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ABSTRACT: The A—B-type silicone copolymer, Me3;SiO—(Me;SiO)3—Me,SiCH,CH,CH,—O—(CH>-
CH;0)516H (SizsC3EOs16), forms only lamellar liquid crystal (L,) in water over a whole range of
concentrations. Rich phase behavior was observed upon addition of conventional nonionic surfactant,
C12EOs, whose molecular weight is ~1/10 of Si»sC3EOs;6. For both amphiphiles, f, the volume fraction of
hydrophilic part in amphiphile, is the same, and f = 0.5. C12EOs alone forms aqueous micellar solution
(Wm), normal hexagonal (H;), bicontinuous cubic (Vi), lamellar (L), and reverse micellar solution (On)
phases in water with increasing surfactant concentration. On the other hand, W, discontinuous micellar
cubic (I1), L, reverse bicontinuous cubic (V2), and reverse hexagonal (H) phases are successively formed
in water at a 70/30 weight ratio of Si»sC3EOs;6/C12EOs. A reduction in the effective cross-sectional area
per amphiphile at hydrophobic surface (as) takes place upon addition of C12,EOs in the mixed system. A
small amphiphile, C1;EOs, is dissolved in the copolymer L, phase, and a relatively small amount of
surfactant occupies a rather large area at an interface of aggregates, although the as for Siz;sC3EQOs; 6 in
the L, phase is more than double that for C1,EOs. Hence, the surfactant mainly dictates the morphology
or amphiphile-layer curvature in the mixed system. The copolymer is practically insoluble in the L, phase
of C1,EOs due to the packing constraint. Hence, two L, phases coexist in a surfactant-rich region at Ws
= 0.75, where Ws is the weight fraction of total amphiphile in the system. On the other hand, the copolymer
L. phase changes to the I, phase with increasing the surfactant mixing fraction at Ws = 0.55. The spherical
micelle in the I, phase has a double-layer structure in which the surface is covered by surfactant and the

core is pure poly(dimethylsiloxane) chain.

I. Introduction

A—B-type block copolymer forms a variety of self-
organized structures in solution or melted state depend-
ing on the A/B ratio. Since poly(dimethylsiloxane) chain
is very flexible and is in a liquid state at room temper-
ature, poly(oxyethylene)—poly(dimethylsiloxane) copoly-
mers form various liquid crystals in water or 0il.1=6 On
the other hand, conventional nonionic surfactants such
as poly(oxyethylene) dodecyl ethers (C12EO,) also form
various liquid crystals such as lamellar, hexagonal, and
cubic phases.” Although mixtures of surfactants and
polymers were extensively investigated,® there have not
been a number of studies on the mixed systems of
nonionic surfactants and nonionic amphiphilic copoly-
mers.%10

Among the various self-assemblies of amphiphilic
molecules, lamellar liquid crystal (L) is located in the
middle of the liquid-crystal sequence because the aver-
age amphiphilic layer curvature is zero. It is known that
the volume fraction of A in A—B copolymer, f, and Ny
dictate the morphology of self-organized structures in
a copolymer melt, where y is the Flory—Huggins seg-
ment—segment interaction parameter and N is the
polymerization degree.l! f determines the curvature of
the amphiphilic layer, and Ny is related to the segrega-
tion tendency of A and B chains.
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In a nonionic surfactant system, the volume fraction
of the hydrophilic part in surfactant, which is the same
as f, is related to classical Griffin's HLB number to
evaluate hydrophile—lipophile balance of surfactant.1213
Even in water, the HLB number or f dictates the
surfactant layer curvature in the case of poly(oxyeth-
ylene)-type nonionic surfactants.313 The segregation
tendency between hydrophilic and lipophilic chains
increases upon addition of water, and it affects the
surfactant layer curvature. For example, the both
hydrophilic and lipophilic volumes of C;1,EOs are almost
the same, and the L, phase is a dominant liquid crystal
formed in water.1415 But, it also forms an aqueous
micellar solution phase at low surfactant concentration,
whereas the reverse micellar solution phase is produced
at high concentration. Hence, if copolymer and surfac-
tant are the balanced amphiphiles, we could elucidate
the effect of molecular size and added water on the self-
organized structures of mixed amphiphile in water. In
other words, we would know the effect of mixing
amphiphiles of different Ny on the phase behavior in
water at constant f.

