctuation and of non-instantaneous 
temperature jumps on the experimental results. 
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INTRODUCTION 

The widespread potential applications for polymer blends 
have led in recent years to an increasing research effort 
on miscibility 1'2 and on the phase separation process, 
especially its kinetics 3-5. The miscibility of poly(ether 
sulphone) (PES) and poly(ethylene oxide) (PEO) was 
first suggested in two patents 6,v. From the patents it was 
clear that miscibility of PES/PEO was dependent on the 
solvent used to dissolve the polymers and that the 
miscible blends have a lower critical solution temperature 
(LCST). Later Singh s studied the miscibility of this blend 
in detail. A phase diagram of the blend was obtained and 
the interaction between PES and PEO was investigated 
using the permeation method and observation of melting 
point depression. 

In this paper we have studied the miscibility of this 
blend using light scattering techniques, and have also 
investigated the spinodal decomposition at different 
temperatures. The results are compared with those of 
Singh and analysed using the Cahn-Hillard kinetic 
theory. 

THEORIES 

According to the Flory-Huggins lattice model 9 the free 
energy of mixing, AGm, for a polymer blend is determined 
by the entropy (TAS) and the enthalpy (AH) of the 
system. Due to the high molecular weights of polymers, 
the entropic effects of the system play a minor role in 
determining miscibility of a polymer blend. 

At a certain temperature a polymer blend can reduce 
its free energy of mixing by separating into two phases. 
The phase separation process can proceed by spinodal 
decomposition or by the nucleation and growth 
mechanism. The nucleation and growth mechanism is 
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possible only in the region between the spinodal and the 
binodal of a phase diagram. At the binodal the chemical 
potentials of the two coexisting phases are equal. The 
spinodal is defined by the points of inflexion where the 
second derivative of the AGm with respect to the 
composition of the mixture (SG2/82q~) equals zero. 
Spinodal decomposition is the most widely studied 
separation process in polymer blends due to its simplicity 
and resulting interconnected structure. One of the most 
widely used theories on spinodal decomposition is the 
Cahn-Hillard theory. 

Cahn and Hillard 1° derived a diffusion equation for a 
spinodal decomposition process: 

8c~/8t = M ( ~ 2 G / O ~ ) 2 ) V 2 ~ )  - 2 M K  + non-linear terms 
(1) 

where M is the diffusional mobility of the system and the 
term K arises from the free energy in the concentration 
gradients and can be determined xl from the statistical 
segment length of the component polymers. 

If the non-linear terms are ignored, equation (1) can 
be solved in terms of the growth rate R(Q) in amplitude, 
of each Fourier component of the concentration 
fluctuations: 

R(Q) = -M(82G/Sqb2)Q 2 - 2MKQ 4 (2) 

The function has a maximum at: 

Qrn = 1/21-(- 632G/OflD2)/K] 1/2 (3) 

and for values of Q > Qc (= 21/2Qm), R(Q) becomes 
negative so that short wavelength fluctuations are 
damped out. 

The scattered intensity from such a system grows 
exponentially with time as: 

S(Q, t) = S(Q, O) exp[2R(Q)t] (4) 

Comparing equation (2) with the normal diffusional 
equation (Ock/St = DV2t~)  the coefficient of the first term 
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on the right hand side of equation (1) is identified as the 
Cahn-Hillard diffusion coefficient/)app. 

The early stages of the spinodal decomposition are 
observed as an exponentially increasing scattered 
intensity which develops a maximum at Qm- During the 
early stages Qm is not time-dependent. Dapp can be 
obtained from the intercept of a plot of R(Q)/Q 2 versus 
Q2 following equation (2). These values extrapolate to 
zero at the spinodal temperature where O2G/a~b2 = 0. 

EXPERIMENTAL 

Materials 
PES is a high temperature engineering plastic with a 

repeat unit: 

+-@so2-@o 

PES used in this study was kindly supplied by ICI 
(Victrex 200p). It has a quoted reduced viscosity of 
0.41 cmag -1 in a 1% solution of dimethylformamide 
(DMF) at 25°C, a density of 1.37 g cm -3 at 25°C, a 
refractive index of 1.65 and a glass transition temperature 
of 226°C. The quoted number-average molecular weight 
was 1765 g mol-1 and thus the degree of polymerization 
was approximately 76. It was dried in an oven before use 
(150°C for 5 h). 

PEO is a liquid or wax at low molecular weight and 
a crystalline low melting point solid at higher molecular 
weight. It has a repeat unit of (-CH2-CH2-O-). The 
PEO used in this work was obtained from BP Chemicals 
(Carbowax M20) with a quoted molecular weight of 
15 000 to 20 000 g mol- 1 and a density of 1.065 g cm- 3. 

