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Abstract The interaction between SDS and the swollen
lamellar phase of an A-B-A type nonionic siloxane surfac-
tant IM-22 in 60 % glycerol has been investigated with
macroscopic phase observation, FF-TEM, SAXS, conduc-
tivity, and rheology experiments. Without addition of SDS,
20 % IM-22 forms highly swollen planar lamellar phase
stabilized by strong thermal undulations. Upon addition of
1 mM SDS, the lamellae were transformed into giant
multilamellar vesicles. The size of the vesicles decreases
with increasing the amount of SDS below 5 mM whereas
the number density of the vesicles increases. Further in-
creasing the concentration of SDS leads to break of the
vesicles. In this self-assembly transition process, the vis-
cosity of the system exhibits maximum at 5 mM SDS,
where the system owns property of gels. Conductivity
measurements suggest that SDS starts to bind IM-22 at a
concentration below 2 mM, but SAXS results reveal that
the interlamellar spacings were not affected up to 5 mM.
This was explained by the special interactions in this sys-
tem. On the one hand, the ionization degree of SDS in
60 % glycerol is very low due to the low dielectric con-
stant, which results in lower charge density in the lamel-
lae. Therefore, thermal undulations dominate the

electrostatic forces at SDS concentration below 5 mM.
On the other hand, the mutual phobic nature of SDS with
IM-22 allows break of the lamellae at higher SDS
concentrations.
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Introduction

Various vesicles are of high interest in biology,
pharmaceutics, and material science owing to their appli-
cation in a broad field including membrane mimic [1–4]],
drug delivery [5–7], template synthesis [8–10], and
hydrogels [11]. The research on lamellar structures
[12–15], including planar lamellae and multilamellar ves-
icles (MLV), build up the theoretical understanding on
these systems. The lamellar structures, which are usually
called Lα-phases, were found with anionic [16], cationic
[17], zwitteronic [18–20], and noininc surfactants [21].
The properties of the Lα-phases can be modified with
additives, such as alcohols [22, 23], ionic charges
[24–26], and inert electrolytes [27, 28]. For instance,
charging the low viscous Lα-phases of 100 mM
C14DMAO/220 mM Cn-OH/water gives the system high
viscoelastic properties [14]. Generally, the nonionic la-
mellae structures undergo strong thermally induced out-
of-plane undulations which can be described with
Helfrich equation [29, 30]. These nonionic lamellae can
be conveniently charged up upon replacing about 10 %
C14DMAO by charged surfactant, such as SDS or TTAB
[14]. Charging the lamellae brings up electrostatic repul-
sions to the system, and the undulation is suppressed.
Thus, the lamellae are Bstiffened,^ and the system
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possesses viscoelastic properties [31, 32]. It was shown
by Hoffmann et al. that the shear modulus increases
strongly at the beginning then levels off or slightly passes
over a maximum with increasing the charge density [33].
They have repeated these measurements on many systems
and always found more or less the same behavior.

In this paper, we describe experiments to study the influ-
ence of ionic charges on a swollen Lα-phases formed by an
A-B-A type siloxane surfactant in 60 % glycerol. Owing to
their surface active property both in aqueous and nonaque-
ous media [34, 35], siloxane surfactants find many commer-
cial applications ranging from the manufacture of polyure-
thane foam to cosmetics, textile manufacture, wetting agent,
agricultural adjuvant, and coating additives [36–38]. Like
the interaction between hydrocarbon and fluorocarbon sur-
factants, siloxane surfactants are mutual phobic with hydro-
carbon surfactants. In a previous research [39], we have
reported the influence of SDS on the vesicles of the 1 %
A-B-A type siloxane surfactant—poly (ethyleneoxide)-poly
(dimethylsiloxane)-poly (ethyleneoxide), i.e., EO15-
PDMS15-EO15, which is commercially available under the
name of IM-22. For the sake of convenience, we will use the
name IM-22 as we have used before in the following text.
We found that the vesicles in the 1 % IM-22 were already
broken by addition of 0.4 mM SDS. With progressively
increasing the SDS concentration, the vesicles and vesicle
fragments finally vanish completely, and the system is full of
mixed spherical micelles of SDS/IM-22. Meanwhile, the tur-
bidity of the system decreases with increasing the concen-
tration of SDS (1 % IM-22 aqueous solution is bluish turbid
due to the presence of large vesicles), which is a conse-
quence of the formation of small micelles.