In this context, we choose Me3SiO—(Me;SiO),3—Me;-
SiCHzCH2CH2—O—(CH2CH20)51_5H (Si25C3E051_6) as a
copolymer and CjizH25(CH2CH20)s0H (C12EOs) as a
nonionic surfactant, and the phase behavior of their
mixture in water was investigated by phase study and
small-angle X-ray scattering (SAXS) measurement.
Both molecules are balanced amphiphiles because the
volume of hydrophilic EO part is more or less similar
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to that of hydrophobic part. The hydrophobic parts of
the amphiphiles are different, but poly(dimethylsilox-
ane) and hydrocarbon are miscible if both chains are
not extremely long.

Il. Experimental Section

A. Materials. Me3SiO—(Me;Si0),3—Me;SiCH,CH,CH,—O0—
(CH2CH;0)s16H was obtained from Dow Corning-Toray Co
Ltd., Japan, where Me is a methyl group attached to Si atom.
It is abbreviated as Siz;sC3EOs; g and is regarded as a copolymer
in the present paper, although it can be also considered as a
silicone surfactant.®® Its purity is greater than 94.6%. The
polydispersity index, Mw/M,, for the poly(dimethylsiloxane)
chain is 1.20, and that for the poly(oxyethylene) chain is 1.13,
which were confirmed by gel permeation chromatography. The
main impurity is unreacted poly(dimethylsiloxane), which was
removed by washing the copolymer with hexane at least three
times. Homogeneous penta(oxyethylene) dodecyl ether (Ciz-
EOs) was obtained from Nikko Chemicals Co. The molar
volumes of copolymer and surfactant are 3996 and 418 cm?
mol~, respectively. The volume of poly(oxyethylene) part is
2011 cm?® mol~* for SizsC3EOs1.6 and 203 cm® mol~? for C12EOs.
Hence, the volume fraction of the EO part in total amphiphile,
f, is almost 0.5 for both amphiphiles, and the molecular size
of the silicone copolymer is almost 10 times bigger than the
nonionic surfactant.

B. Determination of Phase Boundary. Various amounts
of water and surfactant were weighed in ampules and sealed.
These ampules kept in a thermostat were well shaken and
left at constant temperature. Homogeneity was attained using
a vortex mixer and repeated centrifugation through the narrow
constriction of the sample tubes. Phase equilibria were deter-
mined by visual observation of the samples in normal light
and also observed between crossed plorizers for anisotropy.
The sample composition is given by the overall weight fraction
of the amphiphile (or copolymer/surfactant mixture) in water
Ws = (w1 + wy)/(w; + wz + wy), and the weight fraction of the
surfactant in the surfactant/copolymer mixture W, = wa/(wy
+ w,). The types of liquid crystals were identified by means of
a polarized optical microscope and small-angle X-ray scatter-
ing.

C. Small-Angle X-ray Scattering (SAXS). Interlayer
spacing of liquid crystal was measured using SAXS, performed
on a small-angle scattering goniometer with an 18 kW Rigaku
Denki rotating anode goniometer (Rint-2500) at about 25 °C.
The samples of liquid crystals were lapped by plastic films for
the measurement (Mylar seal method). Since the critical
micelle concentration or monomer solubility of both molecules
are extremely low and water enhances the segregation ten-
dency of hydrophilic and hydrophobic parts of amphiphiles,
we assume that all the amphiphilic molecules are located at
an A—B interface in aggregate.

