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Abstract

We investigated the interfacial tension g between poly(ethylene oxide) (PEO) and polystyrene (PS) focusing our attention on the dependence
of g on the molecular weight (M) of PEO and the surfactant effect of poly(ethylene oxide-b-styrene) diblock copolymer [P(EO-b-S)]. Measure-
ments of g were carried out by observing electric deformation of droplets of PEO suspended in bulk PS or in a concentrated solution of PS in
dioctylphthalate (DOP). The results indicate that g between PEO and PS is almost independent of M of PEO in the high molecular weight region,
but exhibits a minimum around M¼ 500. Addition of 1 wt% of P(EO-b-S) to the PEO/PS system causes a decrease of g due to the surfactant
effect of the copolymer, but g is almost independent of further addition of the copolymer. The decrement of the interfacial tension Dg increases
with increasing molecular weight of P(EO-b-S).
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Interfacial tension g between immiscible polymers plays an
important role in the technology of polymer alloy and has been
studied long in view of pure and applied science [1e17]. As is
well known, when g of a pair of polymers A and B is high, the
compatibility of them decreases and the mechanical properties
of the blend become poor [1]. To improve physical properties
of polymer alloys, various efforts such as reactive compatibili-
zation have been made [18e22]. One of the fundamental
issues is to understand the surfactant effect of block copolymers
AeB [14e17]. So far the interfacial tensions g between immis-
cible polymers have been measured for various polymer pairs,
but mostly for polymers with broad distribution of molecular
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weight (M) [2e8]. A few studies on the dependence of g on M
have been reported [9e13]. LeGrand and Gaines [5] reported
g between the homologous series of alkanes and low molecular
weight polymers. They found that g decreased with decreasing
M in proportion to M�2/3. However, recent theories do not
predict the M�2/3 dependence of g [23e30]. Ermoshkin and
Semenov indicated that g is proportional to 1-k(MA

�1þMB
�1)

for the limit of narrow interface where k is a constant [29]. In
the case where the approximation of the narrow interface does
not hold, g cannot be expressed by an analytical function [29].
Jo et al. studied theoretically the M dependence of g and indi-
cated that the theoretical M dependence of g is numerically close
to the M�2/3 dependence [30]. The effect of block copolymers on
g was also studied theoretically by several authors [31]. Noo-
landi and Hong [32,33] calculated g of systems composed of im-
miscible polymers A, B and a symmetrical diblock copolymer
AB as a function of content and M of the diblock copolymer.
Their result predicts that g decreases with increasing block co-
polymer content and also with increasing M of the block copol-
ymer. The structure of interface of polymer blends containing
copolymers has been studied by using various methods [34].
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Those studies mentioned above were made for pairs of
hydrophobic polymers. In this paper, we aim to examine the
interfacial properties between hydrophilic and hydrophobic
polymers. For this purpose poly(ethylene oxide) (PEO) and
polystyrene (PS) have been chosen as hydrophilic- and hydro-
phobic polymers, respectively. An amphiphilic block polymer
P(EO-b-S) composed of the PEO and PS blocks are used to
examine the surfactant effect. As far as we know, g of the
PEO/PS interface has not been reported in literatures. We ex-
amine the M dependence of g and the effects of diluent and
P(EO-b-S) on g in this system. Dioctylphthalate (DOP) is
used as diluent. The data of PEO/PS/DOP system will provide
data for processing of polymer alloys containing diluents. It
is noted that the PEO chains possess the hydroxyl groups at
the chain ends which enhance the hydrophilic nature and
also cause specific interactions due to the hydrogen bonding.
Koberstein et al. studied g for pairs of immiscible polymers
having the acid and base groups at the chain ends [6,35]. In
the present study, we will focus on the effects of the end group
of PEO, although the effects are expected to be not strong
compared with those found by Koberstein et al. PEO is one
of the biomedical materials [36]. Thus, the interfacial proper-
ties of PEO and hydrophobic polymer is expected to be impor-
tant in such a practical application.

