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ABSTRACT: The effect of shear on lyotropic lamellar phases consisting of amphiphilic block copolymers
was studied by in situ small-angle neutron scattering (SANS) and rheo-optics. Two different ternary
systems containing a commercially available Pluronic type poly(ethylene oxide)-b-poly(propylene oxide)-
b-poly(ethylene oxide) block copolymer, P123 (EO20PO70EO20) or F127 (EO100PO70EO100), as well as water
and butanol were investigated over a wide range of concentrations. Orientation diagrams were constructed
for both ternary systems; both exhibited a parallel-to-perpendicular transition of planar lamellae and a
shear-induced formation of multilamellar vesicles (also termed liposomes, onions, or spherulites). For
both systems, the vesicle formation occurred at low polymer content close to the phase boundary of the
lamellar region and was accompanied by shear thickening. In addition, the kinetics and temperature
dependence of the parallel-to-perpendicular transition were studied.

1. Introduction

Amphiphilic block copolymers exhibit a solution be-
havior similar to low molecular weight surfactants. They
are known to segregate at the molecular level and
associate into micelles when dissolved in a selective
solvent.1-3 Micelle formation, however, is only one facet
of the rich phase behavior of such systems. At higher
block copolymer concentrations and in the presence of
a single selective solvent or two immiscible selective
solvents, self-assembly can lead to a large variety of
lyotropic liquid crystalline phases including lamellar,
hexagonal-packed cylindrical micellar, cubic packed
spherical micellar, and bicontinuous cubic structures.

In amphiphilic block copolymers, the chain length of
the different blocks can be easily controlled by the
polymerization process. For this reason, they offer great
flexibility in setting the desired morphology and allow
a larger variation of the length and time scales char-
acteristic of the self-assembled structures as compared
to typical surfactants.4 An understanding of the prin-
ciples which govern the self-assembly of solvated block
copolymers not only is interesting from a fundamental
point of view but also has important implications for
modern materials science since amphiphilic block co-
polymers find numerous applications as foam stabiliz-
ers, thickeners, wetting agents and compatibilizers.5 A
special focus in recent research is placed on the use of
self-assembled block copolymer structures in pharma-
ceutical and biomedical applications6 and for the prepa-
ration of nanostructured materials like mesoporous
ceramics.7,8

The control of mesoscopic structure and orientation
of self-assembled lyotropic systems is feasible by means
of shear flows.9,10 In many applications block copolymer
solutions are subjected to flow fields (for example in
detergent formulations or in drug delivery), and thus,
it is of great interest to study the effect of flow on
structure and orientation of such systems. So far, most
of the studies have been performed on well-character-
ized systems,11 e.g., lyotropic lamellar systems.12 The
behavior of lyotropic lamellar phases consisting of low
molecular weight surfactants gained particular interest
since the lamellae could not only be aligned or reori-
ented under shear13-19 but also be transformed into a
fascinating state of densely packed multilamellar vesicles,
often called onions.20-24 For recent reviews see, e.g., refs
11, 12, and 25.

In contrast to the large number of studies that have
been performed on lamellar phases of low molecular
weight surfactants and on block copolymer melts,26-28

only a few studies addressed lamellar block copolymer
solutions.29-31 The layers in a lamellar block copolymer
phase typically align with their normal either along the
velocity gradient direction in the so-called parallel (or
c) orientation or with the normal along the neutral
direction in the perpendicular (or a) orientation.

Balsara and co-workers29,30 studied the influence of
shear on a concentrated block copolymer solution of a
poly(styrene)-poly(isoprene) (SI) diblock in dioctylphtha-
late with small-angle neutron scattering (SANS) under
shear. Below the order-disorder temperature (ODT) a
transition from a parallel to a perpendicular orientation
was observed by applying steady shear. This transition
could also be observed using oscillatory shear by in-
creasing the frequency at a fixed temperature.32 A
systematic difference in the defect density between
parallel and perpendicular alignment was also noted.

Aqueous solutions of triblock copolymers of the type
poly(ethylene oxide)-poly(propylene oxide)-poly(eth-
ylene oxide) (PEO-PPO-PEO), also known as Pluronics
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or Poloxamers, were mostly studied since they are
commercially available in a variety of molecular weights
and block ratios. Mortensen studied the influence of
shear on a lamellar phase of the Pluronic triblock
copolymer P85 (EO25PO40E25) and reported that parallel
and perpendicular alignment coexist under shear with
all other lamellar orientations in which layers are
parallel to the flow direction.13

Our group studied lamellar solutions of Pluronic P123
(EO20PO70EO20) and F127 (EO100PO70EO100) in butanol/
water mixtures.33,34 These systems are unique since the
lamellar region is formed at rather low block copolymer
concentrations.,35,36 For solutions with an intermediate
block copolymer concentration, a parallel-to-perpendicu-
lar transition was observed. At lower polymer concen-
trations in the same system, a shear-induced formation
of multilamellar vesicles (onions) was observed for the
first time in a lamellar block copolymer system.33 This
structure is especially appealing for the encapsulation
of active ingredients.37

Motivated by these results, the aim of the present
work was to study the structural transitions of these
two solvated Pluronic block copolymer systems in
greater detail in order to construct orientation diagrams
as previously published for low molecular weight sur-
factants.20,23 Obviously, butanol plays a key role in these
systems. It does not behave like typical oil but rather
as a cosurfactant since it has some affinity to both PEO
and PPO blocks of the copolymer.38 Structural changes
should hence be expected when the butanol-to-water
ratio is changed at constant block copolymer concentra-
tion. The influence of the polymer concentration can be
checked by keeping the butanol-to-water ratio constant.