D. Calculation of the Volume Fraction of Lipophilic
Part of Amphiphiles. The volume fraction of lipophilic part
of amphiphile (surfactant or copolymer) was calculated by
using the following equation:

Vi
O VS A @)
Vg + —
pw  Ws

where Vs and V,_ are the molar volumes of amphiphile and its
lipophilic moiety. pw is the density of water, Ms is the
molecular weight of amphiphile, and Ws is the weight fraction
of amphiphile in the water—amphiphile system. In the calcu-
lation of mixed amphiphile system, we assumed the following
equation

VgorV or Mg=x,Y; + XY, 2
where x; and x, are mole fractions and Y; and Y, are extensive

properties of copolymer and surfactant, respectively. The
values of V_ are 215 cm®mol or 0.357 nm?®molecule for Cy,t’
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and 1985 cm3/mol or 3.29 nm3/molecule for SipsCs.2 We assume
that spherical micelles are packed in a cubic array in the I
phase, infinitely long rod micelles are packed in a hexagonal
array in the H, phase, and infinitely wide bilayers are stacked
in a parallel way in the L, phase. It is also assumed that the
poly(oxyethylene) chains or water molecules do not penetrate
into the hydrophobic part of aggregate. According to geo-
metrical relations, the following equations hold for the inter-
layer spacing, d, and the volume fraction of lipophilic part of
amphiphile, ¢, for each liquid crystal

Y] 1-— 1/2
for the H, phase  d = (2v/3m)"? - Chul ®)
as ¢|_
for the L, ph gt @
or the ase S
aP 2 B
1/3
n Vv,
for the I, phase  d = (36n)1’3m—*(i)1/3 (5)
Vh2 + 12 + 12 3s\0L

where as and v|_ are the effective cross sectional area and the
volume of lipophilic part per amphiphile, respectively. ny is
the number of micelles in a unit cell. h, k, and | are the Miller
indices. Since d values are obtained from the most intense
diffraction peak hkl = (111), h? + k? + I? is 3, and np,, = 4, for
a normal face-centered-cubic structure.'®

111. Results

A. Phase Behavior of Each Amphiphile in Water.
C12EOs forms an aqueous micellar solution phase in
water in a dilute region,'#1519 in which rod micelles exist
at room temperature.?%?1 With increasing surfactant
concentration, normal hexagonal liquid crystal (H,) is
produced. The maximum temperature of the H; phase
is around 20 °C. The Hj phase is successively changed
to lamellar liquid crystal (L,) via a narrow bicontinuous
cubic phase (V1) around 60 wt % of C12EOs. The Lg
phase is stable up to 80 °C and is a dominant phase in
the binary water—C;,EOs system. Finally, the L, phase
is changed to surfactant liquid or reverse micellar
solution phase (Om) above 90 wt % of surfactant. Hence,
with decreasing the water content, the surfactant layer
curvature is gradually changed from positive to nega-
tive, where the positive curvature means the surfactant
layer is convex toward water in aggregates.

In a binary water—Si»sC3EOs; 6 System, the L, phase
is only one liquid crystal as is shown in Figure 1. Since
poly(dimethylsiloxane) chain is in a liquid state even
at low temperature, the melting temperature of the
copolymer solid is mainly related to the melting tem-
perature of the poly(oxyethylene) (EO) chain. SixsCs-
EOs16 forms an L, phase even at 100% above the
melting temperature. The melting temperature of the
copolymer solid is rapidly decreased with increasing
water content due to the hydration of EO chain. In the
dilute region, the L, phase coexists with excess water
phase (W). Different from the water—Ci,EOs5 system,
the copolymer layer curvature is not changed over a
whole range of composition in the water—Si;sC3EOs; ¢
system, although the hydrophilic/hydrophobic volume
ratios of both amphiphiles are almost unity. In a short-
chain C1,EOs5 system, the segregation tendency of EO
chain and hydrocarbon chain increases upon addition
of water, and the repulsion between the EO chains also
increases with increasing its hydration. As a result, the
surfactant layer curvature becomes positive with in-
creasing water content. Although the same effect can
be expected in the copolymer system, the layer curva-
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Figure 1. Phase diagram of the binary water—Si;sC3EOs; ¢
system as a function of weight fraction of copolymer. L, and
W indicate lamellar and excess water phases, respectively. S
is a solid-present region.
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Figure 2. Change in interlayer spacing (d) of the lamellar
phase as a function of 1/¢s in the binary water—Si;sC3EOs; 6
(O) and water—C,EOs (M) systems. ¢s = the volume fraction
of amphiphile (surfactant or copolymer) in the system.