Having the above knowledge in mind, we are curious
about the influence of SDS on the Lα-phases of IM-22.
As we have reported before, the IM-22-water binary sys-
tem separates into L1/Lα two phases at concentration low-
er than 80 % [40]. But, the volume of Lα-phases can be
swollen by substitution of the solvent water gradually
with glycerol owing to the refractive index matching be-
tween that of the lamellae and the solvent which brings up
the disappearance of the attractive van der Waals interac-
tion between the layers so that they have to swell [27]. In
the case of 20 % IM-22 system, the whitish Lα-phase
which is on the bottom of the investigated glass test tube
gradually swells to the whole volume at 60 % glycerol
and the system becomes a single Lα-phase which is col-
orlessly transparent. In such a swollen state, the thermal
undulation of the layer is significant, and the layer is very
soft. Such a swollen Lα-phase is of our interest in this
study. We aim to find out (1) can ionic hydrocarbon sur-
factant SDS stiffen the layers of the siloxane surfactant
IM-22? (2) How the mutual phobic interaction between
SDS and IM-22 a f fec t the swol l en Lα -phase?

Macroscopic phase observation, rheology, and SAXS
measurements were employed to investigate the system.

Experimental section

Phase diagram The samples were prepared by vortex mixing
IM-22-water-glycerol systems in 10-ml test tubes. Air bubbles
were removed by centrifugation. The phases were allowed for
equilibrium under temperature-controlled conditions for at
least 3 days. The phases were characterized by visual inspec-
tion with and without polarizers. The concentration of IM-22
is expressed in weight percent (wt %), while the content of
glycerol in glycerol-water mixed solvent refers to volume per-
cent (v %) to keep the same volumes for all the samples.

Freeze-fracture transmission electron microscopy (FF-
TEM) TEM observations on the replication of samples were
performed by using a JEOL-100CX II electron microscope.
For the preparation of replica, a small amount of sample was
placed in a gold cup; then, the cup was swiftly plunged into
melt of liquid nitrogen. The frozen samples were fractured and
replicated in a freeze-fracture apparatus EE-FED.B freeze-
fracture device equipped with a JEE-4X vacuum evaporator
at ×140 °C. Pt/C was deposited at an angle of 45° and 90°,
respectively.

Conductivity The conductivity measurements were per-
formed on a Seven Multi type (S40) conductivity meter
(Mettler Toledo, Switzerland) at 25 °C using theMI-900 series
conductivity electrodes (Microelectrodes, USA).

Small-angle X-ray scattering (SAXS) SAXS measure-
ments were performed on a Kratky compact small angle
system equipped with a position-sensitive detector (OED
50M, Mbraun, Graz, Austria) consisting of 1024 channels
of 53.0-μm width each. The camera volume was kept
under vacuum during the measurements in order to mini-
mize the background scattering from air. The temperature
was controlled and kept at 25 °C by using a Peltier ele-
ment. The sample holder was a 1-mm quartz capillary
which was filled with the samples by using a syringe.

Rheological measurements The rheological measurements
were performed by a Haake RS600 with a cone and plate
sensor. Temperature in the measuring system was con-
trolled to ±0.1 °C by a thermo-controller (Haake TC
81). The viscous properties were determined by steady-
state shear rate ramping, and the viscoelastic properties by
oscillatory measurements from 0.01 to 10 Hz, for which
the deformation was controlled to be in the linear region.
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Results and discussion