We used SANS at the Bragg peak in order to monitor
in situ structural changes under shear. With the Cou-
ette type shear geometry in SANS, it is possible to
achieve two different beam configurations, the radial
(where the beam is parallel to the shear gradient
direction) and the tangential configuration (where the
beam is along the flow direction). Kinetics of structural
changes were investigated with time-resolved SANS.

The paper is organized as follows: we first describe
the experimental techniques used in this study and give
an overview on the sample compositions and the sample
structure at rest. Then results on the influence of shear
will be presented for both Pluronic systems and sum-
marized in orientation diagrams. Finally, we will dis-
cuss the influence of different parameters (e.g., the
polymer concentration, block length or the butanol-to-
water ratio) on the behavior under shear and compare
our results with the properties of lamellar block copoly-
mer melts and surfactant-water mixtures under shear.

2. Experimental Section

Materials and Sample Preparation. The poly(ethylene
oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) block
copolymers, Pluronic P123 (PEO20-b-PPO70-b-PEO20), and Plu-
ronic F127 (PEO100-b-PPO70-b-PEO100) were kindly supplied
by BASF Corp. and used without further purification. The
nominal weights of Pluronic P123 and Pluronic F127 are 5750
and 12600 and their EO contents are 30 and 70%, respectively.
P123 and F127 have the same PPO middle block but different
PEO end blocks. Butanol-1 was purchased from BDH Chemical
Ltd (Poole, England) and used as received. The samples were
prepared by weighing in appropriate amounts of block copoly-
mer in D2O and butanol into glass tubes. They were rigorously
mixed and allowed to equilibrate for at least 1 week. All
samples fell within the one-phase region of the isothermal

phase diagrams.35,36 The samples were transparent and bire-
fringent and remained transparent under shear.

Small-Angle Neutron Scattering. All neutron scattering
experiments have been performed on the instrument D11 at
the Institut Max von Laue-Paul Langevin (ILL) in Grenoble,
France. The neutron wavelength was 6 Å with a spread of ∆λ/λ
) 9%. Static measurements were performed with 1 mm
cuvettes (Hellma) covering a range of momentum transfer q
from 3.5 × 10-3 to 0.44 Å-1. The data were collected on a two-
dimensional multidetector (64 × 64 elements of 1 × 1 cm2)
and corrected for background and empty cell scattering. The
incoherent scattering of H2O was used for absolute calibration
according to standard procedures and software available at
the ILL. Further analysis was done by radial averaging. Here,
20° sectors around the peak position were used in the analysis
of anisotropic SANS spectra.

A Couette cell consisting of two quartz cylinders where the
outer one rotated at controlled rate was used for measure-
ments under shear. The gap was 1 mm, and a rectangular
aperture of 0.3 mm × 15 mm was employed to reduce the beam
size. Two scattering configurations were used. (i) The so-called
radial position yields information in the plane formed by flow
and vorticity direction. (ii) The tangential position probes
structures in the plane of gradient and vorticity direction. The
transmission of the neutron beam in radial and tangential
beam configuration is very different due to the different beam
size and path length. The radial beam data were calibrated to
absolute units as mentioned above and provide the scattering
intensity along flow and neutral (vorticity) direction. The latter
direction is also probed in the tangential beam configuration
and was used to shift the tangential beam data such that the
intensity along the vorticity direction superposed with the
radial beam data.

The SANS intensity for the surface plots is given in a linear
scale (relative units), such that the scaling is identical for
different SANS patterns of the same beam configuration.
Radial and tangential data, however, are scaled differently due
to the different transmissions.

The shearing time at a given shear rate was typically 10-
15 min which is sufficient to reach steady state when vesicles
are not involved. During the shear thickening transition of
vesicle containing samples a steady state was not always
reached at low shear rates.

Shear experiments were performed by controlling either the
stress or the rate. The parallel-to-perpendicular transition is
the same in both shear modes. Vesicle samples, however,
revealed different behavior concerning the vesicle degradation
in stress and rate-controlled experiments, respectively similar
to what was observed in other systems.21,23,39 A critical stress
is needed to destroy the vesicles while the use of constant rate
yields to a biphasic state. Because of experimental constraints
caused by higher viscosities (Weissenberg effect), this effect
could not be studied in such details as compared to previous
studies.

For rheo-optical studies, a stress controlled Bohlin CVO
rheometer equipped with a quartz glass cone/plane shear
geometry was used as described previously.34

3. Results
SANS Measurements at Rest. The phase diagrams

of the EO20PO70EO20 (P123)/butanol/water and of the
EO100PO70EO100 (F127)/butanol/water ternary isother-
mal (25 °C) systems were published by Alexandridis and
co-workers35 and are reproduced here in Figure 1 to
provide a better view of the phase behavior for the
ensuing discussion of the shear-induced structural
changes.

In the P123 system, the LR-phase is formed along the
copolymer-water binary axis and can swell to a varying
extent with butanol. The lamellar phase covers a broad
range from 20 up to 80 wt % copolymer concentration.
Several samples were studied along different lines. In
one series, the block copolymer concentration was varied
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while the ratio of butanol to D2O was fixed, while in a
second series the block copolymer concentration was
constant but the butanol-to-D2O ratio was varied. Table
1 gives an overview of the samples studied at rest and
under shear.

Figure 2 displays static SANS intensities from samples
with a constant butanol-to-D2O weight/weight ratio of
0.30, but different P123 block copolymer concentrations.
The lamellar spacing decreases with increasing polymer
concentration at a constant butanol content. Figure 3
displays SANS scattering curves of samples with a
constant block copolymer concentration of 23% and a
variation in the butanol-to-D2O ratio from 0.30 to 0.50.
With increasing butanol content, there is a decrease in
lamellar spacing which is, however, small compared to
the change when the polymer content was increased.