It is known that a droplet suspended in an immiscible
medium deforms into an ellipsoid under an electric field
[37e42]. In our previous papers, it was demonstrated that elec-
tric deformation of droplets is proportional to g�1 [40,41].
Usually, measurements of g between a pair of polymers are
difficult due to high viscosity. We expect that the electric
deformation of droplets can be used as a new method for
measurements of g and attempt to use this technique.

2. Experimental

2.1. Material

Samples of PEO were purchased from Wako Chemical Co.
Ltd (Osaka, Japan). The number average molecular weights
(Mn) of PEO samples were determined by the end group anal-
ysis by measurements of 13C NMR for the CH2eOH groups.
These PEO samples had narrow M distribution and the
polydispersity Mw/Mn of PEO was determined by GPC.
Narrow distribution polystyrenes (PS-3 and PS-5) were pre-
pared by anionic polymerization in benzene with s-butyl-
lithium as the initiator. A broad M distribution sample of PS
(PS-300) was purchased from Wako Chemical Co. Ltd (Osaka,
Japan). The characteristics of PEO and PS are listed in Table
1. Poly(ethylene oxide-b-styrene) diblock copolymers P(EO-
b-S) with narrow distribution of M were purchased from Poly-
mer Source, Inc. (Dorval, Canada) who characterized P(EO-b-
S) as listed in Table 2. Dioctylphthalate (DOP) (99% pure)
was used without further purification.

As described in Section 2.2, it is needed to increase the
electric conductivity of the PEO phase in order to simplify
the calculation of g from the equilibrium electric deformation
of droplets. We added 2 wt% of lithiumperchlorate (LiClO4) to
the PEO phase. The reason for choosing LiClO4 is that the
solubility of LiClO4 in PEO is high and the ionic conductivity
in the LiClO4/PEO system works well for the enhancement of
conductivity [43]. Prescribed amounts of PEO and LiClO4

were dissolved in tetrahydrofuran (THF) and then THF was
removed under vacuum of 10�2 Pa at 373 K for 12 h. Diblock
copolymers P(EO-b-S) were also mixed with PEO in THF
solutions and then THF was evaporated completely under
vacuum.

Here one may wonder about the effect of LiClO4 on the
interfacial tension. The effect of electrolytes on g was theoret-
ically studied by Onsager and Samara [44]. The theory pre-
dicts that the dependence of g on the concentration of salts
is weak. In fact the data of g of aqueous solutions of various
salts indicate a weak dependence of g on the salt concentration
[45]. Thus, the effect of 2 wt% LiClO4 on g is small.

2.2. Methods

The dielectric constant and the resistivity were measured
with an automatic RLC bridge (QuadTech 1693, Maynard).
The experimental setup for observation of deformation of
droplets was similar to that reported previously [40]. The sam-
ple holder was set in a temperature regulator made of Teflon.
The separation of the electrodes was ca.1 cm. A droplet of
bulk PEO was suspended in PS or PS/DOP matrices with a
micro syringe. The radius of the drop was 0.2e0.5 mm. An
alternating current (AC) electric field (60 Hz) of less than
5 kV/cm was applied to the sample systems. The shapes of
droplets were observed with an optical microscope equipped
with a video system and recorded in a personal computer.
For the sake of data acquisition, measurements were repeated
for one drop two or three times depending on the reproducibil-
ity. The scattering of the D values was within 8%.