Macroscopic behaviors

In 60 % glycerol solution, the 20 % IM-22 (ca. 82 mM) forms
highly swollen viscous Lα-phase which shows good fluidity
but with large bright domains of stationary birefringence
(Fig. 1). This is neither the same as that of classic lamellar
phase (Lαh) which shows dotted domain-like birefringence,
nor alike that for typical multilamellar vesicle phases (Lαl)
which shows schleren birefringence [25, 31, 41]. Such a bi-
refringent pattern is probably the feature for swollen lamellae
that have strong thermal undulations. As have discussed in
our previous paper [40], the attractive van der Waals interac-
tion between the lamellae almost vanishes to zero in 60 %
glycerol. With increasing the glycerol content in the mixed
solvent, the refractive index of the solvent increases, and the
difference between that of the IM-22 and the solvent de-
creases. At 60 % glycerol system, the refractive index of the
solvent is almost the same as that of the IM-22 compound.
Therefore, the Hamaker constant A, which depends on the
difference between the refractive index of the particles and
the medium, approaches zero, and the attractive force which
is proportional to the Hamarker constant A, between the bi-
layers vanishes. As a result, the repulsive pressure drives the
bilayers to swell, which leads to an increase of the interlayer
spacing, d [40]. The increased interlayer spacing allows for
strong thermal undulation of the lamellae. Addition of
1~2 mM SDS does not change the transparency of the phases
but brings up strong birefringence with large colorful do-
mains. The different colors represent different lamellae orien-
tation, which indicates the existence of giant MLVs. The area
of the colorful domains in 2 mM SDS system is smaller than
that in the case of 1 mM SDS, demonstrating the presence of
smaller MLVs in the 2 mM SDS system. With further addi-
tion of SDS, the system gradually loses its stationary birefrin-
gence, but the viscosity keeps increasing up to 5 mM SDS.
Actually, the samples with 4 and 5 mM SDS lose their fluid-
ity and become gels. Higher than 5 mM SDS results in the
complete loss of the stationary birefringence. Instead, flow
birefringence was observed for samples with up to 40 mM
SDS, which is about half of the molar concentration of the
IM-22. This means that although the phase behaviors of IM-
22 are very sensitive to small amount of SDS, increasing the
SDS concentration may lower this sensitivity. This is proba-
bly because of there are too many SDS binding sites in the
p o l ym e r c h a i n o f IM - 2 2 . A c c o r d i n g t o t h e
EO15-[SiO(CH3)2]15-EO15 composition of IM-22, the total
molar concentration of the subunits of EO and [SiO(CH3)2]
for the 20 % IM-22 system is about 3690 mM, which is a
huge number compared with the added SDS. Therefore, it is
understandable that the change of the phase behaviors is not
sensitive to the SDS concentration after initial binding.

Direct imaging of FF-TEM

The macroscopic changes for the samples with addition of
SDS observed in Fig. 1 reflect the changes in microstructures
in these systems. Micrographs were therefore taken of sam-
ples with various amount of SDS for the 20 % IM-22 in 60 %
glycerol mixtures. In Fig. 2, we show FF-TEM results of 20%
IM-22 in 60% glycerol in the presence of 0, 1, 3, 5, and 8 mM
SDS

It is clearly observed that before addition of SDS, the swol-
len IM-22 Lα-phase is composed of lamellar phases (Fig. 2a).
These lamellae are very soft with strong thermal undulation
(Fig. 2a, as indicated with the short arrow) due to the weak van
derWaals attraction between the layers. The strong undulation
results in the deformation of the planar lamellar structures into
closed giant MLVs (Fig. 2a, indicated with long arrows). The
coexistence of planar and giant MLVs brings up the unchar-
acteristic stationary birefringent pattern for the system as ob-
served in Fig. 1.

After addition of 1 mM SDS to the system, no break of
lamellae is observed, but the planar lamellae become much
stiffer and most of them are changed into giant MLVs
(Fig. 2b). Obviously, the thermal undulations of the shells
have been greatly reduced upon addition of the small amount
of SDS. The existence of predominant giant MLVs is in good
agreement with the colorful birefringence pattern observed in
Fig. 1, which is caused by the deformation of these giant
multilamellar vesicles.

At 3 mM SDS, no planar lamellae can be observed, and the
system is transformed into a vesicle phase (Fig. 2c). Most of
the vesicles are multilamellar with diameters in the range of
100–300 nm, and some of them are deformed. The smaller
vesicle size is in line with the smaller birefringence domains
than that in the 1 mMSDS system. Further increasing the SDS
concentration to 5 mM, the number of the 300 nm vesicles is
greatly reduced, and the system is dominated by densely
packed vesicles of 60–150 nm (Fig. 2d). At much higher
SDS concentration of 8 mM, the size of the majority of vesi-
cles is further reduced to 30–80 nm, although some larger ones
around 300 nm are still observable. The decrease in the vesic-
ular size is reflected in birefringence: the stationary birefrin-
gence disappears gradually, but flow birefringence still exists
due to the presence of small fraction of deformable large
vesicles.