The EO100PO70EO100 block copolymer is more hydro-
philic than EO20PO70EO20. It exhibits a lamellar phase
at a low copolymer concentration but only when butanol

is present, see Figure 1. Different samples have been
studied parallel to the lines of the triangular phase
diagram of the ternary system. Table 2 summarizes the
composition and the lamellar spacing as revealed by
SAXS. In principle, the same trends in lamellar spacing
can be observed as for the EO20PO70EO20 system. While
the lamellar spacing increased with decreasing copoly-
mer concentration, it was almost invariant to changes
in the butanol/D2O ratio at constant copolymer concen-
tration.

Measurements Under Shear. The behavior of the
P123 system was first studied along a dilution line with
decreasing polymer content from 50% (w/w) to 18% (w/
w) at a constant butanol/D2O weight ratio of 0.30. The
samples can be classified in three different categories
as will be shown below:

•At high block copolymer content (above 30%), one can
observe a shear-induced parallel orientation of lamellae.

•At low block copolymer content, the samples exhibit
a reorientation transition from a parallel (c) to a
perpendicular orientation (a) with increasing shear rate.

•At very low block copolymer content, a shear-induced
vesicle formation is found.

SANS under shear is a powerful means to distinguish
between the different types of layer orientations and
structures under shear. The tangential beam is espe-
cially crucial since only in this beam configuration
lamellae in the parallel orientation can be detected.
Figure 4 shows the 3D-SANS patterns of the sample
P11 (30/0.30) at two shear rates: 50 s-1 and 1200 s-1,
respectively. At low shear rates, a strong Bragg peak is
observed along the velocity gradient direction with the
tangential beam configuration. This clearly demon-
strates that the bilayers were aligned parallel to the
walls. The radial beam configuration only probes a very
small amount of residual layers aligned perpendicularly.
At higher shear rates, however, the layers reoriented
with their normal along the neutral direction, as can
be clearly seen from the results of the tangential and
the radial beam experiment. In both configurations,
Bragg scattering could be observed along the neutral
direction. Thus, from SANS one can conclude that
sample P11 (30/0.30) shows a reorientation from parallel
(c) at low shear to perpendicular (a) at high shear rates.

Figure 5 displays the Bragg intensities in the three
directions (flow, neutral, and gradient) along the dilu-
tion line (butanol/D2O ratio ) 0.3) for four different P123
block copolymer concentrations: 20%, 21%, 23%, and
30%, respectively. The samples with a 30% block
copolymer concentration exhibited a transition from
parallel to perpendicular at a shear rate of about 400
s-1, whereas this transition was shifted to higher shear
rates at a block copolymer concentration of 23%. At the
highest accessible shear rate, the intensity along the
neutral direction was higher than along the velocity
gradient direction but the intensity ratio was not as high
as for the 30% sample at this shear rate. Thus, the
parallel to perpendicular transition was not completed
for the 23% sample and both orientations coexisted. A
coexistence of both orientations has been observed
before and can be caused by a variation of layer
orientation across the gap of the Couette shear cell as
was observed by means of small-angle X-ray scattering
from lamellar surfactant systems.40

The samples with the lowest block copolymer content
did not show an orientation transition at all. Instead, a
shear-induced formation of multilamellar vesicles (MLVs)

Figure 1. Phase diagrams of the PEO20-b-PPO70-b-PEO20
(Pluronic P123)/butanol/H2O (top) and PEO100-b-PPO70-b-
PEO100 (Pluronic F127)/butanol/H2O (bottom) systems at T )
25 °C (modified from ref 35).
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was observed at 20% and 21% concentrations. The
SANS intensity in the flow direction increased by a
factor of ca. 10 for both samples as compared to the
samples with higher polymer content that do not form
MLVs. While the intensities along all three directions
were on the same level for sample P2 (20/0.30), the
intensity in neutral and gradient direction was higher
than that in flow direction for sample P3 (21/0.30). This
indicates that not all lamellae were transformed into
multilamellar vesicles. Remaining lamellae orient most

probably either in the parallel or perpendicular orienta-
tion but not in the transverse. For that reason, the
intensity was lower in the flow direction where only the
vesicles contribute to the scattering, as compared to the
intensity in the other two directions. At high shear
rates, the behavior was not clear for both samples. While
a slight increase of the intensity in the gradient direc-
tion could be observed for sample P3 (21/0.30), sample
P2 (20/0.30) could not be sheared at rates higher than
100 s-1 because the sample became heterogeneous
apparently due to strong normal forces.

Figure 6 displays the SANS intensities in neutral,
flow and gradient direction for the samples along a
dilution line at butanol/D2O ) 0.35 (higher ratio than
that in Figure 5. Three samples were studied, at block
copolymer concentrations of 21% (P4), 23% (P7), and
30% (P12), respectively. Sample P12 exhibited a parallel
orientation within the range of shear rates studied. At
the highest shear rate accessible (1000 s-1), the onset
of a shear-induced reorientation could be observed.
Sample P7 was in the parallel orientation at low shear
rates as deducted from the high SANS intensity in the
gradient direction. At a shear rate of 20 s-1, the onset
of the vesicle formation is revealed by the increase of
intensity in the flow direction. At 40 s-1, the intensity
in the flow direction was maximum while the intensity
in gradient direction was decreasing. At this shear rate,
most of the lamellae were transformed to multilamellar
vesicles. Figure 7 shows 3D SANS spectra obtained in
the radial and tangential beam configuration from
sample P7 in the vesicle state. The vesicles were stable

Table 1. Composition of the EO20PO70EO20/Butanol/D2O Samples and the Lamellar Spacing D (at 25 °C) As Revealed by
SANS Measurements at Rest

sample
P123

(% w/w)
D2O

(% w/w)
butanol
(% w/w)