ture becomes flat because the lipophilic chain is too long
to be compressed in a cone shape in the aggregate with
a positive curvature.

We measured the interlayer spacing, d, of the L,
phase by SAXS measurement. The results are plotted
against the reciprocal of the volume fraction of am-
phiphile, ¢s, in Figure 2. In the both systems, the linear
relationship between d and 1/¢s holds, and the bilayer
is just swollen by water, although d for both systems
are very different. We obtained the d values for 100%
amphiphiles by extrapolating the lines in Figure 2. The
effective cross-sectional area per amphiphile, as, was
calculated by eq 4 using these d values; 1.02 nm? for
Si25C3E051,5 and 0.42 nm?2 for C12EO:s. The half-thick-
ness of the hydrophobic part in the L, phase is 3.22 nm
for Six;sC3EOs;6 and 0.85 nm for C1,EOs. Although as

Poly(oxyethylene)—Poly(dimethylsiloxane) Copolymer 9095

120

Temperature/ °C

Water LA W,=03

Figure 3. Phase diagram of the water/Si;sC3EOs; 6/C12EOs
system as a function of temperature. The C1,EOs/(C12EOs +
SixsC3EOs16) Weight fraction is constant (W2 = 0.3). W, |,
Lo, V2, and H are aqueous micellar solution, normal discon-
tinuous cubic, lamellar, reverse bicontinuous cubic, and reverse
hexagonal phases, respectively. Il indicates a two-phase region.

remains almost constant, the hydrophobic half-thickness
(dy) is slightly suppressed upon addition of water. The
half-thickness of copolymer is about 4 times bigger than
that for the surfactant, although the molecular sizes are
10 times different, because the as for Si;sC3EOs: 6 iS
almost 2.5 times larger than that for C;,EOs. The
effective cross-sectional area, as, is determined by the
balance of the contraction force due to interfacial tension
at A—B interface and the repulsion due to the entropy
loss arising from the packing of each chain in a
particular restricted volume of the aggregates. Since
both hydrophilic and hydrophobic parts of SizsC3EOs; 6
are very long, the entropy loss is very large when they
are completely extended or stretched.?? Due to this
effect, the as increases with increasing copolymer chains
even if f is constant. Note that a short-chain silicone
copolymer (or surfactant) occupying the cross-sectional
area is similar to that of a conventional hydrocarbon
surfactant.?

B. Phase Behavior of Mixture in Water. Figure 3
shows the phase diagram of the water/C12,EQOs/SizsCs-
EOs16 system as a function of temperature. The Ci,-
EOs/Si»sC3EOs; 6 weight ratio is kept constant (30/70),
W, = 0.3. Although the H; and L, phases are formed in
the binary water—C,,EOs5 system and only the L, phase
is produced in the binary water—Si;sC3EOs; ¢ system,
aqueous micellar solution (Wp,), discontinuous cubic (I7),
lamellar (L,), reverse bicontinuous cubic (V3), and
reverse hexagonal (H,) phases are successively formed
in the mixed amphiphile system. Thus, the phase
behavior in the mixed amphiphile system is richer than
that in each binary system. All the liquid crystals are
thermally sable and melt to micellar solution phase
through a narrow two-phase region with increasing
temperature. The cloud temperature (T¢c) phenomenon
appears at a high-temperature region, and T¢ = 102 °C
for 2 wt % amphiphile in water. However, the T¢ curve
is not shown in Figure 3.

