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Dynamic orientation transition of the lyotropic lamellar phase at high
shear rate

Shuji Fujii,* and Yuki Yamamoto

The dynamic orientation behavior of the lamellar phase of a triblock copolymer is studied under a wide range of shear rate as a
function of solvent composition. We find that various phases can be induced by increasing the shear rate. At low shear rate, the
onion phase forms from planar lamellae with many defects. Further increase of the shear rate caused the onion structure to break
down, and the lamellar phase recovers with fewer defects. Finally, the transition of the orientation from parallel to perpendicular
is observed at high shear rate. In the orientation transition at high shear rate, a stable intermediate structure , to our knowledge,is
found for the first time. We also find that the critical shear stress of the rupture of the onion phase coincides with the orientation
transition. The consistency of the critical shear stress suggests that all orientation transitions at a high shear rate are dominated

by a mechanical balance between applied viscous stress and the internal relaxation mode of the lamellae.

1 Introduction

Layered systems such as amphiphilic lamellar phase and
thermotropic smectic phase show fascinating non-equilibrium
phase transitions under shear flow 124, The lyotropic lamel-
lar phase shows two kinds of non-equilibrium structural tran-
sitions. One of these transitions is a shear-induced multil-
amellar vesicle phase, which has been reported for many sur-
factant lamellar phases !~!>. Because of its unique structure,
multilamellar vesicles are referred to as onion phases. Onion
phases are produced from planar lamellae by shearing and
are thermodynamically stable. During the formation of the
onion phase, a concentric multilamellar cylinder structure re-
sembling a leek forms as a transient intermediate structure®>.
The second non-equilibrium structural transition is a shear-
induced orientation transition of layers 4151929 In this orien-
tation transition, the orientation direction of the layer normal
changes from parallel to perpendicular relative to the veloc-
ity gradient direction at the critical shear rate. The dynamic
orientation transition is a phenomenon common to all layered
systems. The orientation transition can also be seen in poly-
mer melt systems?!~24, although the detailed mechanism is
not the same due to polymeric features such as entanglement
and asymmetric viscoelasticity between layers. Most orien-
tation diagrams of lyotropic lamellar systems describe either
onion phase formation or orientation transition; only a few
systems are known to show both transitions with change in
sample composition and shear rate 320,

The origin of the above structural transitions have been dis-
cussed for more than two decades. However, some issues are
yet unsolved. For example, the critical conditions for these
transitions, the role of the elastic properties of the lamellae,
the existence of a stable intermediate structure, and the con-
ditions for rupture of the onion structure at high shear rate
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remain unknown. Furthermore, the major questions of how
the most favorable structure is chosen and what determines it
are still unanswered. To date, several models have been pro-
posed for the shear-induced instability of the lyotropic lamel-
lar phase?>3!.  Among them, only a few models explain
the origin of the shear-induced onion phase formation. The
Zilman-Granek model proposes the coupling of shear flow and
the short wavelength undulations of membranes 8. In general,
the undulation repulsive force is responsible for the stability
of the lamellar phase. Thus the suppression of the membrane
undulations due to shear flow induces instability and generates
an effective dilatation. When the dilatation exceeds the critical
value, the coherent buckling of the lamellar membranes occurs
and the onion phase is formed. The other mechanism is pri-
marily based on the work of Oswald and considers the motion
of defects. Dislocations in the lamellar phase can move with
the flow by permeation at a low shear rate?’. However, the
permeation process is too low to allow dislocations to flow at
high shear rates. Therefore, a delay in the dislocations against
the shear flow generates dilative and compressive strain. In
this model, the non-uniform shear flow due to the low mobility
of the defects is the origin of the undulation instability, which
results in the formation of the onion phase. The qualitative ex-
planation for onion phase formation reported by Roux et al. is
similar to this model 2. Interestingly, the common origin of
the instability in both proposed mechanisms is dilative strain.

The effect of dilatation on the sheared lamellar phase also
plays an important role in the orientation transition at high
shear rates>>273!, Ramaswamy argued that the orientation
transition is induced by the suppression of the undulations,
as in the Zilman-Granek model. In addition, the rupture of
the onion structure at high shear rate observed by Roux e al.
can also be explained by considering the coupling of the flow
and dilatation induced undulation instability (Wunenburger et
al.). Recently, Lu described the scaling behavior of the size
of the onion phase by considering the baroclinic mode, which
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is induced by the solvent between layers and also by a shape
relaxation of the onion structure32. The relaxation rate of the
baroclinic mode is similar to that of the lamellar phase. In
Lu’s theory, the free energy minima of the dynamic free en-
ergy of lamellae determine the onion size, and the rupture of
the onion phase at high shear rates can be well described by
the disappearance of the free energy minima.