Preparation of polymer blends 
Before the preparation, PES and PEO were dried 

under vacuum for several days. Dried PES and PEO 
were dissolved in DMF in appropriate quantities to form 
a 5 % solution. The solution was centrifuged for 30 min. 
Several drops of the centrifuged solution were placed on 
cover slips which were put inside a Petri dish. Due to 
the high adsorption of moisture by PEO, which could 
result in cloudy films, the Petri dish was directly 
transferred into a vacuum oven at 60°C for 3 days 
in order to exclude moisture and to dry the film. The 
typical thickness of a dried film is 0.2 to 0.3 mm. 

Determination of glass transition temperature 
The blends were examined by differential scanning 

calorimetry (d.s.c.) (Perkin-Elmer DSC-II) in order to 
obtain their glass transition temperatures Tg. The samples 
weighed about 10 mg. A nitrogen flow was maintained 
through the sample chamber. The sample was scanned 
from - 5 0  to 250°C. The Tg was arbitrarily taken to be 
the temperature at which the change in heat capacity 
was one half of the transition. For each composition 
three samples were run and the average of the three runs 
was obtained. The estimated error in the value was __ 2°C. 
For all the experiments reported a heating rate of 
20°C min-1 was used. 

Determination of phase boundaries 
Phase boundaries of PES/PEO blends were obtained 

by measuring scattered light intensity from the sample. 

Details of the equipment and the experimental procedure 
are described elsewhere s. 

The scattered light intensity of the blends was also 
examined as a function of time at a constant temperature. 
Difference in scattering behaviour in nucleation and 
growth, and spinodal decomposition were utilized to 
roughly determine the spinodal temperature of the 
system. The temperature was varied by intervals of 0.5°C. 
The temperature at which the transition from gradual 
intensity increase (nucleation and growth mechanism) to 
exponential increase occurs was taken as the spinodal 
temperature. The observed temperature may vary within 
_ 1 °C due to experimental errors. 

In kinetic experiments 10% PEO blend was used. 
Dried films of the blend were preheated at 75°C for 10 min 
and then quickly transferred into the sample block of the 
light scattering equipment. The temperature of the 
sample block was controlled within a range of 0.5°C. The 
time required to reach the phase separation temperature 
from the preheating temperature was estimated to be 5 s. 
The region from 5 to 30 s on the intensity versus time 
plots was thus taken as the early stage of spinodal 
decomposition. 

The wave vector, Q, was calculated from the equation: 

Q = 4~n sin(0/2)/2 (5) 

with 2 = 6328 A and the refractive index of the mixture 
n = 1.58.0/2 is the scattering angle. 

RESULTS AND DISCUSSION 

Miscibility of the blend 
In observing the clarity of films made from the blend 

it is seen that films with PEO concentration < 50% are 
clear at room temperature, while those with PEO 
concentration >50% are cloudy. This is due to the 
crystallization of PEO in the blend with higher PEO 
content. The existence of crystals in the film at room 
temperature is confirmed by the observation of spherulite 
crystal structure under an optical microscope and by the 
fact that films with higher PEO content become clear 
when the temperature of the film is over 65°C where 
crystals have melted. Transparency of the film usually 
indicates that PES and PEO are miscible. 

Since film clarity alone is not a sufficient criterion to 
confirm miscibility, glass transition temperatures of the 
blends were also measured. The results are presented in 
Figure 1 where glass transition temperatures intermediate 
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Figure 1 Plots of glass transition temperatures (U1) and melting 
temperatures (O) of the mixture; . . . .  , Fox equation 
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between those of the component polymers are observed 
for all blends. Due to crystallization of PEO, the glass 
transition temperatures of blends with PEO concentra- 
tion > 50% were not obtained. The broken line in the 
figure is drawn using the Fox equation~Z: 

1/Tg = wl/rsl + w 2 / T g  2 (6) 

where Tg~ is the glass transition temperature of 
component i and w~ the weight fraction of component i. 
A value of - 7 5 ° C  for PEO is used in the calculation. 
The positive deviation of the experimental results from 
the prediction of equation (6) may suggest the existence 
of specific interactions between the two components 2. 

Also included in Figure 1 is the melting temperature 
of mixtures having a PEO concentration >50%. 
Crystallization of PEO in mixtures having a PEO 
concentration <50% is not observed by d.s.c. 
experiments. 