It is noteworthy that the number density of the vesicles in
the 5 mM SDS system is the highest. Further addition of
SDS decreases not only the size of the vesicles, but also
their numbers. This suggests that high amount of SDS could
destroy vesicular structures, probably due to the mutual pho-
bic interaction between SDS and IM-22 molecules. Actually,
in the dilute IM-22 system of 1 %, 0.4 mM SDS was found
to destroy the self-assembled IM-22 vesicles into membrane
fragments with dangling rod-like micelles [39]. Therefore,
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the above experiments suggest that low amount of SDS
charges the lamellar phase of siloxane surfactants, whereas
it breaks the lamellar structure of siloxane surfactant, here
vesicles, at higher concentrations. If we assume that break of
vesicles occurs at the same IM-22/SDS ratio, in the present
20 % IM-SDS system, the amount of SDS that requires to
have apparent effect of breaking should be 8 mM SDS. This
is indeed the case, because we observed that at higher than
8 mM SDS, the system enters into a completely different
state, as will be discussed in the rheology section. Anyway,

it is very clear that that the effect of SDS on nonionic silox-
ane surfactant is different from that on the nonionic hydro-
carbon surfactants, where no obvious break of vesicles was
observed.

SAXS measurements

In order to have an insight on the effect of SDS on the swollen
lamellar structures of IM-22 in 60 % glycerol, SAXS experi-
ments were carried out to study the change in the interlamellar

Fig. 1 Photos between crossed
polarizers of 20 % IM-22 in 60 %
glycerol with different SDS
concentration. The digitals above
the photos are the SDS
concentration (mM)

Fig. 2 Freeze-fracture TEM
micrographs of the 20% IM-22 in
60 % glycerol with different SDS
concentration; a no SDS; b 1 mM
SDS; c 3 mMSDS; d 5 mM SDS;
e 8 mM SDS
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spacing with increasing SDS concentration. As illustrated in
Fig. 3, the scattering intensities for the 0 mM SDS system
show one broad strong maximum. The lack of pronounced
single peak is an indication that the Lα-phase is not highly
ordered. This is in good agreement with the FF-TEM obser-
vations in Fig. 2a that the lamellae undergo strong undula-
tions. Upon addition of 1 mMSDS, the scattering peak is very
much sharpened indicating that the lamellae are much more
ordered. This accords very well with the suppressed undula-
tion of the lamellae observed by FF-TEM in Fig. 2b. With
further increase of SDS concentration up to 5 mM, the
strength of the sharp peak decreases gradually, but the position
of the peak stays roughly constant. This result suggests that
less than 5 mM does not affect the average interlamellar spac-
ing, both for planar phase and for multilamellar vesicles,
which is 34.5 nm according to Brag equation. Recalling the
FF-TEM results, it can be inferred although the spacing be-
tween the lamellae did not change with SDS addition, the
variation of the vesicle size distribution has decreased the
overall order of the lamellae in the system. It is remarkable
in Fig. 3 that higher than 5 mM SDS results in a shift of the
peak position to higher q values, which accord with shrinking
of the lamellae in the vesicles. The interlamallar distances for
the 8 and 10 mM SDS systems were decreased to 29.9 and
25.3 nm, respectively.

The above SAXS results suggest that at SDS concentra-
tions below 5 mM, change of vesicle size is mainly caused
by the increased charge density in the hydrophilic part of the
lamellae, which favors the formation of structures with larger
curvature. Therefore, the loss in vesicular size is compensated
by an increase in the number density of the vesicles. This is in
good agreement with our FF-TEM observations at SDS con-
centrations below 5 mM. However, at SDS concentration be-
yond 5 mM, two situations may occur: on the one hand, the
charge density for the hydrophilic part keep increasing with

more SDS binding so that the vesicles have to shrink in size;
on the other hand, binding of SDS to the hydrophobic part of
IM-22 molecules leads to the break of the lamellar skeleton
due to the mutual phobic interaction between SDS and the
dimethylsiloxane groups. Both effects bring up the decrease
in the size and the number density of the vesicles.