Although the undulation instability seems to play an im-
portant role in both structural transitions, why these different
structural transitions take place at markedly different shear
rates despite their common physical origin remains unclear.
In addition, what controls the non-equilibrium phase transi-
tion and which non-equilibrium phase is the most favorable
under shear are still unknown. In particular, details on the
dynamic orientation transitions (e.g., the orientation transition
and the rupture of the onion structure at high shear rates) are
poorly understood compared with the onion formation behav-
ior at low shear rate.

In this study, we focus on the structural and orientation tran-
sitions at high shear rates. We construct a dynamic orientation
diagram using of rheo-physical methods such as viscometry,
birefringence, and small-angle scattering under shear. Section
2 describes the materials and experimental methods used in
this study. In Section 3, we show the data set obtained from
those methods and identify the dynamic orientation state as a
function of sample composition and shear rate. We also show
the dynamic orientation diagram at several temperatures. We
find that planar lamellae are reformed as the result of the rup-
ture of the onion phase at high shear rates followed by the
orientation transition of the lamellae. We also characterize
the reformation of the planar lamellae after the rupture of the
onion phase using a shear quench experiment. Section 4, we
show that the rupture of the onion structure and reorienta-
tion transition appear at the same shear stress and discuss the
mechanism of the orientation transition at high shear rates. We
also discuss the presence of a stable intermediate structure in
the orientation transition. We summarize our findings in Sec-
tion 5.

2 Experimental

2.1 Sample preparation

We used a ternary lyotropic lamellar phase composed of am-
phiphilic triblock copolymers, Butanol and distilled water.
The amphiphilic triblock copolymer, poly(ethylene oxide)-
b-poly(propylene oxide)-b-poly(ethylene oxide) (trade name
Pluronic P123) was obtained from BASF and used as received.
This triblock copolymer comprised two hydrophilic ethylene
oxide (EO) blocks bound to a central hydrophobic propylene
oxide (PO) block. The degree of polymerization of the hy-
drophilic EO block is Ngo ~ 20, and the degree of polymer-
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Fig. 1 Viscosity and birefringence intensity as a function of shear
rate for the sample with B/H=0.30 at 25 °C. The vertical dotted line
indicates the characteristic shear rate where the sample undergoes
the layer orientation transition from parallel to perpendicular. The
solid line shows the power law relation, 1) ~ 7'/*1/3.

ization of PO chains is Npg =~ 70. This system was chosen
since the lamellar region is formed at rather low block copoly-
mer concentrations>>. It has already been observed that the
solution with an intermediate block copolymer concentration
shows the orientation transition; for the same system at low
concentration, the onion phase was observed, to our knowl-
edge, for the first time in a lamellar block copolymer sys-
tem'3. The prescribed amount of block copolymer and Bu-
tanol were dissolved into distilled water and gently stirred by
a magnetic stirrer for 2 days. In this study, the concentration
of Pluronic P123 was fixed at 23 wt%, and the solvent compo-
sition (i.e., the ratio of butanol to water, B/H) was controlled
in the range of 0.3 to 0.4. At a polymer concentration of 23
Wt%, the lamellar phase is formed in wide range of B/H 3.
Butanol plays the role of a cosurfactant; thus, most of the bu-
tanol is located at the interface between the hydrophilic and
hydrophobic parts'3. In all measurements, the sample was
always cooled until the lamellar phase transitioned into an
isotropic phase with low viscosity. The sample in the isotropic
phase was loaded on the sample cell. Then, the temperature
was set to the measurement condition and we waited for 1200
s.

2.2 Methods

Viscosity measurements were performed using an ARES-G2
strain-controlled rheometer (TA Instrument Co., Ltd.) with a
couette geometry (height of bob=13 mm, gap size=250 um).
During the viscosity measurements, shear rates ranging from
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Fig. 2 Rheo-SALS (upper) and rheo-SAXS (bottom) patterns obtained for the same system shown in Fig. 1. In the rheo-SALS pattern, the
vertical and horizontal directions correspond to the neutral (n) and flow (v) directions, respectively. In the rheo-SAXS pattern, scattering
profiles in the neutral (n)-flow (v) plane (radial configuration) and the neutral (n)-velocity gradient (Vv) plane (tangential configuration) are
shown. The shear rate corresponding to each images is shown at the bottom of images.