BuOH/
D2O (w/w) D (Å)

shear-induced
structures

P1 (18/0.3) 17.9 63.1 19 0.30 - vesicles
P2 (20/0.3) 19.88 61.21 18.91 0.30 178 vesicles
P3 (21/0.3) 20.7 61.2 18.1 0.30 173 vesicles
P4 (21/0.35) 21.0 58.6 20.5 0.35 165 c + a{20 s-1}vesicles
P5 (21/0.40) 21.0 56.5 22.5 0.40 161 c
P6 (23/0.30) 23.0 59.2 17.8 0.30 160 c{1500s-1}a > c
P7 (23/0.35) 22.9 57.1 20.0 0.35 154 c{40s-1}vesicles{1000s-1}c
P8 (23/0.40) 22.9 55.0 22.1 0.40 151 c
P9 (23/0.45) 22.8 53.1 24.1 0.45 149 c
P10 (23/0.50) 23.0 51.4 25.6 0.5 149 c
P11 (30/0.30) 30.0 53.8 16.2 0.30 139 c{800s-1}a
P12 (30/0.35) 30.0 51.9 18.2 0.35 135 c
P13 (30/0.40) 30.0 50.1 19.9 0.40 132 c
P14 (39/0.30) 38.71 47.11 14.18 0.30 c
P15 (50/0.30) 49.98 38.31 11.71 0.30 105 c

Figure 2. Static SANS intensity of EO20PO70EO20 samples
with a constant butanol-to-D2O ratio of 0.30 and different
copolymer concentrations.

Figure 3. Static SANS intensity of EO20PO70EO20 samples
with an EO20PO70EO20 concentration of 23% and different
butanol-to-D2O ratio.

Table 2. Composition of the E100P70E100/Butanol/D2O and
the Lamellar Spacing D (at 25 °C) As Revealed by SAXS

Measurements at Rest

sample
F127

(%w/w)
D2O

(%w/w)
butanol
(%w/w)

BuOH/
D2O

(w/w)
D

(Å)

shear
induced
struct

F1 (12.5/0.67) 12.5 52.5 35.5 0.67 221
F2 (12.5/0.58) 12.5 55.5 32.5 0.58 226 vesicles
F3 (12.5/0.52) 12.5 57.5 30 0.52 221 vesicles{1s-1}c
F4 (15.0/0.70) 15.0 50.0 35.0 0.70 189 c{300s-1}a
F5 (15.0/0.62) 15.0 52.5 32.5 0.62 189 vesicles{1s-1}c
F6 (15.0/0.55) 15.0 55.0 30.0 0.55 204 vesicles{1s-1}c
F7 (17.5/0.74) 17.5 47.5 35.5 0.74 185
F8 (17.5/0.65) 17.5 50.0 32.5 0.65 181
F9 (17.5/0.57) 17.5 52.5 30.0 0.57 177 c

F10 (20.0/0.78) 20.0 45.0 35.0 0.78 166
F11 (20.0/0.68) 20.0 47.5 32.5 0.68 173
F12 (20.0/0.60) 20.0 50.0 30.0 0.60 174 c
F13 (21.0/ 0.50) 21.0 52.5 26.3 0.50 c{1000s-1}a > c
F14 (22.5/0.63) 22.5 47.5 30.0 0.63 c{800s-1}a > c
F15 (25.0/0.67) 25.0 45.0 30.0 0.67 c{1s-1}a > c
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up to high shear rates, but above 1000 s-1 vesicle
disruption was observed. There were no indications for
a parallel to perpendicular transition for sample P7.
Sample P4 showed similar behavior. At 20 s-1, the
vesicle formation was further developed than for sample
P7 as can be seen in the higher intensity in flow
direction. Disruption of the vesicles started at higher
shear rates than 1000 s-1, and no indication for a
parallel to perpendicular transition of planar lamellae
was observed. In depolarized small-angle light scatter-
ing a four-lobe pattern (four-leaf clover) was observed
which is typical of multilamellar vesicles.21,41 As a
further illustration of vesicle samples, a polarized light
micrograph of sample F2 showing Maltese crosses
typical of vesicles is displayed in Figure 8.

Rheological Behavior. Figure 9 displays viscosity
vs shear rate for P123 samples along the dilution line
butanol/D2O ) 0.30. As described before, samples with
copolymer concentrations of 20% and 21% formed
vesicles which lead to high viscosity at low shear rates.
As already mentioned in the Experimental Section, it
is difficult to reach steady shear flow at low shear rates
when vesicle formation occurs. Furthermore, the shear-
induced vesicle formation is different when controlled
shear rate and shear stress experiments are compared
as was observed with low molar mass surfactants.
Nevertheless, the typical feature of a viscosity maxi-
mum, which is caused first by the vesicle formation and
then by a decrease in vesicle size, is reproducible.

The samples that displayed a parallel to perpendicu-
lar transition (25% and 30%) were shear thinning and
had low viscosity when the perpendicular orientation
was reached similar to the behavior of surfactant
solutions. The viscosity of samples that prevailed in the
parallel orientation (40% and 50%) was notably higher
as compared to samples with a lower block copolymer
concentration and the viscosity followed a power law η
∝ γ̆-0.5 in the shear thinning regime.

P123 samples along a horizontal line with a constant
block copolymer concentration of 23% revealed similar
behavior. The viscosity of sample P7(23/0.35), which
showed shear-induced vesicle formation, was about 1
order of magnitude higher as compared to the other
samples. A viscosity maximum was observed for sample

P7(23/0.35) similar to other samples showing shear-
induced vesicle formation.

