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Abstract

The phase separation process of an epoxy prepolymer based on diglycidyl ether of bisphenol A (DGEBA) with a thermoplastic polystyrene

(PS) was thermodynamically studied in the frame of the Flory–Huggins theory. The thermodynamic treatment was carried out in two steps:

first analysing the phase separation in cloud point conditions, and second analysing the advance of the phase separation for two compositions

of 2 and 10% in volume of PS. The effect of the polydispersity of thermoplastic on phase separation was also studied. The polydispersity of

PS produces a displacement of the threshold temperature to lower thermoplastic volume fraction (between 2 and 3%) and higher temperature

value and the fact that the shadow curve and coexistence curves do not superimpose with the cloud point curve. Theoretical calculations of

molecular weight distributions of PS at different degrees of phase separation were realized and different average molecular properties were

obtained in each separated phase.
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1. Introduction

In spite of the good properties and performances of

epoxy resins, their poor resistance to the initiation and

propagation of cracks is known. These brittle thermosets

may be toughened by the incorporation of a rubbery or a

thermoplastic second phase which be dispersed in the epoxy

matrix [1].

In most cases these blends are prepared starting from a

homogeneous solution of the modifier in the thermoset

precursors and inducing phase separation during network

formation. This mechanism is denominated polymerization

induced phase separation (PIPS) [2].

The use of thermoplastic-toughened epoxies avoids usual

drawbacks of rubber modification (i.e. reduction of yield

strength, elastic modulus and glass transition temperature).
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The final properties of these modified materials are

closely related with the morphologies generated in the

process of phase separation [1]. These morphologies depend

on the interrelation among thermodynamics (evolution of

phase diagram with conversion), the competition between

phase separation kinetics and polymerisation kinetics, and

transformations of the polymer in the course of reaction

(gelation, vitrification) [2,3].

Different polymer-solution theories have been developed

during the last years, the best known is the Flory–Huggins

lattice theory [4]. This theory was initially applied to

monodisperse systems. A problem present in the thermo-

dynamic analysis is the polydispersity of the components.

To treat theses systems there are two ways. One way is

consider the system as monodisperse or quasibinary

approach. The other way take into account the poly-

dispersity. Thus a modification in the Flory–Huggins theory

is carried out where the different molecular size are

represented by a molecular weight distribution function.

The aim of this paper is to make a thermodynamic

analysis of phase separation in a thermoplastic epoxy

prepolymer binary system using the Flory–Huggins model

and to analyse the influence of the thermoplastic modifier
Polymer 46 (2005) 6114–6121
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polydispersity on the phase separation. First, experimental

cloud-point curves (CPC) for binary system will be

reported. In a second step, a thermodynamic analysis will

be done, both in cloud-point conditions and when the phase

separation is advancing.

Although the phase separation process in polymeric

mixtures has been largely studied [5,6], there are few

publications in which the effect of polydispersity has been

treated thoroughly, calculating coexistence curves and

molecular weight distributions. In this paper, we propose

not only calculating but also to explain the evolution of the

compositions and the molecular weight distributions in both

phases as the phase separation advances.

Fig. 1. Chemical structures of the epoxy prepolymer (DGEBA) and

polystyrene (PS).
2. Experimental
2.1. Materials

The epoxy prepolymer is based on diglycidyl ether of

bisphenol A (DGEBA) whereas the thermoplastic modifier

is a polystyrene (PS) with a polydispersity index equal to

1.64. These materials were commercial products and were

used as received, without purification. Chemical structures,

molar masses and densities of the material are indicated in

Table 1 and Fig. 1.

When the polydispersity of some component of the

system is taken into account in the thermodynamic analysis,

it will be necessary to know its distribution species. The

molecular weight distribution of PS is obtained by using a

Schulz–Zimm (SZ) equation [7]

WðXÞZ
YhC1

GðhC1Þ
XhexpðKYXÞ (1)

where W(X) is the mass fraction of the X-mer,

hZ ½ð �Xw= �XnÞK1�K1; YZh= �Xn, and G is the gamma

function. For our PS, �XnZ1346; �XwZ2212, hZ1.556

and YZ1.156!10K3.