This effect of SDS on the interlayer distance is rather sur-
prising. Other groups reported previously that addition of
around 3.5 mM SDS (0.1 %) already resulted in more than
two times swelling on the interlamellar distance [42]. This can
be probably ascribed to the special interaction between SDS
and IM-22. In hydrocarbon surfactant system, the added SDS
molecules will mix up with the surfactants and participate the
bilayer formation. In contrast, when interacting with IM-22
molecules, SDS molecules can either bind the EO groups or
the siloxane groups of the IM-22 molecules. In the former
case, the presence of SDS will mainly increase the area of
the hydrophilic portion of the IM-22 molecules, which leads
to the formation of structures with larger curvature but the
hydrophobic skeleton of the lamellae is not very much affect-
ed. But, the charges on SDS can stiffen the lamellae slightly,
so that the undulation is reduced to an extent that does not
affect the interlayer spacing. However, in the latter case, SDS
will trigger the break of the lamellae due to the mutual phobic
interaction with the siloxane part. This means that SDS cannot
effectively charge up the lamellae as it does for hydrocarbon
surfactants.

Conductivity measurements

The binding of SDS with IM-22 molecules in 60 % glycerol
should be reflected in the change in the conductivities. We
therefore compared the conductivity of SDS in 60 % glycerol
and that in the presence of 20 % IM-22.

As revealed in Fig. 4a, a break at 17 mM SDS is observed
for the conductivity of SDS in 60 % glycerol, which charac-
terizes the CMC of SDS in 60 % glycerol. This CMC value of
SDS is much larger than that in water (8 mM) [39], demon-
strating a weaker self-association ability of SDS in 60 % glyc-
erol. In the presence of 20 % IM-22, the conductivity of SDS
decreases considerably. Noticeably, no detectable inflection
point was found in the conductivity as the concentration of
SDS increases up to 100 mM. This suggests that the SDS
keeps binding to IM-22 and no pure SDS micelles are formed
even when the concentration of SDS is 100 mM. This is un-
derstandable since the concentration of IM-22 is 20 %, which
is about 82 mM, where the overall concentration of the EO
and [SiO(CH3)2] unit is about 3690mM. This concentration is
much too high when compared with the highest concentration
of SDS. Because SDS can bind to both the EO and
[SiO(CH3)2] unit, it is expected that SDS micelles can be
formed only at cases all the IM-22 in the system are saturated
with SDS.
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Rheological behavior

The change in the microstructures was also reflected in the
macrorheological behaviors. Before addition of SDS, the
swollen lamellar phases of 20 % IM-22 in 60 % glycerin have
good fluidity. With increasing the SDS concentration from 1
to 5 mM, the viscosity of the phases increases dramatically.
The 4~5 mM SDS systems can support their own weight
when the samples are allowed for up-side-down position. Fur-
ther increase of SDS concentration results in again a decrease
of the viscosity. In the following, we show the rheological
results in detail.

In Fig. 5, rheograms of 20 % IM-22 in 60 % glycerol at
various SDS concentrations are shown. The storage modulus
G′, the loss modulus G″, and the magnitude of the complex
viscosity η* are plotted against the oscillating frequency in a
double log plot. The systems can be divided into two catego-
ries according to the rheogram pattern. Category I includes
systems with SDS concentrations 0~5 mM, where the elastic
(storage) moduli are roughly frequency independent (Fig. 5a–
c), whereas category II contains those with higher SDS con-
centrations, where the elastic moduli depends on frequency
(Fig. 5d–f).

Systems with 0~5 mM SDS

This group of samples all has an elastic modulus higher than
viscous modulus in the examined frequency range. Before
addition of SDS (Fig. 5a), the elastic modulus is independent
of frequency below 5 Hz and has a constant value of about
8.5 Pa, whereas the loss modulus G″ is frequency independent
below 0.2 Hz but depends very much on the frequency in the
higher frequency range. This indicates that the phase behaves
partly like soft solid material (gel) which is in-between the
properties of planar lamellae and multilamellar vesicles. This
rheological result is in very good agreement with the observa-
tion from FF-TEM micrographs, where we found the coexis-
tence of undulated planar lamellae and giant multilamellar

vesicles, and also agrees well with the observation of the bi-
refringence in section 1 which gives an untypical pattern.