Influence of Temperature on the Parallel-to-
Perpendicular Transition. The influence of temper-
ature on the parallel to perpendicular transition was
examined in the case of sample P11 (30/0.30) at two
different temperatures: 25 and 30 °C. Figure 10 dis-
plays the SANS intensities along the three directions
vs the shear rate. SANS intensity along the flow
direction decreased with shear rate and did not signifi-
cantly change with temperature. SANS intensities in
gradient and vorticity direction showed similar effects
up to shear rates of ca. 200 (25 °C) and 300 s-1 (30 °C),
respectively. Critical shear rates, however, were tem-
perature dependent. Above the critical shear rates a
crossover point can be observed at 25 °C and 400 s-1

and at 30 °C and 1000 s-1. At shear rates higher than
1000 s-1, SANS intensities in gradient and vorticity
direction have switched positions.

The parallel orientation of lamellae is more or less
independent of rate and temperature at shear rates up
to ca. 200 (25 °C) and ca. 300 s-1 (30 °C), respectively.
Above the critical shear rate, the fraction of parallel
oriented lamellae decreases and the fraction of perpen-
dicular oriented lamellae increases while both orienta-
tions coexist. At the crossover point SANS intensities
of both orientations are identical. The crossover point
can be used to characterize the transition between
parallel and perpendicular layer alignment and is
sensitive to changes in temperature. At shear rates
higher than 1000 s-1, a perpendicular orientation of
lamellae is well developed for 25 °C and dominates for
30 °C. One can conclude that the parallel-to-perpen-
dicular transition is sensitive to changes in temperature
and higher temperatures shift the transition to higher
shear rates.

Kinetics of the Parallel-to-Perpendicular Tran-
sition. The kinetics of the parallel to perpendicular
realignment was investigated with sample P11 by
means of shear rate jump experiments. The sample was
presheared at a shear rate of 50 s-1 for ca. 30 min in
order to obtain a well-defined initial state. At this shear
rate, the parallel orientation dominates. The shear rate
was then suddenly increased to three different shear

Figure 4. SANS patterns observed for the sample P11 (30/0.30) at shear rates of 50 (top) and 1200 s-1 (bottom): left, radial
beam; right, tangential beam (different setting).
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rates: 400, 800, and 1200 s-1, respectively. The evolu-
tion of the Bragg peak intensities in the radial beam
experiment was followed with time-resolved SANS
measurements. The transition for all three shear rates
took place in less than 5-10 s (the recording time for
one data point was 2 s). The plateau value for the SANS
intensity in the neutral direction was identical for the
two higher shear rates (800 and 1200 s-1) while it was
remarkably lower at 400 s-1. At the latter shear rate, a
major fraction of the lamellae were still in the parallel
orientation. Another difference was that the fluctuation
of the intensities lasted only about 10 s for the higher
shear rates, while it took almost 30 s at the shear rate
of 400 s-1, until a steady state in the intensity was
reached in the neutral direction. The intensities in the
flow direction remained constant within experimental
error. This indicates that the membranes prevailed
intact during the transition, which is taking place in
the neutral-shear gradient plane. The lower intensity
along the neutral direction at the shear rate of 400 s-1

indicates a coexistence of parallel and perpendicular
orientation, which was also observed in previous experi-
ments. This indicates that the lamellae do not realign

simultaneously, which is in agreement with experiments
on surfactant lamellar phases; they revealed that the
realignment starts at one wall of the shear cell.40

Orientation Diagrams. The influence of shear on
the morphology of the various samples can be sum-
marized with orientations diagrams, known from sur-
factant systems.20,23 Figure 11 displays the structures
that were obtained from EO20PO70EO20 (P123) samples
at a constant butanol/D2O ratio of 0.3 and different
polymer concentrations. Figure 12 also shows properties
of the EO20PO70EO20 (P123) system, but here polymer
concentration is constant at 23% and the influence of
the butanol/D2O ratio can be seen.

Figure 13 provides an overview of the orientation
behavior of all investigated EO20PO70EO20 (P123)/bu-
tanol/D2O samples. The samples are characterized by
the block copolymer concentration and butanol/D2O
ratio and are marked with different symbols according
to their behavior under shear. Samples, which aligned
in the parallel orientation independent of the shear rate,
are marked as squares whereas samples with a parallel
to perpendicular transition have a triangle as symbol.
Finally, samples which exhibited a formation of shear-
induced lamellar vesicles are marked as circles.

At high polymer concentrations neither a shear-
induced vesicle formation nor a parallel to perpendicular
transition could be observed under the conditions ex-
amined. The parallel to perpendicular transition was
detected at a constant butanol/D2O ratio of 0.30 within
a certain range of block copolymer concentration (be-
tween 25 and 30%). At a higher or lower concentration
close to this concentration range, the transition appar-

Figure 5. SANS intensities vs shear rate in neutral, flow and
gradient direction for the samples P11(30/0.30), P6(23/0.30,
P3 (21/0.30), and P2 (20/0.30) lines are to guide the eye.

Figure 6. SANS intensities vs shear rate in neutral, flow and
gradient direction for the samples P12 (30/0.35), P7 (23/0.35),
and P4(21/0.35) lines are to guide the eye.
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ently shifted to higher shear rates and thus could not
be observed. For one sample (23%/0.30), the onset of this
transition could be detected at the higher shear rates
examined. Changing the butanol/D2O ratio to the bu-
tanol rich side had the same effect on the parallel to
perpendicular transition as a change in copolymer
concentration. At a butanol/D2O ratio of 0.35 no transi-
tion could be detected until 1000 s-1. It is notable that
the shift of the butanol/D2O ratio from 0.30 to 0.35 at a
polymer concentration of 30% had the same effect as
an increase in temperature from 25 to 30 °C at a
constant butanol/D2O ratio of 0.30.