PS/DGEBA blends were prepared at room temperature

using methylene chloride as solvent. This was evaporated

during 1 day at room temperature followed by several hours

at 140 8C.
2.2. Techniques

Cloud-point temperatures, Tcp, of PS/DGEBA mixtures
Table 1

Characteristics of the materials

Supplier Molar mass (g/mol) Density

(g/cm3)

DGEBA Ciba-Geigy

Araldite

GY260

376; nZ0.13 1.20

PS Aldrich MnZ140,000; MwZ230,000 1.04
were determined using a light transmission device (He–Ne

laser beam) described elsewhere [8]. Temperature was

increased until a homogeneous solution was obtained

(140 8C), kept constant during several minutes and then

decreased at a cooling rate of 2 K minK1. At high

temperatures, the polymer mixtures were homogeneous

and therefore transparent; but when temperature was

decreased the mixtures became turbid due to the phase

separation. It leads to diminish the intensity of transmitted

light. Tcp was determined at the onset temperature of the

light transmission decrease (Fig. 2).
2.3. Thermodynamic analysis

The Flory–Huggins theory will be used to study the

phase separation in polymer mixtures. The Flory–Huggins

equation written in term of the Gibbs free energy of mixing

per mol of unit cells, DG, for a binary system, is given by

Ref. [9]

DGZRT
f1

r1

ln f1 C
f2

r2

ln f2 Ccf1f2

� �
(2)

where the subscript 1 stands for the epoxy, the subscript 2

represents the thermoplastic modifier, R is the gas constant,

T is the absolute temperature, f is the volume fraction, r1

and r2 are the ratios of the molar volumes of both

components, defined on the basics of the number average
Fig. 2. Determination of the cloud point temperature.
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molecular weight, with respect of the reference volume (VR)

normally defined as the molar volume of the smallest

component (the epoxy prepolymer in the present case), i.e.

r1 Z
VDGEBA

VR

Z 1 (3)

r2 Z
VPS

VR

Z 429:63 (4)

and c is the interaction parameter, which can not be

determined experimentally and it is calculated applying the

theory to the experimental data. In general, for an unreacted

binary mixture, c must be considered as a function of

temperature and composition [10]. Here c will be

considered only as a function of the temperature. The fit

with the thermodynamic model will determine whether a

c(T) relationship is enough for the description or if it is

necessary to include the composition dependence.

Starting from this equation, several elements that

determine the phase diagram of a binary polymer mixture

can be calculated [6,11].
2.3.1. Binodal curve

This curve limits the zone of temperatures where the

system is immiscible giving the temperatures and the

compositions of the phases that are in equilibrium. It is

defined by the equality of the chemical potentials of the

components of the system in each one of the phases, i.e.

Dma
1 ZDmb

1 (5)

Dma
2 ZDmb

2 (6)

where a and b represent the matrix and emergent phases in

equilibrium, respectively. These equations represent ther-

modynamic requirements for liquid–liquid phase at the

cloud-point or coexistence conditions, under constant

temperature and pressure.
2.3.2. Spinodal curve (SPC)

This curve represents the stability limit of the homo-

geneous mixture. Inside this limiting curve the mixture must

be separated in two phases. The SPC thermodynamic

requirement, at constant pressure and temperature, is that

the second derivative of the Gibbs free energy with respect

to the composition, be identical to zero, i.e.

v2DG

vf2
2

Z 0 (7)

For a binary mixture of two polydisperse polymers the SPC

is given by Eq. (8)

1

r1wf1

C
1

r2wf2

K2cZ 0 (8)

where riw is the weight average relative molar volume of the

i component.
2.3.3. Critical point

It is the point in which the binodal and spinodal curves

coincide. The matrix phase and the emergent phase have the

same composition in the critical point; and, at composition

of modifier higher than the critical composition, an

inversion of phase is produced. At the critical point, it

must be simultaneously satisfied that the second and third

derivates of the molar Gibbs free energy with respect to the

composition be zero, i.e.

v2DG

vf2
2

Z
v3DG

vf3
2

Z 0 (9)

The expression for a binary mixture of two polydisperse

polymers is

r1z

ðr1wf1Þ
2
K

r2z

ðr2wf2Þ
2
Z 0 (10)

where riw and riz are the weight and zeta averages of the

relative molar volume of the i component.