The typical SAXS spectra for different liquid crystals
along with their reciprocal of the spacing ratios are
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Figure 4. (a) Typical SAXS spectra for H;, V3, Ly, and Iy
phases and (b) change in interlayer spacing (d) and effective
cross-sectional area per amphiphile (as) of each liquid crystal
in the water—mixed amphiphile (W, = 0.3) system at 25 °C.

shown in Figure 4a. The 11 phase is optically isotropic
and highly viscous phase. The SAXS peak ratios +/3:
V4:4/8:4/11 obtained from the diffraction planes (hkl)
= (111), (200), (220), and (311), respectively, for the I;
phase suggest that this cubic phase is probably a face-
centered-cubic phase belonging to F23 space group,
which is one of the typical space group for the discon-
tinuous micellar cubic phase.’®23 In general, the H;
phase is present between the I; and L, phases, but the
H; phase is missing in the present mixed amphiphile
system. However, the I, phase directly touches the Wp,
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phase. This also suggests that the I, phase consists of
discrete micelles.

Another cubic phase (V) is located between L, and
H, phases. The SAXS peak ratios +/6:4/8:4/14 obtained
from the diffraction planes (hkl) = (211), (220), and
(321), respectively, show that this cubic phase belongs
to 1a3d space group, which is a typical space group for
a bicontinuous cubic structure.?* Since the V, phase is
located between L, and H; phases, it is a bicontinuous
structure in which the amphiphilic-layer curvature is
slightly negative. The hexagonal phase in the concen-
trated region is a reverse type (H,), because it is located
between the L, and surfactant liquid phase. The change
in interlayer spacing, d, is also shown in Figure 4b. The
d gradually increases with increasing water content,
while as is not largely changed. The as value is in
between each as in water—C3,EOs and water—SizsCs-
EOs;6 Systems. In each liquid crystal, as is slightly
increased with increasing water content, and then, the
as decreases when the type of liquid crystal is changed
to another with more positive curvature as is shown in
Figure 4b. With the increase in water content, the
hydration of EO chain increases. It causes an increase
in repulsion between EO chains and hence an increase
in as in each liquid crystal. Since the hydrophobic part
of an aggregate in the present system is a mixture of
lipophilic chains of very different lengths, as is de-
creased by changing the morphology as well as the short
surfactant system.

C. Two Coexisting L, Phases. Although both am-
phiphiles form the L, phase in water, the interlayer
spacings are very different due to the big difference in
molecular size. To know the compatibility of both
molecules in the L, phase, the interlayer spacing of the
L, phase was measured as a function of mixing fraction
of C1oEOs in C1EOs + Si25C3EO51,6 (Wz) at constant
water content (25 wt % in the system, Ws = 0.75), and
the result is shown in Figure 5a. When a small amount
of Si;sC3EOs;6 is added to the L, phase (di') in the
water—Cy2,EOs5 system, the SAXS peak with a wide
interlayer spacing (d,) appears, where d;' and d; are
the first peaks for the surfactant lamellar (L") and the
copolymer lamellar (L,) phases, respectively. With
increasing Si»sC3EOs; ¢ content, the intensity of SAXS
peak for d; increases whereas that for d;' decreases.
Finally d;" peak disappears at W, = 0.4. The peak ratios
for both liquid crystals are d;:d, = d;":dy’ = 1:1/,, which
correspond to the lamellar structure. The SAXS peaks
in Figure 5a clearly show that two lamellar phases
coexist in a C1,EOs-rich region. Hence, the L, phase in
Figure 3 belongs to the copolymer L, phase.