The formation of shear-induced multilamellar vesicles
occurred without exception at very low block copolymer
concentrations. The onset of vesicle formation depends
on the butanol/D2O ratio. At a butanol/D2O ratio of 0.30
vesicle formation started immediately and no parallel
orientation could be detected at very low shear rates.
At a higher ratio of 0.35, vesicles were formed at shear

rates of about 20 s-1. The lamellae were not fully
transformed into vesicles at this ratio and the viscosity
was lower than that at lower butanol content. In
addition to this, it was easier to destroy the vesicles at
high shear rates than at a butanol/D2O ratio of 0.30.
At the polymer concentration of 23% only the sample
with a butanol/D2O ratio of 0.35 could be transformed
into vesicles.

Figure 7. SANS patterns from sample P7 (23/0.35) in the
vesicle state. radial (top) and tangential beam (bottom) at a
shear rate of 40 s-1.

Figure 8. Polarization micrograph of sample F2 after shear-
ing.

Figure 9. Viscosity vs shear rate for P123 samples along the
dilution line butanol/D2O ) 0.30.

Figure 10. SANS intensities vs shear rate in neutral, flow,
and gradient direction for the sample P11 (30/0.30). The solid
symbols show the results at 25 °C; the open symbols show
those at 30 °C.

Figure 11. Orientation diagram of EO20PO70EO20/butanol/
D2O at a butanol/D2O ratio of 0.3: shear-induced structure vs
polymer concentration.
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Figure 14 displays the general orientation diagram
of the system EO100PO70EO100 (F127)/butanol/D2O. Again
samples are marked according to their behavior under
shear. Samples that aligned in the parallel orientation
independent of shear rate are marked with squares
whereas samples with a parallel to perpendicular
transition have a triangle as symbol. Samples which
exhibited a formation of shear-induced lamellar vesicles,
are marked as circles. Vesicles were only formed at very
low block copolymer concentrations and at the butanol
poor edge of the lamellar region in the phase diagram.
The “vesicle island” in the EO100PO70EO100 system is
located at a similar part of the lamellar region as it was
the case for the EO30PO70EO30 system. The parallel to
perpendicular transition, however, occurred at different
regions in the phase diagram. At a F127 block copolymer
concentration of 15%, a parallel to perpendicular transi-
tion could be observed on the butanol rich side of the
phase diagram. Samples that exhibit only a parallel
orientation are located at intermediate block copolymer
concentrations (17.5-20%).

4. Discussion

The ternary systems consisting of P123 (or F127)/
butanol/D2O exhibit an interesting and diversified
behavior under shear. At the beginning of this discus-
sion, however, the special role of butanol in the ternary
systems and its possible impact on shear-induced struc-
tures should be mentioned.

Studies of Alexandridis and co-workers35,36 revealed
that butanol behaves more like a cosurfactant than an
oil and thus cooperates with the block copolymer in
forming the interface separating aqueous from oily
domains. They found by SAXS measurements that the
thickness of the apolar domain was considerably lower
with butanol as compared to more hydrophobic solvents
at identical water and block copolymer concentrations.
With increasing butanol content, the apolar thickness
of the lamellae decreased while it rose when the content
of a more hydrophobic solvent like butyl acetate or
xylene was increased. They confirmed these results with
additional deuterium NMR measurements. The quad-
rupole splitting is proportional to the average hydration
number of the copolymer, the order parameter of bound
water molecules and the amphiphile/water molar ratio
according to a conventional two-site model.42 At a
constant copolymer-to-water ratio, a decrease in the
quadrupole splitting could be observed with increasing
butanol concentration while an increase in the quad-
rupole splitting was observed with increasing butyl
acetate concentration. The interfacially active butanol
molecules can insert in the interfacial region and
displace bound water molecules and thus decrease the
hydration while the more hydrophobic butyl acetate
molecules push out water into hydrophilic regions and
thus increase the hydration. The role of alcohols in
PEP-PPO-PEO block copolymer water systems and
their location in the assemblies have been investigated

Figure 12. Orientation diagram of EO20PO70EO20/butanol/
D2O at a polymer content of 23%: shear-induced structure vs
butanol/D2O ratio.

Figure 13. Orientation diagram of EO20PO70EO20/butanol/
D2O The samples are characterized by the block copolymer
concentration (to the left) and by the butanol/D2O ratio (at the
bottom). Samples with a parallel orientation within the range
of shear rates available, have a square as symbol, samples with
a parallel to perpendicular transition a triangle and samples
with shear-induced formation of multilamellar vesicles a circle.
The complete phase diagram is shown in Figure 1 (top).

Figure 14. Orientation diagram of EO100PO70EO100/butanol/
D2O. The samples are characterized by the block copolymer
concentration (to the right), by the butanol concentration (at
the bottom), and by the D2O concentration (at the top).
Samples with a parallel orientation within the range of shear
rates available, have a square as symbol, samples with a
parallel to perpendicular transition a triangle and samples
with shear-induced formation of multilamellar vesicles a circle.
The complete phase diagram is shown in Figure 1 (bottom).
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recently using SANS conditions where the deuteration
of water and alcohol was varied.43

Alexandridis and co-workers concluded35 that butanol
is interfacial active, and the apolar volume fraction
consists of PPO and only about 20% of the butanol
volume fraction. Using this assumption, one can easily
calculate the volume fraction of polar (PEO, D2O and
80% butanol) and apolar (PPO and 20% butanol) parts
of the ternary mixtures. With the apolar volume fraction
f and the lamellar spacing D one can then calculate the
apolar thickness δ of the membrane as δ ) fD. A table
containing volume fraction, polar and apolar fractions,
and the apolar thickness of the membranes of all
samples is displayed in the appendix. Relevant trends
will be discussed in the following. The two block
copolymers differ in the length of the hydrophilic part.
While P123 contains 30% (w/w) PEO, the fraction of
PEO in F127 is 70%. Thus, the P123 system gets more
hydrophobic with increasing block copolymer concentra-
tion as can be seen in the increasing fraction of apolar
parts as listed in the appendix. For F127, this change
in hydrophobicity is much smaller because this polymer
has a more hydrophilic character. Since F127 is still
more hydrophobic than the remaining components
water and butanol, an increasing F127 concentration
leads only to a slight increase in hydrophobicity.