It is noted that the AC field of 60 Hz is equivalent to the
direct current (DC) field of the same voltage since the electric

Table 1

Molecular characteristics of PEO and PS

Code 10�3 Mw 10�3 Mn Mw/Mn

PEO-0.3 0.29 0.26 1.1

PEO-0.5 0.53 0.48 1.1

PEO-1 0.86 0.78 1.1

PEO-2 2.1 1.9 1.1

PEO-3 2.6 2.4 1.1

PEO-8 7.5 6.8 1.1

PEO-10 9.6 8.7 1.1

PEO-30 31 28 1.1

PS-300 300 150 2.0

PS-3 3.2 2.9 1.2

PS-5 5.1 4.8 1.1

Table 2

Molecular weights of PEO and PS blocks of diblock copolymers

Code 10�3 Mw(PEO) 10�3 Mw(PS) Mw/Mn

P(EO-b-S)-4 2.1 1.8 1.2

P(EO-b-S)-11 7.0 3.6 1.1

P(EO-b-S)-53 36.4 16.4 1.1
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polarization of the drop occurs much faster than 60 Hz. The
relaxation time tP needed for polarization of a drop in which
the conductivity s2 is much higher than the conductivity s1 of
medium is given by the Wagner theory [45]:

tP ¼ 30ð231þ 32Þ=s2 ð1Þ

where 30, 31 and 32 are the absolute dielectric constant of
vacuum, the relative dielectric constants of the matrix and
the drop, respectively. From s1 (z10�9 S m�1), 31 (z2), s2

(z2� 10�2 S m�1) and 32 (z5) at 400 K, tP is calculated
to be in the order of 4� 10�9 S which is much shorter than
the period of 1/60 s. Thus, the deformation of the droplet D
is independent of LiClO4 concentration.

The optimum size of droplets for measurements of electric
deformation is determined by the relaxation time t and the
degree of deformation DN. As described below, t increases
with the drop radius b. Therefore, in order to minimize the
time for measurements, small b is preferred. However, DN

is also proportional to b as given by Eq. (3) and hence higher
electric fields are required for the measurement of DN of small
droplets. Since the electric field was limited to be less than
5 kV/cm, the optimum size of the drops was 0.2e0.5 mm in
our setup.

The droplets deformed into ellipsoids have a circular sym-
metry with respect to the long axis. Thus, the value of the short
axis in the three-dimensional space is the same as the observa-
tion in the two-dimensional observation. The error arises
mainly from the incomplete adjustment of focus. If the edge
of the ellipsoid is not in focus, clear boundary cannot be
observed.

The degree of deformation D of an ellipsoidal drop is
defined by D¼ (X� Y )/(Xþ Y ) where X and Y represent the
lengths of the major and minor axes of the ellipsoid. For the
case where the viscoelastic relaxation times of the drop and
medium phases are much shorter than the retardation time t

of the drop deformation, D(t) after application of an electric
field E at time t¼0 is expressed as

DðtÞ ¼ DN½1� expð� t=tÞ� ð2Þ

where DN is the equilibrium deformation [40,41]. As reported
previously, t for the electric deformation was proportional to
the initial radius b and the viscosities of the drop and medium
phases [40,41]. The recovery process after switching off of an
electric field can be expressed by an exponential decay func-
tion. It is noted that D(t) of viscoelastic droplets does not con-
form to Eq. (2) [42]. We regulated the experimental conditions
so that t was less than 10 min. According to Torza et al. [39],
DN is given by

DN ¼
930K2bE2F

16g
ð3Þ

where 3o is the absolute dielectric constant of vacuum; b, the
initial radius of the drop; K2, the dielectric constant of the
medium; g, the interfacial free energy. F is a complex func-
tion of the ratios K1/K2, h1/h2, R1/R2, and u where the suffixes
1 and 2 refer to the drop and matrix phases, respectively, and
K, h, R, and u represent the dielectric constant, viscosity,
resistivity, and angular frequency of the applied AC field, re-
spectively [39]. When R2 [ R1, the drop and matrix phases
can be regarded as a conductor and an insulator, respectively,
and hence K1 can be regarded to be infinity. In this case F

becomes unity. In the present system LiClO4 was added to
the drop phase (PEO) as mentioned in Section 2 and the
conductivity of the drop phase was of the order of 10�6 S
while that of matrix was ca. 10�11 S. Therefore, the present
systems well satisfy the condition of F¼ 1.