The interlayer spacings d and d' are plotted against
the mixing fraction of C1,EOs (W) in Figure 5b. The d
and the half-thickness of the hydrophobic part, d., are
sharply decreased by replacing silicone copolymer with
surfactant. It means that the silicone chains are com-
pressed in the direction vertical to the surface because
as is not expanded by the mixing. As is shown in Figure
5b, there is a limit for poly(dimethylsiloxane) chain to
be compressed up to d. = 1.7 nm, and hence, the
surfactant cannot be incorporated more in the L, phase
of SigngEOsllﬁ beyond W, ~ 0.45. Si25C3E051,6 is practi-
cally insoluble in the C12EOs L' phase, because the half-
thickness is too small (d.' = 0.82 nm at W, = 1) to
include the poly(dimethylsiloxane) chain in the surfac-
tant bilayer. In the two-phase region, both interlayer
spacings, d and d’, are constant, and d' is exactly the
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Figure 5. (a) SAXS spectra and (b) change in interlayer
spacing (d or d') and half-thickness of the hydrophobic part
(dL or d.') of two L, phases as a function of W, at a constant
Ws = 0.75 at 25 °C. The SAXS peak ratios d;:d; = d;":d,' =
1:1/, hold for both L, phases. The symbols without and with
prime ' represent the copolymer-rich L, phase and the sur-
factant-rich L, phase, respectively.

same as that in the pure C1,EOs system. It also suggests
that Si»sC3EOs; 6 is completely insoluble in the C1,EOs
L. phase.

D. Lo—11—Wy, Phase Transition. At a high water
content, the L, phase in the Si»sC3EOs; ¢ System changes
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Figure 6. Change in interlayer spacing (d) of the L, and I,
phases as a function of W, at a constant Ws = 0.55 at 25 °C.
d. is the half-thickness of the hydrophobic layer in the L,
phase, and r, is the radius of the hydrophobic core of micelle
in the 1, phase.

to aqueous micellar solution phase via the 11 phase upon
addition of C12EOs. We also measured the interlayer
spacing as a function of W, at 45 wt % water (Ws =
0.55), at which C1,EOs alone forms an aqueous solution
phase (W) at 25 °C. The result is shown in Figure 6.
As well as in Figure 5b, d decreases with increasing Ci2-
EOs content up to W, =~ 0.45. However, both am-
phiphiles are still miscible with each other, and the L,—
1, phase transition takes place. The radius of hydrophobic
part of micelles in the 11 phase, ry, is very large, ~4 nm.
As is shown in Figure 3, the Wy, phase is present in a
dilute region of the I, phase; i.e., this large micelle is
soluble in water.

With the further increase in C;2,EOs content at a
constant Ws = 0.55, the I, phase is also changed to the
W, phase. Since rod micelles are present in the Wy,
phase in the binary water—C1,EOs system,? the sphere—
rod transition takes place. It is not known whether the
large spherical micelle is continuously changed to the
surfactant rod micelle or both spherical and rod micelles
coexist in the Wy, phase. In the more dilute region, Ws
= 0.45, C1,EOs forms the H; phase at temperatures
below 25 °C. Si,sC3EOs; g is immiscible and coexists with
the surfactant H; phase up to ~23 °C and W, = 1-0.75
at constant Ws = 0.45. At room temperature, the Hj-
present phase is changed to an aqueous solution phase.
Probably, this isotropic solution phase consists of two
kinds of micelles, namely small surfactant micelle and
big composite micelle (surfactant—copolymer mixed
micelle).®1° The population of the composite micelle
increases with increasing copolymer weight ratio and
forms the 11 phase beyond W, < 0.6, and finally, the I;
phase is changed to the copolymer lamellar phase.