7=1-1000 s~! were applied. Transient viscosity was mea-
sured at each shear rate until it reached steady state value.
Depolarized small-angle light scattering measurements un-
der shear (Rheo-SALS) were performed using a stress con-
trolled rheometer (Anton Paar MCR-301) equipped with a
quartz plate/plate shear geometry. The gap size between plates
was fixed at 250 um, corresponding to the viscosity measure-
ments3*. The incident beam of the He-Ne laser (A=658nm)
was polarized along the flow direction, and the analyzer was
aligned perpendicular to the flow direction. The rheo-SALS
pattern projected on a screen was recorded by a CCD cam-
era. Flow birefringence measurements were also performed
using the same rheometer as in rtheo-SALS. The He-Ne laser
(A = 633 nm) was incident on the sample along the velocity
gradient direction and transmitted light was detected by a pho-
todiode. In these rheo-optics measurements, shear rates in the
range of 7=1-2000 s~! were applied. The SALS pattern and
flow birefringence intensity were recorded after the viscosity
reached a steady state value.

Small angle X-ray scattering (rtheo-SAXS) measurements
were conducted using synchrotron radiation at beam line BL-
10C of the Photon Factory at the Institute of Materials Struc-
ture Science of the High Energy Accelerator Research Organi-
zation in Tsukuba, Japan®>. The scattering vector was defined
as g = (4m/A) sin (0/2), where 6 and A are the scattering
angle and the wavelength in the medium, respectively. A self-
made shear cell with couette geometry driven by a stepping
motor was equipped on the beam line. The gap of the couette

shear cell is 1 mm. In this setup, shear rates in the range of
7=10-1500 s~! can be applied. SAXS images were obtained
after the shear rate was applied for 600 s. Two scattering
configurations were used in the rheo-SAXS measurements; a
radial configuration where the beam passes the sample along
the velocity gradient direction, allowing the 2D scattering pat-
tern in the flow-neutral plane to be obtained, and a tangential
configuration where the beam passes along the flow direction.
Thus, the scattering pattern in the velocity gradient-neutral
plane can be observed '4.

Microscope observation under shear was performed using a
Linkam shear cell (CSS450), which has a plate-plate shear ge-
ometry. The shear cell was attached onto an Olympus micro-
scope (BX-50) and positioned between two polarizers. Sam-
ple thickness was kept at 250 um.

3 Non-equilibrium orientation

3.1 Identification of the lamellar orientation

Figure 1 shows the viscosity 11 and flow birefringence inten-
sity |An| as functions of the shear rate for the sample with B/H
=0.30 at T = 25 °C. Rheo-SALS and rheo-SAXS patterns at
different shear rates for the same system are shown in Fig. 2.
The same data sets for the sample with B/H = 0.34 are also
shown in Figs. 3 and 4. At B/H = 0.30, the viscosity shows
shear-thinning behavior over a wide shear rate region, which is
a representative rheological behavior of the lyotropic lamellar
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phase 338, The shear-thinning behavior follows a power law
n ~ 7~ /3 in which the exponent corresponds to the theoreti-
cal prediction by Lu et al®. In the shear-thinning region, the
birefringence intensity slightly increases with the shear rate.
At 7 =300 s, the shear-thinning viscosity shifts to Newto-
nian behavior. At the same shear rate as this rheological shift,
|An| suddenly increases and becomes saturated.