For monodisperse species: rinZriwZriz
3. Results and discussion

The thermodynamic treatment was carried out in two

different steps: first analysing the phase separation in cloud

point conditions for compositions less than 30% in volume

of PS, and second analysing the advance of phase separation

when temperature of mixtures decreases for compositions of

2 and 10% in volume of PS.

To analyse the effect of thermoplastic polydispersity on

phase separation, the analysis was realized in two ways:

considering PS as a monodisperse specie and on the other

hand taking account its polydispersity and then the results

were compared. In the monodisperse case, all molecules of

PS were considered equal with a molecular weight equal to

the number average molecular weight. In the polydisperse

case, the PS was characterized by a molecular weight

distribution given by the Shulz–Zimm distribution. The

DGEBA was always taken as monodisperse.

Numerical methods to analyze and calculate cloud point

curves, spinodal curves, critical point and coexistence

curves in mixtures have been proposed and discussed in

the literature [5,12–19]. The procedure developed by

Kamide et al. for quasibinary solutions [20] was used in

this study.
3.1. Cloud point conditions

Fig. 3 shows the Tcp obtained experimentally for

DGEBA/PS mixtures at different proportions. These

temperatures determine the experimental cloud points

curve (CPC). Our system is characterized by an upper

critical solution temperature (UCST) behavior (i.e. mis-

cibility increases with temperature).



Fig. 3. Experimental cloud point temperatures vs volume fraction of PS for

PS/DGEBA system.

Fig. 4. Interaction parameter calculated vs 1/Tcp experimental. Curve A: PS

monodisperse treatment; curve B: PS polydisperse treatment.
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The thermodynamic treatment requires the application of

the phase equilibrium condition to each component, given

by the following equations:

Dma
1 ZDmb

1 (11)

Dma
2j ZDmb

2j (12)

where 2j represents each one of the species of different

molecular weight corresponding to the second component

(PS).

The chemical potentials (Dm) may be obtained from Eq.

(2) by the usual procedures [21]. Replacing Dm in the

expressions (11) and (12) leads to the equation for

equilibrium calculation. For our system, the expressions are

1

r1

ln
f
b
1

fa
1

K
f
b
1 Kfa

1

r1

 !
C

f
b
2

�rb2n
K

fa
2

�ra2n

 !" #

Cc f
b2

2 Kfa2

2

� �
Z 0 (13)

s2 K
f
b
1 Kfa

1

r1

 !
C

f
b
2

�rb2n
K

fa
2

�ra2n

 !" #

Cc f
b2

1 Kfa2

1

� �
Z 0 (14)

s2 is the separation factor, its value determines the

fractionation extension of each molecular specie of the

thermoplastic component between the two equilibrium

phases. At a given pressure and temperature, s2, has the

same value for all the 2j molecular species included in the

thermoplastic distribution function. Its definition is:

s2 Z
1

r2j

ln
f
b
2j

fa
2j

(15)

In addition to the Eqs. (13) and (14), a mass balance for each
of the two phases must be included in this analysis, i.e.

fa
1 Z 1Kfa

2 (16)

f
b
1 Z 1Kf

b
2 (17)

In cloud point conditions, that represent the onset of

phase separation in the system, only a differential volume

fraction of the emergent phase (R) is generated. Then, by

making R/0, the following is obtained:

fa
2 Zf0

2 (18)

f
b
2 Z

X
j

fa
2wðr2jÞexpðs2r2jÞ (19)

Besides

fa
2

�ra2n
Z
X
j

fa
2

wðr2jÞ

r2j

(20)

f
b
2

�rb2n
Z
X
j

fa
2

wðr2jÞ

r2j

expðs2r2jÞ (21)

Then, by replacing Eqs. (16)–(21) in Eqs. (13) and (14), a

system of two equations in two unknowns (s2, c) is obtained

and numerically solved for each experimental point.