1V. Discussion

A. Change in as. If each molecule occupies the same
area as that in nonmixing state, the average as should
be linearly changed according to the following equation
obtained from eq 2,

as = X8gq) T X850 (6)
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Si5C3EOs,; 6 X2 C2EOs
Figure 7. Change in as as a function of mole fraction of Cj,-

EOs in C12EOs + SixsC3EOs: 6 (X2) at constants Ws = 0.75 (O)
and Ws = 0.55 (@).

where ag(1y and as() are the effective cross-sectional area
for SixsC3EOs16 and C12EOs in the nonmixing state,
respectively. However, as is shown in Figure 7, as is
considerably lower than the molar average (dotted line).
We assume that all the surfactant molecules are located
at an interface. Since the segregation tendency between
surfactant and poly(dimethylsiloxane) chain of copoly-
mer is enhanced in the presence of water, the mono-
meric solubility of surfactant in the poly(dimethylsilox-
ane) part must be very low. Hence, the reduction of as
implies that asq) andlor asp) are decreased in the
mixture.

In nonionic surfactant systems, if the EO chain length
is the same, the as values are similar for both hydro-
carbon and poly(dimethylsiloxane) surfactants of the
same volume.? Therefore, the reduction of as is mainly
attributed to the reduction in repulsion of copolymer
chains on the both sides of A—B interface due to the
mixing of amphiphiles with different chain lengths. As
is schematically shown in Figure 8, when amphiphiles
with different chain lengths are mixed, the long chain
has more space than that in pure copolymer system. The
entropy loss decreases, and the reduction in repulsion
takes place on the both sides of the A—B interface. The
reduction in as is also known in the mixed nonionic
surfactant system.2® The reduction in as is large when
the surfactants of very different chain lengths are
mixed. Hence, probably, the as for Si;sC3EOs; ¢ is mainly
reduced in the mixture in comparison with the as for
C12EO:s.

B. Phase Transition. When C1,EOs content in-
creases in the L, phase, as and d,_ decrease as is shown
in Figures 5b, 6, and 7. Then, the long poly(dimethyl-
siloxane) chain has to be confined in the narrow length
in the direction vertical to the surface as is schemati-
cally shown in Figure 8. The same thing happens for
the long EO chain in the hydrophilic part. At the
surfactant/(surfactant + copolymer) weight fraction W,
= 0.4, the d_ reaches a minimum, 2 nm for Ws = 0.55
and 1.7 nm for Ws = 0.75; beyond this concentration
the surfactant is not dissolved more in the copolymer
L, phase. In other words, the half-thickness cannot be
reduced more because the reduction in d_ is energeti-

Macromolecules, Vol. 34, No. 26, 2001

‘|d. =33 nm

: ag=1nm2

(a) Copolymer L, phase

(b) Mixed amphiphile L, phase

Figure 8. Schematic representation of copolymer L, phase
(a) and L, phase in the mixed amphiphile system (b).

cally unfavorable for both lipophilic and hydrophilic
chains of the copolymer. In the dilute region (Ws = 0.55,
filled circle), the as is larger than that in a concentrated
region (Ws = 0.75, open circle) close to the boundary of
the L, phase in Figure 7. Although the amphiphile
mixing fraction is almost the same (W, ~ 0.45) at the
boundary of L, phase at Ws = 0.75 and 0.55, the
hydrophilic part (water + EO chain) is larger and has
more space for the EO chain in the dilute region (Ws =
0.55). Then, this large as is attributed to the increase
in repulsion of EO chain due to the increase in hydration
in the dilute region. At the high surfactant concentra-
tion (Ws = 0.75), the pure surfactant L, phase is
separated from the copolymer L, phase. If the copolymer
L, phase is changed to a spherical micelle, the volume
fraction of mixed amphiphile + hydrated water exceeds
the critical volume fraction of the closest packing
spheres. Hence, the surfactant L, phase coexists with
the copolymer L, phase.