The cloud point curve of the mixture obtained is 
depicted in Figure 2. A minimum point is found in the 
90% PEO blend, in agreement with Singh's observation 8. 
Differences between this result and those of Singh are 
observed in the high PES concentration range. In 
contrast to Singh's observation, cloud points higher than 
the glass transition temperature of the mixture are found. 
This is in logical agreement with the fact that polymer 
molecules are immobilized below Tg. Also plotted in 
Figure 2 are the spinodal decomposition temperatures 
measured by observing the development of scattered 
intensity with time at successive temperatures. A typical 
plot of this kind is shown in Figure 3. 

Kinetics of phase separation 
Preliminary experiments have shown that phase 

separation of PES/PEO is in the Q range accessible by 
the light scattering equipment. Within the phase 
boundary of the 90% PEO blend plots of scattered 
intensity change exponentially with time (Figure 4) and 
the corresponding In(intensity) versus time plot is linear 
in the initial stage (Figure 5). A maximum in the I(Q) 
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Figure 3 Typical plot of intensity versus time for spinodal 
decomposition and for the nucleation and growth mechanism: x ,  84°C; 
O,  83°C; ~ ,  82.5°C; r--l, 81°c  
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Figure 4 Typical plot of scattered intensity versus time for PES/PEO 
(10/90) mixture during phase separation at 87.7°C 
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Figore 2 The phase boundary of P E S / P E O  blend: © ,  cloud point; 
x ,  spinodal decomposition temperature 
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Figure 5 Plot of In (intensity) versus time for the plot shown in Figure 4 
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versus Q plot also appears to be time-independent in the 
region where linear In I versus time is found, and moves 
to smaller Q as phase separation continues. The 
movement of Qm to smaller Q may be caused by ripening 
and coalescence mechanisms in the later stages of phase 
separation. 

Growth rates, R(Q), obtained from slopes of 
In(intensity) versus time at different temperatures as a 
function of Q are plotted in Figure 6. A broad peak is 
observed in the plot and moves to high Q as temperature 
increases. The increase of Qm with increasing temperature 
is caused by increase of 82G/Oc~2 as the phase separation 
moves away from the spinodal temperatureX 3. The values 
of Qm obtained at different temperatures are tabulated 
in Table 1. 

In agreement with previous experiments 3'4,14,15 
R(Q)/Q 2 versus Q2 shows a marked deviation from 
linearity, especially in the low Q range (Figure 7). The 
curvature of R(Q)/Q 2 versus Q2 plots has been attributed 
to: (1) the omission of the non-linear terms in the simple 
Cahn-Hillard theory, as considered by Langer~6; (2) the 
possible wave vector dependence of the diffusional 
coefficient, M, discussed by Pincus 17 and Binderl8; 
(3) the effects of slowly relaxing variables associated with 
glass transitions of the components. These effects have 
been discussed by Binder et al.19; (4) the thermal 
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F i g u r e  6 Plots of growth rate R(Q) versus Q for the PES/PEO (10/90) 
mixture at different temperatures: A, 89.3°C; x ,  88.5°C; I-q, 87.7°C; 
Q, 86.5°C 
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Figure 7 Typical plot of R(Q)/Q 2 versus Q2 at 87.7°C 

T a b l e  1 Experimental data of phase separation of PES/PEO (10/90) 
mixture at different temperatures 

Temperature Dapp (cm 2 s -1) Qm" (cm-1) Qmb (cm -1) 
(°C) x 10 -13 x 105 x 105 

86.5 9.27 1.14 1.0 
87.7 16.0 1.23 1.2 
83.5 19.3 1.21 > 1.4 
89.7 24.0 1.24 > 1.4 

=From R(Q)/Q 2 versus Q2 plots 
bFrom R(Q) versus Q plots 

fluctuation force occurring in the phase separation 
process discussed by Cook 2° and others 21'22. 

The first two possibilities are very unlikely to be 
important here since the data presented meet the two 
requirements of 2R(Qm)t > 1 and RgQ << 1, set respectively 
for linearity of behaviour, and Q-independent diffusional 
coefficients. The third possibility is considered less 
important, at least until others are ruled out, because the 
phase separation takes place well above the Tg of 
the mixture. 

Camesin z3, via computer simulation, has demon- 
strated that a non-instantaneous temperature quench will 
result in a non-linear R(Q)/Q 2 versus Q2 plot. Because 
long wavelength fluctuations are amplified during the 
continuous quench, the resulting peak would be 
broadened. The broad peak observed in the R(Q) versus 
Q plot in Figure 6 may indicate the existence of such 
effects. 