A decrease in lamellar spacing was observed with
increasing copolymer concentration indicating that the
number of lamellae increased in order to accommodate
the increasing number of copolymer molecules. At
constant block copolymer concentration the spacing
slightly decreased with increasing butanol content. This
can be explained by the fact that an increasing butanol
content at constant block copolymer concentration
changes the apolar fraction only marginally since 80%
of the butanol is located in the interface.

The conformation of the block copolymers in the
lamellae could also have an impact on the behavior
under shears. In principle, two conformations are
conceivable: in the looplike conformation both hydro-
philic ends are located at the same side with respect to
the apolar domain while in the so-called bridging
conformation the polymer is spanning through the
apolar domain so that the two end segments are located
on each side of the apolar domain. Theoretical consid-
erations by Linse and co-workers44 anticipate that the
fraction of loops is related to the apolar thickness of the
membranes. An increased thickness of the apolar do-
main would make it less likely for a block copolymer to
span the apolar domain and thus will increase the
probability to find both end segments on the same side
of the apolar domain is reasonable. The domain spacing
and the thickness of the apolar domain may also be
varied by changing the temperature at a fixed ternary
composition. A temperature increase results in a de-
crease in solubility of PEO and PPO in water,45 leading
to less hydrated PEO blocks and thus to a smaller
interfacial area per copolymer. Both the apolar thick-
ness and the fraction of loops are expected to rise with
increasing temperature.

Studies on lyotropic lamellar phases of low molecular
weight surfactants revealed that the viscoelastic proper-
ties of the surfactant bilayer play an important role for
the structure under shear. Leon et al. investigated an
ionic surfactant system in which the variation of salt
concentration influences the saddle-splay modulus which
could be correlated to the shear-induced formation of

multilamellar vesicles.46 Le et al. studied the influence
of temperature in the planar lamellae to vesicle transi-
tion of a nonionic surfactant and found a correlation
with the saddle-splay modulus.47,48 The influence of
water-soluble polymer on shear-induced vesicle forma-
tion of surfactant lamellar phases was studied by
Berghausen et al., who discussed a correlation between
the membrane properties characterized with the Caillé
parameter and the MLV formation.49 Undulation in-
stabilities and texture defects are further parameters
that influence the shear alignment of liquid crystals.50-52

Recently Dhez et al. discussed the relevance of screw-
like defects on the parallel to perpendicular transition
of planar layers as well as on the vesicle formation.53

Although the general behavior of surfactant lamellar
phases under shear can be understood in terms of
membrane properties and defect structures, small
changes in the equilibrium properties can induce dif-
ferent structural transitions which makes it extremely
difficult to predict which structure is the most favorable
under steady shear.

Different parameters have also been discussed in the
cases of block copolymer melts with lamellar morphol-
ogy.26-28,54 The undulation instability as well as selec-
tive melting and migration of defects have been dis-
cussed in order to explain the parallel to perpendicular
transition in polymer melts similar to aqueous surfac-
tant solutions as mentioned above.27,55,56 Obviously, the
viscoelastic contrast between the two polymer layers
play an important role as well.58 This viscoelastic
contrast and the entanglements of macromolecules are
specific parameters that influence shear alignment
which, however, distinguish lamellar block copolymer
melts from aqueous surfactant solutions.

The behavior of the solvated block copolymers under
shear will now be discussed according to the experi-
mental and theoretical considerations described above.
Since shear-induced vesicle formation and parallel-to-
perpendicular transitions occurred at different composi-
tions these features will be discussed independently.

Shear-induced vesicle formation occurred for both
systems at a very low block copolymer concentration and
on the butanol poor side of the lamellar phase. Rather
small changes in the composition can have an enormous
influence on the rheological behavior. This can be seen,
e.g., for the P123 system at a constant block copolymer
concentration of 21%. The butanol/D2O ratio was varied
from 0.30 to 0.40. This leads to a change in the apolar
volume fraction (PPO and 20% butanol) from 0.19 to
0.20 and to a decrease in the lamellar spacing from 173
to 161 Å. The apolar thickness of the membranes varies
from 32.3 to 31.7 Å. In contrast to these minor differ-
ences in the samples’ static properties, the behavior
under shear was extremely different. While the sample
with the lowest butanol/D2O ratio of 0.30 exhibited a
shear-induced vesicle formation at the lowest shear
rates experimentally accessible, the vesicle formation
started at shear rates of ca. 20 s-1 at a butanol/D2O ratio
of 0.35. At a butanol/D2O ratio of 0.40, vesicle formation
could not be observed at all.

Compared to the P123 system, vesicle formation in
the F127 system could only be observed at extremely
low shear rates. In addition, the vesicles could easily
be destroyed by higher shear rates. The F127 polymer
is more hydrophilic than P123 and its molecular weight
is higher. To elucidate whether the composition of the
polymer or the molecular weight is more important for
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the rheological behavior, one should check the rheologi-
cal properties of a block copolymer consisting of equal
amounts of PEO and PPO and a similar molecular
weight. For such studies the block copolymer P105
(EO)37(PO)58(EO)37 could be suitable; however, this
material was not available for use in our present
investigation. In a second step, one should investigate
block copolymers with equal PEO/PPO ratios but dif-
ferent molecular weights.