These shifts in the rheological and optical features indicate
a structural transition of the lamellar phase. The dynamic
orientation state of the lamellae was confirmed by the use
of rheo-SALS and rheo-SAXS measurements. In the rheo-
SALS pattern at low shear rate, diamond shaped scattering is
observed. This diamond-like scattering is attributed to oily
streak defects, a typical texture in the lamellar phase?, as we
will show in Fig. 5. The diamond pattern disappears with in-
creasing shear rate, and no characteristic scattering is recog-
nized at rates above 7 = 30 s~!, indicating that no specific
mesoscale structure such as the onion phase is present. Un-
like rheo-SALS, rheo-SAXS is sensitive to the layer orienta-
tion and reveals a characteristic feature related to the shifts
in rheological and optical behavior. In the shear-thinning re-
gion (<300 s~!), SAXS patterns in the radial and tangential
configurations show Bragg peaks along the neutral (n) and ve-
locity gradient (Vv) directions, respectively. Lamellae stacked
along the Vv direction yield scattering peak along the same
direction in the tangential configuration. This profile, the so-
called c-orientation, is typical of the parallel-oriented lamel-
lar phase 3. The Bragg peak observed in the radial configu-
ration is attributed to the undulating layers along the neutral
direction. The same scattering profile was observed for the
smectic liquid crystalline 8CB system with c-orientation in
the couette cell '8. We thus identify the orientation state in the
shear-thinning region as c-orientation, referred to as the L (C)
phase. However, when the shear-thinning behavior changes
to Newtonian, the SAXS pattern of both configuration show
remarkable changes. In the radial configuration, a new sec-
ondary peak appears, and peak intensity increases with the
shear rate. In the tangential configuration, the direction of the
Bragg peak drastically changes by 90° from the Vv direction
to the n direction. The Bragg peak along the n direction in the
tangential configuration indicates that the lamellae are stacked
in the n direction. Lamellae stacked along the n direction with
high degrees of layer orientation can also induce the secondary
peak in the pattern of the radial configuration. Since the orien-
tation direction of the layer normal is perpendicular to the Vv
direction, the lamellar phase with this orientation is referred as
a perpendicular orientation (i.e., the so-called a-orientation).
In this study we refer to this orientation as the Ly (A) phase.
These scattering profiles indicate the occurrence of the orien-
tation transition of the lamellae from the Ly (C) phase to the
Ly (A) phase. The orientation transition to the Ly (A) phase is
reasonably coincidental with the jump in |An| at 7= 300 s~ !.
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Fig. 3 Viscosity and birefringence intensity as a function of shear
rate for the sample with B/H = 0.34 at 25 °C. Vertical dotted lines
indicate characteristic shear rates. Symbols are the same as those in
Fig. 1. The first dotted line at low shear rate corresponds to the
formation of the onion phase. The second dotted line in the
intermediate shear rate indicates the rupture of the onion phase (i.e.,
the recovery of the lamellar phase), and the third one at high shear
rate corresponds to the transition in orientation from parallel to
perpendicular. The solid line shows the power law relation with a
slope of —1/3, 1 ~ 7~1/3, which is identical to the theoretically
predicted value.

Newtonian behavior in the perpendicularly oriented layers has
also been reported for some systems '3!1849 As the shear rate
is increased further, the degree of orientation seems to be en-
hanced, as indicated by the increase in peak.

In contrast to the sample with B/H = 0.30, the data sets for
the system with B/H = 0.34 show different features. At low
shear rate, shear-thickening behavior with the critical shear
rate 7. = 4 s~! is observed. As has been observed for many
surfactant lamellar phases, the shear-thickening behavior is
often associated with shear-induced onion phase formation
13571215 " The flow birefringence intensity |An| simultane-
ously starts to decrease as the shear-thickening appears. The
reduction in |An| is also reasonable if a structural transition
of the lamellae from aligned to isotropically curved proceeds.
Thus, these rheological and optical behaviors suggests that the
onion phase forms at the shear rate above 7. = 4 s~!. Onion
phase formation in the system with B/H = 0.34 was identified
by rheo-SALS and SAXS experiments in Fig. 4. The four-leaf
pattern that appeared in the rheo-SALS pattern above shear
rates of J. =4 s~! is representative of the shear-induced onion
phase>~. Furthermore, the isotropically curved layers in the
onion structure are also detected as isotropic Bragg scattering
in the rtheo-SAXS at =10, 30, and 100 s~!. These features
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Fig. 4 Rheo-SALS (upper) and rheo-SAXS (bottom) patterns obtained for the same system used in Fig. 3. In the rheo-SALS patterns, the
vertical and horizontal directions correspond to the neutral (n) and flow (v) directions, respectively. In the rheo-SAXS pattern, the scattering
patterns in the neutral (n)-flow (v) planes (radial configuration) and the neutral (n)-velocity gradient (Vv) planes (tangential direction) are
shown. The SAXS pattern on the left end was obtained before shearing. In each image, the corresponding shear rate is shown at the bottom of

the image.

demonstrate that the onion phase was consistently formed. Af-
ter the shear-induced onion phase formation, shear-thinning
viscosity is observed in a wide shear rate region 7>10 s~
The slope of the shear-thinning changes at ¥ = 200 s~!. At
shear rates higher than ¥ = 200 s~!, the viscosity follows a
power law behavior as ) ~ }7_1/ 3, which is the same as that ob-
served in Fig. 1. In the same shear rate region, |An| recovers to
the same level as that before the onion phase formation below
% =4 s~ 1. The increase in |An| indicates the breakup of the
onion structure and reformation of the planar lamellar phase.
The disappearance of the four-leaf pattern at ¥ = 300 s~! in
the rheo-SALS pattern also suggests the rupture of the onion
structure. The SAXS profile at 7= 300 s~! indicates the pres-
ence of the Ly (C) phase. As the shear rate is further increased,
|An| suddenly increases, as observed in the system with B/H =
0.30. After the jump, the level of |An| reaches the same inten-
sity as that for B/H = 0.30, suggesting that the planar lamellae
undergoes an orientation transition. As one can see at 7= 1500
s~!, the anisotropic Bragg peaks along the n directions in both
the radial and tangential configurations clearly prove that the
orientation state is Ly(A) phase. Although we could not ob-
serve the Newtonian behavior in the shear rate range of the
viscometry, the viscosity gradually levels off at 7 = 1000 s~!,
suggesting the appearance of Newtonian behavior. Thus we
conclude that this systems show several orientation transitions
as a function of shear rate: Ly (C)/onion transition, melting of
the onion structure into Ly (C), and Ly (C)/Ly(A) transition.