3. Results and discussion

3.1. Deformation of PEO droplets in bulk PS

Fig. 1 shows the representative D versus time (t) curves at
405 K for droplets of PEO-8 suspended in PS-3. Various elec-
tric fields were applied at t¼ 0. As shown in this figure the
deformation increases with increasing E. After reaching an
equilibrium deformation, the electric field was switched off
at the time indicated by the arrow. Similar behaviour was
observed for PEO droplets suspended in PS-5. Those data
conformed well to the theoretical curves (Eq. (2)) and DN

was determined from the plateau value.
Fig. 2 shows the E2 dependence of DN of PEO droplets

with various number average molecular weight (MPEO) in
the matrix of PS-3. Since the deformation depends on the
size b of the drops and the dielectric constant K2 of the me-
dium as well as E, the abscissa is normalized by the factor
of 930K2b/16 as shown in this figure. Here, the dielectric con-
stant K2 of PS at 405 K was measured to be 2.5� 0.1. We see
that the plots conform to straight lines starting from the origin.
The slopes of these lines are equal to 1/g as indicated by Eq.
(3). Fig. 3 shows the MPEO dependence of g thus determined.

Fig. 1. Time t dependence of the degree of deformation D at 405 K for droplets

of PEO-8 suspended in PS-3. The arrow indicates the time at which the applied

electric field was switched off. Applied electric fields E in kV/cm and radius

b in mm of the drops are given in this figure. Error bars are indicated only for

the data of E¼ 1.3 and 2.31 kV/cm.
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Before discussion of the result, we consider the relationship
between g and the retardation time t observed in Fig. 1. Pre-
viously, we found that t can be expressed by a form [40,41]:

t¼ ðah1þ bh2Þb
g

ð4Þ

where a and b are the factors close to unity and h1 and h2 are
the zero shear viscosities of the drop and medium, respectively.
For the interface of poly(propylene oxide)/poly(dimethyl
siloxane), Nishiwaki et al. [41] reported that a¼ b¼ 1.0� 0.2.
In the present system, the viscosity of PS is much higher
than PEO and hence h1<< h2. Thus, if b¼ 1 is assumed,

Fig. 2. Plots of DN versus 93oK2bE2/16 for PEO drops with various M at

405 K.

Fig. 3. Dependence of g on the number average molecular weight MPEO of

PEO for the interface of PEO and PS-3 or PS-5.
g can be determined from t as well as DN. This method is
similar to the drop retraction method [7,15]. However, since
the viscosity is sensitive to temperature, the error becomes
relatively large if the temperature regulation is not very
accurate. Therefore, we did not use the data of t for the
determination of g.

Returning to Fig. 3 we see that g at the lowest MPEO (¼260)
is the highest. With increasing MPEO, g reaches minimum at
about MPEO¼ 480 and in the range of MPEO> 1000, g be-
comes almost independent of MPEO. This complicated behav-
iour may be explained by considering two competitive effects:
the monomeremonomer interactions and the effect of the end
groups. The monomeremonomer interactions are the major
origin of g. Helfand and coworkers [23e25] proposed the
theories of gN of polymers A and B with infinitely high M:

gN ¼ T

"
bAþ bB

2
þ
�

1

6

�
ðbA � bBÞ2

bA þ bB

#�c

6

�1=2

ð5Þ

where T is temperature, c the interaction parameter between A
and B, and bi¼ ai/vi with a the segment length and v the seg-
ment volume. Ermoshkin and Semenov calculated g for the
case of finite M [29]. For the case of the narrow interface g

is given by

g¼ gN

�
1�K

�
1

cNA

þ 1

cNB

��
ð6Þ

where K¼ 2 ln 2 and NA and NB are the number of statistical
segments. The narrow interface corresponds to cNi [ 1. For
the case of cNi z 1, g cannot be expressed by an analytical
function. The ErmoshkineSemenov theory [29] and other
theories [26e28,30] commonly predict that in the high M
region, g is almost independent of M, but g decreases with de-
creasing M in the low M region. We see in Fig. 3 that g is al-
most independent of MPEO in the high M range, but decreases
with MPEO around MPEO z 500e1000. This behaviour is at-
tributed to the monomeremonomer interactions.