There was no sample where both a vesicle formation
and a parallel-to-perpendicular transition could be
observed. The following trends could be observed for the
P123 system: A parallel to perpendicular transition was
only observable in the range 25-30% block copolymer
concentration. For samples with a constant block co-
polymer concentration, the transition was shifted to
higher shear rates with increasing butanol content. In
agreement with this finding, a temperature increase
shifted the parallel to perpendicular transition to higher
shear rates. As stated above, a temperature increase
results in a decrease of the solubility of PEO and PPO
in water and thus reduces the degree of hydration and
the interfacial area per block copolymer and increases
the apolar thickness of the membranes.

As mentioned above, butanol can be considered as a
cosurfactant and consequently one can discuss a series
of samples with constant water content but varying
surfactant (i.e. block copolymer)/cosurfactant (butanol)
ratio. From Figure 13, one can see that the general
trend for the P123 system is as follows: parallel-to-

perpendicular transition at low butanol content; vesicles
at intermediate and parallel alignment at high butanol
content. This trend is very similar to what was observed
in the surfactant system sodium dodecyl sulfate/decanol/
water when the surfactant cosurfactant ratio was
changed.23

With surfactants, it is well-known that the surfactant/
cosurfactant ratio strongly influences the viscoelastic
properties of the membrane59 and thus influences the
behavior under shear. In analogy, we suggest that
butanol acts as cosurfactant in the present case and
similar to classical surfactant systems small changes
in the composition can lead to very different behavior
under shear.

Comparing the results presented in this work to the
influence of shear on block copolymer melts and on
lyotropic lamellar phases consisting of low molecular
weight surfactants leads to the conclusion that am-
phiphilic block copolymers in these ternary systems
resemble more the latter. Apparently the membranes
in amphiphilic block copolymers resemble very much the
flexible membranes of lyotropic liquid crystals. During
a shear-induced vesicle formation, a deformation of the
membranes occurs which seems to be rather difficult
for systems with membranes like those in block copoly-
mer melts. The fact that vesicles are only formed at
extremely low block copolymer concentrations under-
lines this hypothesis.

The parallel-to-perpendicular transition is common to
all membrane systems, block copolymers and surfac-
tants. It seems to be a general feature of lamellar
systems under shear and might be correlated rather to
macroscopic properties like bulk viscosity and texture
defects than to molecular properties of the membrane.

5. Conclusions
The studies on the ternary systems consisting of

PEO-PPO-PEO type block copolymers, butanol and
water showed a diversified behavior under shear. Bu-
tanol acts rather as cosurfactant than as oil in such
systems since it is interfacially active. At very low block
copolymer concentrations and in the butanol poor edge
of the lamellar region, a shear-induced formation of
multilamellar vesicles was observed. While the MLVs
in the P123 system were extremely viscous and persis-
tent to higher shear rates, the vesicles were easily
degraded in the F127 system. Small changes in the
composition, which were almost imperceptible from
static SANS experiments, had an enormous impact on
the rheological behavior indicating a delicate balance
of forces. Apparently the viscoelastic properties of the
membrane are very sensitive to compositional changes
similar to common surfactant bilayers. At intermediate
block copolymer concentrations, the parallel orientation
prevailed independent of the shear rate. At higher block
copolymer concentrations a parallel-to-perpendicular
orientation was observed. This transition was shifted
to higher shear rates with increasing temperature, block
copolymer concentration and butanol content.

It is obvious that the combination of shear flow and
molecular composition in solvated block copolymers
offers tremendous possibilities to influence the micro-
scopic structure as well as the mesoscopic morphology.
Many applications, e.g., in encapsulation and materials
synthesis, can be envisioned and need to be explored.
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Table 3. Volume Fractions, Apolar Volume Fraction f,
and Thickness of the Apolar Fraction δ for the P123/

Butanol/D2O System
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PEO
vol
frac
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vol
frac

butanol
vol
frac

D2O
vol
frac

D
(Å)

f (apolar)
vol frac

δ
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P8 (23/0.40) 0.067 0.153 0.276 0.503 150.7 0.209 31.45
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Table 4. Volume Fractions, Apolar Volume Fraction f,
and Thickness of the Apolar Fraction δ for the F127/

Butanol/D2O System

sample

PEO
vol
frac

PPO
vol
frac

butanol
vol
frac

D2O
vol
frac

D
(Å)

f (apolar)
vol frac

δ
(Å)
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F9 (17.5/0.57) 0.114 0.052 0.366 0.469 177 0.125 22.10
F10 (20.0/0.78) 0.128 0.058 0.420 0.395 166 0.142 23.56
F11 (20.0/0.68) 0.129 0.058 0.393 0.420 173 0.137 23.70
F12 (20.0/0.60) 0.130 0.059 0.366 0.446 174 0.132 22.98
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Appendix: Volume Fractions of the Block
Copolymer Samples

To calculate the volume fractions of polar and apolar
parts of the ternary systems consisting of P123/F127-
butanol-D2O, the following parameters were used:

Given the molecular volume of one PEO group (72.4 Å3)
and one PPO group (95.4 Å3), one can calculate the
volume fraction of PEO and PPO in P123 and F127. The
volume fraction of PEO is 0.31 in P123 and 0.69 in F127,
respectively. The polar volume fraction is considered to
consist of PEO, D2O, and 80% of the butanol, while the
apolar volume fraction f consists of PPO and 20%
butanol. The thickness δ of the apolar volume fraction
f can be calculated as δ ) fD.

Table 3 displays the volume fractions for the ternary
P123/butanol/D2O system, the apolar volume fraction f
and the thickness of the apolar fraction δ. Table 4
contains the corresponding data for the F127/butanol/
D2O system.
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MA0116912

P123 F127 butanol D2O
density (g/cm3) 1.05 1.05 0.81 1.11
molar mass (g/mol) 5750 12600 74.12 20.03

4074 Zipfel et al. Macromolecules, Vol. 35, No. 10, 2002