In both treatments (mono and polydisperse) it was

possible describe the dependence of calculated interaction

parameters with experimental Tcp by means of a single

linear relationship (Fig. 4) given by the following equations:

Monodisperse PS0cZK7:9275C3405:5
1

T
(22)

Polydisperse PS0cZK8:9595C3817
1

T
(23)

Substituting the respective dependence c(T) in Eqs. (8),

(13), (14) and (19) the spinodal curve and the temperatures

(Tcp) and compositions of matrix and emergent phases (fa
2

and f
b
2) in cloud point conditions were obtained for each

treatment. The critical points obtained by mean of Eq. (10)

were, respectively, fPS c monoZ0.046 and fPS c polyZ0.043,

for mono and polydisperse cases. The phase diagrams for

both treatments of PS are shown in Figs. 5 and 6.



Fig. 5. Phases diagram of monodisperse PS/DGEBA system: experimental

cloud point data (C), calculated cloud point curve (CPC), spinodal curve

(SPC) and location of critical point.
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At sight of the phase diagrams obtained, we can say that

in both situations, the cloud point curve obtained with the

thermodynamic model fits well to the experimental CPC,

what means that a single c(T) relationship is enough for the

description and it is not necessary to include the

composition dependence.

When polydispersity is taken account a new curve

appears in the phase diagram, named shadow curve (SC).

The shadow curve gives the compositions of the segregated

phase ðf
b
2Þ in cloud point conditions. The compositions of

the matrix phase ðfa
2 Þ are located on the cloud point curve.

On the other side, when species are taken as monodisperse

the compositions of both phases, matrix and emergent, are

located on the CPC.

Comparing both diagrams, it was found that there is not

great difference in the location of critical point. The

principal variation is in the location of the miscibility gap

(threshold temperature), so whereas in the monodisperse

case the threshold temperature coincided with critical point,

for the polydisperse case, it was displaced to lower modifier

compositions (2–3% in volume) and higher temperature

values. We can say that although the effect of polydispersity
Fig. 6. Phases diagram of polydisperse PS/DGEBA system: experimental

cloud point data (C), calculated cloud point curve (CPC), shadow curve

(SC), spinodal curve (SPC) and location of critical point.
must be taken into account to fit experimental cloud point

curves, the monodisperse assumption gives a reasonable

approximation when macroscopic separation is considered.

When polydispersity is considered, a thermodynamic

calculation of the molecular weight distributions for both

phases at different initial compositions can be realized. This

calculation is shown in Fig. 7.

Fig. 7 shows that, the distribution of PS in the matrix

phase is equal to the distribution in the homogeneous blend

for any initial composition because in cloud point conditions

the volume of emergent phase is negligible respect the

volume of matrix phase and then only a differential PS

fraction is present in the emergent phase. However, the

distribution of PS in the emergent phase varies depending

on the initial volume fraction of PS.

At the critical point, fPS cZ0.043, as matrix and

emergent phase have the same compositions then their

distributions will be equal too and equals to the one of the

homogeneous mixture. The critical point supposes the limit

of a phase inversion, then:

– For initial compositions of PS less than critical

point, f0
PS!fPS c, the emergent phase is rich in

PS and shows a broad distribution rich in high

molecular weight of PS species.

– For initial compositions of PS greater than critical

point, f0
PSOfPS c, the emergent phase is poor in

PS and, therefore, shows a narrow distribution

rich in low molecular weight PS species.
3.2. Coexistence conditions

From a thermodynamic point of view the advance of

phase separation for two initial compositions of 2 and 10%

in volume of PS corresponding to lower and higher

compositions than the critical point composition, respect-

ively, is studied.
Fig. 7. Calculated molecular weight distributions for PS in the matrix and

emergent phases in function of their degree of polymerization at different

initial compositions.
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Since the PS/DGEBA blend has an UCST behaviour

miscibility increase with temperature and therefore when

temperature decrease the phase separation advances. In this

case, it is assumed that both phases attain equilibrium for

every temperature.