With addition of only 1 mM SDS, the elastic modulus G′
becomes constant in the range from 0.01~10 Hz, and the mag-
nitude increases to about 14.5 Pa, which means that the layers
have been stiffened by SDS. At 2–5 mM SDS, the rheogram
looks similar to the case of 1 mM SDS system, but the storage
modulus is increased steeply to 18.5, 61.6, 106.5, and
113.0 Pa, respectively. The increase of the shear modulus with
addition of SDS to the 20 % IM-22 in 60 % glycerol aqueous
system can be related with the change in microstructures.
Recalling the FFR-TEM micrographs in Fig. 2 that the ther-
mal undulations of the layers have been greatly reduced upon
addition of SDS, and the system undergoes transition from
planar lamellae -MLVs to ULVs. This demonstrates that sys-
tems with smaller vesicles are more robust in terms of against
shear force. Although we do not have micrographs for all
these samples, it is already very clear in Fig. 2 that vesicles
in 5 mMSDS system are much smaller than those in the 2 mM
SDS system. Hoffmann et al. have found that, under condi-
tions of the same total material, the smaller the vesicles are, the
larger the shear modulus would be [43]. Because the decrease
in the vesicle size means the increase of their number density
N, and the latter results in a higher storage modulus G′, which
is proportional to the number density of the particles accord-
ing to the following equation [44, 45]:

G’≈NkT ð1Þ

Equation (1) tells us that the number of vesicles increases
with addition of SDS to the swollen lamellae phases up to
5 mM SDS. For an MLV system, increase of the number of
vesicles is at the cost of their size. This is in very good agree-
ment with our FFR-TEM observations that at 5 mM SDS,
small vesicles become dominant. The decrease of the vesicle
size also agrees well with the less stationary birefringence for
the 3, 4, and 5 mM SDS systems. The more the shells in the
multilamellar vesicles are, the stronger the birefringence is;
the larger the vesicles, the bigger the colorful domains.
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Therefore, the loss of the stationary birefringence in this sys-
tem indicates that both the size and number of shells of the

vesicles have been greatly decreased. It has to be pointed out
that the magnitude of the shear modulus can also be affected
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by the interactions between the vesicles [46], but increasing
the number of the vesicles will always bring up a stronger
interaction due to the smaller distances between them.

It is also remarkable that at 4 and 5 mM SDS, both the
storage and loss modulus are frequency independent, with
the latter approximately 10 times smaller than the former;
meanwhile, the complex viscosity decreases double-
logarithmically in the shown frequency region, i.e., a through-
out shear thinning behavior is observed. Namely, at SDS con-
centrations around 4~5 mM, one reaches a system with rheo-
logical properties that are typical of a weak gel. This is the
signature of a Binham fluid with a yield stress. Indeed, a
typical yield stress for the samples with 4 and 5 mM SDS
has been found (Fig. 6). The yield stress should come from
the dense packing of the ULVs.

The system with 6~20 mM SDS

At much higher SDS concentration than 5 mM, the pattern of
the rheogram has been completely changed. Both elastic and
viscous moduli become frequency dependent in the whole
experimental range, and the system recovers its fluidity with
flow birefringence. For example, at 0.1 Hz, the shear modulus
drops from 113 Pa sharply to 58.8 Pa for the 6 mM SDS
system. This demonstrates that the number of vesicles is de-
creased when compared with the 5 mM SDS system. Accord-
ing to our previous report on the influence of SDS on the
vesicle structures in aqueous solution [39], the vesicular struc-
tures of siloxane surfactant IM-22 can be destroyed by addi-
tion of SDS. It is, therefore, conceivable that more vesicles are
broken at higher SDS concentration. As discussed in previous
text, it is estimated that it requires at leat 8 mM SDS to break
these vesicles. In this way, the system becomes a mixture of
vesicles and the fragments of membranes with dangling rod-
like micelles [39]. As a result, the dense packing of vesicles

vanishes, and the system shows weak flow birefringence
mainly due to the alignment the fragments under shear force.
The higher the SDS concentration, the weaker the flow bire-
fringence is. As shown in Fig. 5d, the storage and the loss
modulus for the 8 mM SDS system cross at the frequency of
0.05. This means that the system has a structural relaxation
time of 1/ω=1/2πf=3.18 s. At shorter times or higher fre-
quencies, the elastic properties dominate. The rheological
properties of the phases are thus very much like the properties
of a viscous L1-phase, which is an indication that unsymmet-
rical membrane fragments become dominant. According to
our previous study [39], these unsymmetrical membrane frag-
ments may have some rod-like micelles attached. With in-
creasing the concentration of SDS to 9 and 10 mM, the pop-
ulation of such membrane fragments may further increase,
which brings the system with completely different rheological
behavior, as demonstrated in Fig. 5e, f. Now, both moduli are
practically the same over a large frequency range. Such a
rheogram is reminiscent of a phase that is at the sol-gel tran-
sition. This is in line with the dramatic break of vesicles by the
addition of more SDS. At SDS concentration up to 40 mM,
the storage modulus becomes undetectable, and the system
becomes a viscous solution, indicating that no big membrane
fragments present any more.