On the other hand, in the dilute region (Ws = 0.55),
by changing from L, to I; phases, the distance between
EO chains can separate, and the EO chain has more
space in the direction normal to the surface as is
schematically shown in Figure 9. Simultaneously, the
poly(dimethylsiloxane) chain has more freedom because
the half-thickness d._ in the L, phase is changed to the
large radius of spherical micelle, ry, in the I; phase. For
these changes, the amphiphiles can form the mixed
aggregate even in the surfactant-rich region without
change in as. At the boundary between the L, and I;
phases at W, ~ 0.45, the mole fraction of C12EOs in Ci»-
EOs + SixsC3EOs1 6 is X2 = 0.9 or more. Since the as for
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Spherical micelle in the I phase

Figure 9. Schematic representations of spherical micelle in
the I, phase in the mixed amphiphile system.

Sip;sC3EOs: 6 is almost double that for C12,EOs, the short
surfactant molecules approximately cover the 80%
surface of aggregate. The aggregation number of the
micelle in the I, phase is 430, in which 30 copolymer
molecules are included. Hence, as shown in Figures 8b
and 9, bilayer in the L, phase or spherical micelle in
the 1; phase has double-layer structure in which sur-
factant mainly occupies the surface and the core is
almost pure poly(dimethylsiloxane) part. The extended
length of poly(dimethylsiloxane) is lmaxa) = 6.7 nm,
whereas it is Imaxz = 1.55 nm for the dodecyl group.
Hence, the Imaxa) — Imax@) parts have rather free space
and can be easily distributed to make a purely siloxane
oil pool, unless there is any monomeric solubility of the
C12EOs.

The 11 phase is changed to the Wy, phase at Ws = 0.55
with the further increase in C1,EOs fraction. It is known
that rod micelles exist in the dilute region of the water—
C12EOs system.?0 Hence, the rod—sphere transition of
micelle takes place in the Wy, phase from the surfactant
side. The surfactant rod micelle is changed to a spherical
micelle upon addition of hydrocarbon because the
hydrocarbon is solubilized in the lipophilic part and
makes an oil pool inside the micelle.28 In this case, since
the volume of the hydrophobic part increases whereas
total surface area is not largely changed, the rod—sphere
transition takes place. In the present system, although
copolymer is an amphiphile, the same phenomenon
takes place because the long poly(dimethylsiloxane)
chain makes an oil pool inside the micelle.

V. Conclusion

The poly(oxyethylene)—poly(dimethylsiloxane) copoly-
mer, SiosC3EOs; ¢ with equal volumes of hydrophilic and
lipophilic parts (f = 0.5), forms only lamellar liquid
crystal in water. A large amount of surfactant is
dissolved in the copolymer aggregate, whereas copoly-
mer is hard to dissolve in the surfactant (Ci2EOs)
aggregate because of the large size of the copolymer.
The considerable reduction in an average effective cross-
sectional area per amphiphile, as, takes place in the
copolymer L, phase because the long lipophilic and
hydrophilic chains of the copolymer have a space in the
mixture much more than that in pure state, and the
reduction of repulsion between chains occurs. The half-

Poly(oxyethylene)—Poly(dimethylsiloxane) Copolymer 9099

thickness of the bilayer is rapidly decreased with
increasing the surfactant content. As a result, the
copolymer L, phase containing a large amount of
surfactant coexists with the pure surfactant L, phase
at a high amphiphile concentration (Ws = 0.75). On the
other hand, the copolymer L, phase is changed to the
discontinuous micellar cubic phase at Ws = 0.55. Since
the molecular weight of surfactant is low, it covers most
of the surface of the copolymer aggregates even when
the weight fraction of surfactant in the mixture is not
very large. Although both amphiphiles have similar f
= 0.5, the surfactant layer curvature in the water—Cj,-
EOs system gradually changes from negative to positive
with increasing water content. In the mixed amphiphile
system, the layer curvature is also changed from nega-
tive to positive upon addition of water, and rich phase
behavior was observed. Hence, surfactant molecules
mainly dictate the layer curvature of the mixed ag-
gregate. However, in the mixed amphiphile system, the
self-organized morphlogies are different from that in the
pure C12EOs system.
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