The high value of g at MPEO¼ 260 can be attributed to the
effect of the hydroxyl groups (OH) at the chain ends. It is
known that the relationship between g and the surface free
energies s of the components 1 and 2 is approximately given
by [3]:

g¼
� ffiffiffiffiffi

sd
1

q
�

ffiffiffiffiffi
sd

2

q �2

þ
� ffiffiffiffiffi

s
p
1

q
�

ffiffiffiffiffi
s

p
2

q �2

ð7Þ

where the superscripts d and p refer to the dispersion and
polar force components of the surface free energies, respec-
tively, and the subscripts 1 and 2 denote the component
polymers. With decreasing molecular weight of PEO, the
contribution of the OH group to the polar component of s

p
2 in-

creases and hence g increases rapidly in the low M region.
Thus, we can explain the results shown in Fig. 3. For further
discussion of the M dependence of g in the low M region,
we need more data in this MPEO region.
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3.2. Molecular weight dependence of g

In addition to the bulk PEO/PS system, we also measured g

of the interface formed between bulk PEO and 40 wt% PS-300
solution in dioctylphthalate (PS/DOP(40)). In this section we
examine the M dependences of g for the PEO/PS and PEO/
(PS/DOP(40)) systems. Before measurements of g on the
PEO/(PS/DOP(40)) system, it was confirmed that PEO drops
suspended in PS/DOP(40) matrix did not swell appreciably.
This indicates that PEO is not miscible in DOP or PS/DOP
solutions. The miscibility data between PEO and DOP are not
available in literature. From the resolution of our setup, the
miscibility of DOP in PE is estimated to be less than 0.5 wt%.

The behaviour of electric deformation of PEO drops in this
medium was similar to PEO/bulk PS blends, but DN was
larger than that of bulk PS if compared at the same E indicat-
ing that g in the PEO/(PS-300/DOP(40)) system is smaller
than the bulk system as listed in Table 3. It is seen that g in
the PEO/(PS-300/DOP(40)) system decreases with decreasing
MPEO.

In the measurements of g on the bulk system, we used low
M PEO and PS. In the solution system, DOP acts to broaden
the interface. Therefore, for both of the bulk and solution
systems, we expect that the approximation of the narrow inter-
face is poor and Eq. (6) is not applicable. Although the
ErmoshkineSemenov theory provides the theoretical equa-
tions for the calculation of g in the case of the broad interface,
the numerical calculation of g is rather difficult [29]. Jo et al.
[30] calculated theoretically the M dependence of g based on
the broad interface model proposed by Vrij [46]. They found
that the M dependence of g can be numerically close to
the M dependence proposed empirically by LeGrand and
Gaines [5]:

g¼ gN�CM�2=3 ð8Þ

where C is the constant. Thus, we compared the M depen-
dences of g with Eq. (8). Fig. 4 shows the dependence of
g of the PEO/PS and PEO/(PS-300/DOP(40)) systems on
1/MPEO

2/3 . Since the effect of the end groups becomes dominant
in the low M region, the plots are made in the range of
MPEO> 480. It is seen that g is not linear with respect to
MPEO
�2/3 in this M region for the both systems.

3.3. Influence of diluent on g

Vrij proposed a theory of the interfacial tension of immis-
cible polymers 1 and 2 which contain a common solvent [46].