The thermodynamic treatment in these conditions is

similar to the previous case (i.e. cloud point conditions) and

the same Eqs. (13) and (14) was used. In this case c is

known. The dependences c(T) calculated in the previous

section, given by Eqs. (22) and (23) corresponding,

respectively, to mono and polydisperse situation, were

utilized. When phase separation progress, the volume

fraction of emergent phase, R, no longer is negligible and

the compositions of the phase in equilibrium are given by:

f
a
2 Z

X f0
2wðr2jÞ

R½expðs2r2jÞK1�C1
(24)

f
b
2 Z

X f0
2wðriÞexpðs2r2jÞ

R½expðs2r2jÞK1�C1
(25)

Moreover

fa
2

�ra2n
Z
X f0

2ðwðr2jÞ=r2jÞ

R½expðs2r2jÞK1�C1
(26)

f
b
2

�rb2n
Z
X f0

2ðwðr2jÞ=r2jÞexpðs2r2jÞ

R½expðs2r2jÞK1�C1
(27)

where f0
2 is the volume fraction of PS present in the initial

mixture, in our case f0
PSZ0:02 and f0

PSZ0:1.

Then, by replacing Eqs. (16), (17) and (22)–(27) in Eqs.

(13) and (14), a system of two equations with two unknowns

was obtained. The system was solved for the two initial

compositions at different temperatures, obtaining at each

temperature R and s2. The compositions of each phase in

equilibrium at different temperatures were then obtained

from the Eqs. (24) and (25).

The evolution of volume fraction of the dispersed phase

(R) as the phase separation progress was calculated and it is
Fig. 8. Volume fraction of the emergent phase as a function of the

temperature in the system PS/DGEBA for two initial compositions,

f0
PSZ0:02 and f0

PSZ0:1.
shown in Fig. 8. This evaluation was carried out taking into

account the polydispersity of PS.

Fig. 8 shows a fast increase in R in the temperature range

near the cloud point for both compositions. In the case of the

composition of 10% the value of R reached is considerably

higher than the value reached at 2%. This could be because

for the composition of 2% the emergent phase is the rich in

PS whereas for the composition of 10% the emergent phase

is the rich in epoxy and as the volume of epoxy is much

larger than the volume of PS in the mixtures at these

compositions, then it is reasonable that the volume of the

phase rich in epoxy larger than the volume of phase rich in

PS when phase separation is macroscopic. In both mixtures

an almost constant value at low temperatures is reached; in

the case of the mixture to 2%, R decreases slightly after

going through a maximum.

The phase diagrams are obtained for both treatments

mono and polydisperse (Figs. 9 and 10).

At a certain initial composition f0
2, the compositions of

each phase in equilibrium, fa
2 , fb

2, at different temperatures

or at different degrees of phase separation are given by their

corresponding coexistence curves.

In the monodisperse treatment (Fig. 9) the coexistence

curves for any initial composition are located on the cloud

point curve. On the contrary, in the polydisperse treatment

(Fig. 10) the coexistence curves differ with initial

composition and are located between the cloud point and

shadow curves.

Usually, phase diagrams for quasibinary system (i.e.

taking in account the polydispersity of the species) are

presented using two sets of coordinates T–f. They are

different projections of the T–P–f hypersurfaces represent-

ing states of polymer fractionation during the liquid–liquid

macrophase separation of these systems.

In both treatments it is observed that as phase separation

progress the phases are becoming purified, getting rich in PS

the phase rich in PS and getting rich in epoxy the phase rich

in epoxy. This is a consequence of a decrease of miscibility
Fig. 9. Monodisperse PS/DGEBA system: coexistence curves for two initial

volume fractions f0
PS, they are located on the cloud point curve (CPC).



Fig. 10. Polydisperse PS/DGEBA system: coexistence curves (dotted lines)

for two initial volume fractions f0
PS, cloud point curve (CPC) and shadow

curve (SC). a and b represent the matrix and emergent phases, respectively.

Fig. 12. Calculated molecular weight distributions of PS in the matrix and

emergent phases at different temperatures for an initial volume fraction of

PS f0
PSZ0:1. The dotted line represents the distribution of PS in the

homogeneous mixtures.
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when temperature decreases. The fact that phases are

purifying could explain the light decrease of R when

advance the phase separation for f0
PSZ0:02, (Fig. 8). For

this composition although the emergent phase is the rich in

PS the proportion of epoxy in this phase is very big, and then

as phase separation progress, in the emergent phase it is

produced in addition to the incorporation molecules of PS,

the departure to a great extent of molecules of epoxy that

initially had incorporated to this phase.