The effects of thermal fluctuation force have been 
vigorously pursued both experimentally and theoretic- 
ally. Okada and Han 24 claimed that such effects have 
been observed in the spinodal decomposition of 
polystyrene/poly(vinyl methyl ether) mixtures when the 
quench depth AT is <0.48°C. Higgins and co- 
workers 5'25 have stated that the disagreement between 
the simple Cahn-Hillard theory and the experimental 
results for poly(methyl methacrylate)/styrene-co-acrylo- 
nitrile and tetramethyl polycarbonate/polystyrene may 
be due to thermal fluctuations. Although the quench 
depth in this study, ranging from 1 to 8°C, is much greater 
than 0.48°C, as used in the polystyrene/poly(vinyl methyl 
ether) system, thermal fluctuations may still be present 
in this case, since a limit on the quench depth below 
which the effects of thermal fluctuations are apparent 
may be a system-dependent parameter. In fact, it is not 
so much AT, as 02G/84~ 2 that matters, i.e. the rate of 
change of 02G/8~ 2 with AT will determine quench depth 
below which thermal fluctuation can be ignored. 

Thus the data presented above apparently obey 
qualitatively the predictions of the Cahn-Hillard theory 
of spinodal decomposition. In detail, however, there are 
a number of predictions which are not observed and 
which show up the quantitative inadequacies of the 
simple theory. The apparent mutual diffusion coefficient, 
Dap p, has been calculated from the intercept of the 
straight line drawn in the high Q range of R(Q)/Q 2 versus 
Q2 plots and the calculated values of Dap p at different 
temperatures are presented in Table 1. The values of Dapp 
(of the order of 10 -12 to 10 -13 cm 2 s -1) are comparable 
with values obtained for other systems 3'24'25. Consider- 
ing that phase separation temperatures are far below the 
Tg of PES and far above the Tg of PEO, it would be most 
probable that the phase separation in this mixture is 
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Figure 8 Apparent diffusion coeffÉcient D.pp versus the temperature of 
phase separation 

mainly controlled by the fast moving component, PEO, 
which has an estimated diffusion coefficient of about 
2.5 x 10- lo cm 2 s- 1 (ref. 26)*. 

If the mobility of polymers does not change 
significantly with temperature in the experimental region, 
and the phase separation is brought about by the entropy 
term in the free energy, the plot of Dap p v e r s u s  temperature 
should be linear and extrapolate to the spinodal 
temperature at D, pp = 0. Such a plot for the values of D, pp 
obtained is shown in Figure 8. A least-squares fit to these 
data extrapolates to a spinodal temperature of 85°C 
which agrees well with the value of 84°C obtained from 
the static experiments described earlier. 

Provided that K, the energy gradient term in the 
Cahn-Hillard theory, is known, the values of Qm may 
be used to calculate t32G/O(a 2, the thermodynamic driving 
force of spinodal decomposition. K is obtained from the 
equation: 

K = MA/6{[(RZ/Mw)/C~A] + [M,(R2/Mw)/(C~BMA)]} 
(7) 

where MA and MB are the mass of monomer components 
A and B and ~b A and q~B are the volume fraction of the 
same components. A value of 34.7 A for K is calculated 
using (R2/Mw)= 0.310 for PES and (R2/M,)= 0.263 for 
PEO taken from ref. 27. Since no data are available for 
PES in the literature a value for poly(sulphophenyl 
ethylene) is taken instead 2v. According to equation (3) 
a value of - 2 . 1 4  x 10 - 4  is obtained for O2G/~b2 at a 
temperature of 89.8°C. This value is comparable with 
those found for other polymer blend systems 1. However, 
it is much smaller than the value calculated 28 from the 

* The diffusion coefficient of PEO used in the present study is calculated 
from the relation of D oc M - 2 describing the molecular weight effects on 
D. The D value estimated from Figure 2(b) of ref. 26 is about 
2 x 10 -7 cm 2 s-1 at 88-103°C 
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equation of state 29 using parameters such a s  X 1 2  , Q12 
and $2/S 1 from the work of Singh 8. Such disagreement 
may be attributed to the different methods of 
measurement. The use of the melting point depression 
method for measurement of the interaction parameter 
between components in polymer blends has often been 
criticized for making various assumptions and for its lack 
of accuracy in measurements 1'2'3°. 

C O N C L U S I O N S  

Clear evidence for spinodal decomposition has been 
observed in the PES/PEO blends. The Cahn-Hillard 
theory qualitatively predicts the behaviour of the 
spinodal decomposition in the early stages. 

Additional factors, such as the thermal fluctuation 
force and the speed of the temperature jump, should be 
included in the detailed theoretical treatment of the 
spinodal decomposition for this blend. 
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