Table 3

Interfacial tension g between PEO and PS-300/DOP(40) at 373 K

Drop phase Medium g/mN m�1

PEO-1 PS-300/DOP(40) 0.61

PEO-2 PS-300/DOP(40) 0.85

PEO-6 PS-300/DOP(40) 1.2

PEO-20 PS-300/DOP(40) 1.5
Vrij calculated the interfacial free energy g assuming a broad
interfacial region of the order of chain dimension:

g¼
�
<s2> =6

	1=2
Usrf

2
p ð9Þ

where <s2> is the mean square radius of gyration, U the
parameter depending on the interaction energies, sr the func-
tion of temperature, and fp the volume fraction of the poly-
mers. Thus, the theory predicts that g at fp¼ 0.4 is smaller
than g of the bulk system by a factor of 0.16. In the present
system, the profile of the composition at the interface is not
symmetrical. In spite of this difference the theory explains
approximately the ratio of g between the bulk and solution
systems, i.e., g of the PEO/(PS-300/DOP) system is
0.25e0.2 of g of the bulk PEO/PS system.

It is known that the thickness of the interface of bulk poly-
mers is narrower than that assumed by Vrij [46]. According to
Helfand and Sapse (HS), g is proportional to c1/2. For a ternary
system of polymer/polymer/common solvent, the effective in-
teraction parameter c0 decreases to cfp. Thus, the HS theory
predicts that g is proportional to fp

1/2 and hence the predicted
ratio of g between the 40% solution and bulk systems is 0.63.
This theoretical ratio is higher than the present observation.
We speculate that although DOP molecules do not penetrate
into the bulk drop phase, they penetrate into the interfacial
region and the PEO/(PS-300/DOP) system forms relatively
broad interfacial region resulting in the decrease of g.

3.4. Effect of P(EO-b-S) diblock copolymer on g

The effect of diblock copolymer on g of the bulk PEO-8/
PS-3 system was examined by mixing small amounts of
P(EO-b-S)-4, P(EO-b-S)-11, and P(EO-b-S)-53 in PEO-8.
Since the mixture of PEO-8 and P(EO-b-S)-53 exhibited mac-
roscopic phase separation, the concentration of the copolymer
was limited in the range less than 1 wt%. The behaviour of
electric deformation curves in these systems was similar to

Fig. 4. Dependence of g on MPEO
�2/3 for PEO/PS and PEO/(PS/DOP(40))

interfaces.
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the system without the copolymers. Thus, g was determined in
the same manner as described above. The results are listed in
Table 4.

It is seen that by addition of 1 wt% of the diblock copoly-
mers to the PEO-75, g decreases from 3.8 to 1.5� 0.5 mN/m
and the further increase of the copolymers does not cause large
changes of g. This indicates that the adsorption of the copol-
ymers at the interface is saturated by addition of the copoly-
mer less than 1 wt%. It is seen in Table 4 that g decreases
with increasing M of the copolymer. Although the ratio of
the PS and PEO block molecular weights of these copolymers
are not fixed, g is plotted with respect to the total molecular
weight Mb of the copolymer in Fig. 5. We see that g is approx-
imately linear to log Mb.

Noolandi and Hong calculated g for a system composed of
two homopolymers A, B, block copolymer AB, and solvent S
based on a mean field theory [32,33]. They calculated g for
a symmetric system: NhNA]NB]N, NbhNbA]NbB where
N is the degree of polymerization, and suffices bA and bB
represent the block chains A and B of the block copolymer.
The interaction parameters cAS and cBS between S and the
polymers A or B are assumed to be zero. The change of the
interfacial tension Dg by addition of the block copolymer
AB to the bulk A/B system is given by

Dgy4bd

�
c

2
þ 1� expðNbc=2Þ

Nb

�
��4bdc2Nb

8
ð10Þ

where d is a constant representing the width of the interphase,
4b the volume fraction of the block copolymer, and c the
interaction parameter. One of the differences between the pres-
ent system and the model used in the theory is that the theory
assumes that the molecular weights of A and B are infinitely
high while in our experiment, the molecular weight of PEO
and PS is similar to the block copolymer. However, this dif-
ference may not affect much the Mb dependence of g since
Noolandi and Hong [32] performed numerical calculation of
g between A and B containing AB and indicated that the effect
of M of A and B on g was not strong (see Figs. 4 and 5 of
Ref. [32]).