Molecular weight distributions of PS in both phases at

different temperatures have been calculated for the initial

compositions of 2 and 10% in volume of PS and they are

shown in Figs. 11 and 12, respectively.

The Figs. 11 and 12 allow us to know the thermodynamic

evolution of the molecular weight distributions of PS. As

phase separation progress the distributions of PS in the

phases rich in epoxy (i.e. the matrix phase for composition

f0
PSZ0:02 and the emergent phase for composition
Fig. 11. Calculated molecular weight distributions of PS in the matrix and

emergent phases at different temperatures for an initial volume fraction of

PS f0
PSZ0:02. The dotted line represents the distribution of PS in the

homogeneous mixtures.
f0
PSZ0:1) are more and more narrow containing less

weightly molecules. This could be explained because when

decreasing temperature and becoming the blend less

miscible, this phase will have less capacity to dissolve the

most weightly molecules of PS.

As phase separation progress, the distributions of PS in

the phase rich in PS (i.e. the emergent phase for composition

f0
PSZ0:02 and the matrix phase for f0

PSZ0:1) are

becoming equal to the distribution in the homogeneous

blend. This could be explained because less and less

weightly molecules of PS are incorporated coming from the

phase rich in epoxy. For the composition f0
PSZ0:1,

the distribution of PS in the matrix phase is equal to the

distribution in the homogeneous mixture at cloud point

condition and practically it does not vary as separation

progress because the proportion of PS in the emergent phase

is negligible.
4. Conclusions

A thermodynamic analysis of the phase separation

process in PS/DGEBA binary system was performed in

the frame of a Flory–Huggins theory. First, studying the

separation in cloud point conditions for compositions less

than 30% in volume of PS; and later studying the advance of

the separation as the temperature of the mixtures diminishes

for two compositions of 2 and 10% in volume of PS. A

single relationship between the interaction parameter and

temperature, c(T), could reproduce experimental cloud

point curve of mixtures of PS/DGEBA.

In order to analyse the effect of the polydispersity of PS

on the separation, the treatment was done of two ways: on

the one hand considering PS as a monodisperse component

and on the other hand taking into account its polydispersity.

It was found that, although the effect of polydispersity must
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be taken into account to realize a more exact analysis, the

monodisperse assumption gives a reasonable approximation

when macroscopic separation is considered.

In our PS/DGEBA system the consideration of the actual

polydispersity of PS shifted the threshold temperature to

lower thermoplastic volume fraction (between 2 and 3%)

and higher temperature value (i.e. the system became more

incompatible than is expected by assuming monodisperse

PS). The effect of the polydispersity of PS caused also, that

the curve that join the possible compositions of the

emergent phase in cloud point conditions did not super-

impose with the cloud point curve (CPC) generating a new

curve known like shadow curve (SC). In addition, the

polydispersity of PS made that the coexistence curves,

curves that given the compositions of the phases in

equilibrium at different stages of macrophase separation

for a determined initial composition, did not overlap with

the CPC either.

Molecular weight distributions of PS in each phase in

cloud point conditions were calculated for different initial

compositions. A differentiation between the distributions in

the matrix and emergent phases was obtained. In cloud point

conditions, the distributions of PS in the matrix phase were

equal independently of the initial composition, whereas in

the emergent phase they depended to a great extent on the

initial composition. The thermoplastic polydispersity affect

the liquid–liquid phase diagram causing molecular frac-

tionation. As a consequence, the thermoplastic component

has different average molecular properties in each equili-

brium phase.

Moreover, the evolution of the molecular weight

distributions as phase separation advances was calculated

for the mixtures of compositions 2 and 10% in volume of

PS. The distribution of PS in the PS-rich phase were

becoming equal to the distribution in the homogeneous

mixture, and the distributions of PS in the epoxy-rich phase

were more and more narrow with lighter molecules. It could

be because when separation advances mixture becomes

more immiscible, and then the epoxy has minor capacity to

dissolve the most weightly molecules of PS, which causes

the migration of these molecules towards the PS-rich phase.
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