Apparent viscosities

Because the viscosities of the system vary significantly with
increasing SDS, we therefore are very interested to investigate
the shear viscosities of the systems with increasing SDS con-
centration. Although the viscosities of many viscoelastic so-
lutions follow the Cox-Merz rule, namely, the shear viscosities
as a function of the shear rate and the magnitude of the com-
plex viscosities as a function of the angular frequency have the
same value in the shear thinning region [47], most vesicle
solutions do not show this simple behavior [48]. We therefore
carry out the shear rate ramping viscosity measurement.

Figure 7 shows two plots of the apparent viscosity under
shear versus the shear rate for different contents of SDS. The
viscosity increases as SDS concentration varies from
0~5 mM, but all show shear-thinning behavior with many
complicated details in these shear flow curves. This means
that the phases are very fragile so that the phase structure is
easily affected by shear, which is in line with our SXAS results
that SDS does not affect the phases dramatically so that the
phases are not ‘stiff’ enough against shear. Similar flow curves
are found up to SDS concentration of 7 mM, but the viscosity
exhibit a maximum around 5 mM SDS, then decreases with
increasing SDS concentration.

Surprisingly, further addition of SDS to 8~12 mM, a total
different pattern on the viscosity curve is found. The phases
behave shear-thickening at low shear rate and become shear-
thinning again after pass over a viscosity maximum. This is in
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line with the rheological behaviors of rod-like micelles of
several tens nanometer long [49]. These micelles undergo free
Brownian motions at equilibrium state under slow shear rates.
When the applied shear rate is above a critical value, however,
they tend to rearrange and form larger aggregates. As a result,
shear-thickening occurs [49]. We infer that it is likely most of
the vesicle membranes that have been destroyed by increasing
amount of SDS into rod-like micelles as a result of the mutual
phobic effect between hydrocarbons and the silicones [39].
Although these rod-likemicelles may still dangling from some
membrane fragments [39], they already show unnegligible
influence in the shear behavior. Especially, these rod-like mi-
celles were induced to aggregate at critical shear rates, and this
aggregation allows the rod-like micelles grow into long
worm-like micelles at higher shear rates. Different from rod-
like micelles or several tens nanometer long, a few hundred
nanometer-long worm-like micelles may align under shear, so
that shear-thinning occurs. The position of the shear-
thickening peaks shifts to higher shear rate as SDS concentra-
tion increases from 8 to 12 mM which is probably due to the
increase of the fraction of the rod-like micelles at higher SDS
concentrations.

We have known that sufficient amount of SDS will finally
destroy the vesicles in aqueous solution. Following this clue,
we could expect that the shear-thickening behavior will be-
come less pronounced with further addition of SDS. This is
again proved by our experimental results. The shear-
thickening peak becomes very small at 15 mM SDS, and the
position shifts back to lower frequency. These two characters
are signs that the number and size of the rod-like micelles are
dramatically decreased, so that little energy is requited and the
viscosity decreases. However, according to our conductivity
results, completely break of the SDS-IM-22 mixed structures
require a SDS concentration around 80 mM.

Conclusions

We have reported the effect of SDS on the swollen lamellar
phase of siloxane surfactant IM-22 in 60 % glycerol solution.
Although SDS progressively binds to the lamellae structure of
20 % IM-22 in 60 % glycerol from lower than 2 mM, they do
not affect the interlamellae spacing up to 5 mM, which is at-
tributed to the low ionization degree of the SDS in 60 % glyc-
erol. In this stage, thermal undulations dominate over electro-
static forces. But, this small electrostatic force is big enough to
intrigue transformation from planar lammellae into
multilamellar vesicles, and the number density of the vesicles
increases with increasing the amount of SDS which is at the
cost of the size. When the electrostatic forces supreme the un-
dulations, SDS leads to contract of the interlamellar spacings.
Much more SDS breaks the vesicles due to the mutual phobic
interaction with the siloxane portion of IM-22 molecules.
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