The theory (Eq. (10)) predicts that g decreases with in-
creasing molecular weight Mb and 4b of the block copolymer.
However, the present results indicate that g is almost indepen-
dent of 4b in the range of the copolymer content used in this
study. This indicates that the critical micelle concentration
4(cmc) of P(EO-b-S) in PEO is lower than 1 wt% and only
a part of P(EO-b-S) is dissolved in the PEO phase. Thus, the
effective concentration of P(EO-b-S) remains constant. Leibler
et al. [37] indicated theoretically that 4(cmc) decreases rapidly

Table 4

Interfacial tension g (mN/m) between PEO-8 containing P(EO-b-S) and PS-3

System Content (wt%) of P(EO-b-S) in PEO-8

0.5 1 2 3 4 6

[PEO-8/P(EO-b-S)-4]/PS-3 e e 2.1 1.8 2.0 2.0

[PEO-8/P(EO-b-S)-11]/PS-3 e 1.5 1.5 1.4 1.4 e

[PEO-8/P(EO-b-S)-53]/PS-3 1.0 1.0 e e e e
with increasing Mb. Therefore, the Mb dependence of g shown
in Fig. 5 is due to two competitive effects: the decrease of the
effective copolymer concentration and the increase of the sur-
factant effect of the block copolymer with increasing Mb.
Although the free energy DF for formation of micelles has
been calculated theoretically by Libler et al. [47] and Noolandi
and Hong [32], DF is composed of several terms and 4(cmc)
cannot be given by a simple analytical function of Mb. There-
fore, detailed comparison with the theory and experimental
result is difficult. The result shown in Fig. 5 indicates that
the Mb dependence of the surfactant effect is slightly stronger
than the Mb dependence of 4(cmc).

4. Conclusion

The interfacial tension g between poly(ethylene oxide) PEO
and polystyrene PS was measured by utilizing electric defor-
mation of droplets and the effects of diluent and poly(ethylene
oxide-b-styrene) diblock copolymer P(EO-b-S) on g were
examined. It was found that this method is relatively handy
and is suited for measurements of g between highly viscous
polymers. The dependence of g on molecular weight of PEO
(MPEO) has been examined: g at the lowest MPEO (¼260) is
highest and with increasing MPEO, g reaches a minimum at
about MPEO¼ 480 and in the range of MPEO> 1000, g be-
comes almost independent of MPEO. This complicated behav-
iour can be explained by considering the polar contribution of
the interfacial energy of the end OH groups. The interfacial
tension between bulk PEO and 40% DOP solution of PS is
smaller than the bulk system and increases slightly with in-
creasing MPEO. The result can be explained approximately
with Vrij theory indicating that the diluent acts to increase
the interfacial region. In both of the bulk PEO/PS and PEO/
PS solution systems, g does not conform to the M�2/3

Fig. 5. The plateau value of g versus molecular weights of P(EO-b-S).
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dependence. When 1 to 6 wt% of P(EO-b-S) is added to PEO,
g decreases due to the surfactant effect of the diblock copoly-
mer. With increasing molecular weight Mb of the diblock co-
polymer g decreases slightly, but is almost independent of the
content 4b of the block copolymer. This indicates that the
critical micelle concentration 4(cmc) of P(EO-b-S) in PEO is
lower than 1 wt%. The result can be explained by considering
the competitive two effects, namely the decrease of the effec-
tive concentration and the increase of the surfactant effect of
the block copolymer with increasing Mb. The Mb dependence
of the surfactant effect is stronger than the Mb dependence of
4(cmc).
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