Here, we would like to point out appearance of the isotropic
Bragg ring in the tangential configuration at 7 = 700 s~'. As
mentioned above, the isotropic Bragg ring suggests the pres-
ence of isotropically curved lamellae. We have confirmed that
the same SAXS profile also appears at the critical shear rate
of the Ly(C)/Ly(A) transition in other samples (see Fig. 3 in
the supplemental information).

The experimental results shown above are typical samples
showing orientation transitions. The orientation behaviors we
observed are essentially the same as those of the same block
copolymer lamellar systems studied by Richtering et al. '>'3.
The primary contributions of our study are the findings of the
rupture of the onion phase and the orientation transition after
the rupture at high shear rate. Note that the rheological and op-
tical properties are crucial for detecting the structural and ori-
entation transitions of lamellae even without rheo-SALS and
rheo-SAXS.

The polarized microscopy images of samples with B/H =
0.30 and 0.34 at T = 25 °C are shown in Fig. 5, Both samples
have oily streak defects; however, the thickness and orienta-
tion of the oily streaks obviously depend on the solvent com-
position. At 7=3s~!, the oily streaks in the sample with B/H
= 0.30 are much thicker than those in the sample with B/H =
0.34. The oily streaks orient along the v direction and become
thinner as the shear rate increases. One can see a hazed tex-
ture at 7 = 100 s~! resulting from the fine structures of the de-
fects. The orientation transition into the Ly(A) phase should
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Fig. 5 Polarized microscopy images of samples with (a): B/H = 0.30 and (b): B/H = 0.34 at 25 °C. Scale bars are 100 pm.

be induced at 7 = 300 s~!, due to the resolution of the opti-
cal microscope, it is difficult to see the defects and mesoscale
structures. On the other hand, at B/H = 0.34, the oily streaks
are rather thin and orient 40 ° from the v direction and form a
defect network. At 7=10s"!, the densely packed onion phase
is recognized. The size of the oily streaks decreases with the
shear rate, as has been reported for many surfactant systems.
At =100 s~!, one cannot identify the onion structure due to
resolution limitations of the optical microscope. Finally at =
300 s~!, where the Ly(C) phase should be recovered, no de-
fects such as oily streaks are observed. Although it is difficult
to determine the structure at high shear rate (i.e., the defects
and onion phase) are consistent with the above experimental
results. The dependence of the thickness of the oily streak on
solvent composition represents the change in the elastic prop-
erties of the lamellae®.

It is well recognized that defects dominate the rheologi-
cal properties of the lamellar phase30-3841-43  In particular,
the shear-induced onion phase seems to be strongly related
to defects!2. On the basis of shear modulus measurements,
Medronho et al. reported that an increase in defect density
is a necessary precursor to onion phase formation*>. On the
other hand, Dhez et al. qualitatively suggested that the length
of screw dislocation determines the threshold of shear-induced
onion phase formation?’. As we observed, the differences in
the thickness of the oily streak and orientation direction may
affect the structural transition under shear.

3.2 Dynamic orientation diagram

The experimental results are summarized in the form of a dy-
namic orientation diagram as functions of B/H and shear rate
in Fig. 6. The left panel shows the orientation diagram at T
=25 °C. Here, the subscripts U and L in Ly(C) indicate the
upper and lower Ly (C) phase, respectively. At low B/H, no
onion phase formation occurs while only the Ly(C)/Ly(A) ori-
entation transition is observed at high shear rate. Above B/H
= 0.325, the onion phase appeares in the middle shear rate
range, followed by the rupture of the onion phase at shear rates
over 100 s~! and the recovery of the Ly (Cy) phase. A further
increase in shear rate induces the Ly (Cy)/Ly(A) orientation
transition. The rupture of the onion structure and thus the re-
covery of the Ly (C) phase were also reported by Roux ef al. !
They reported that the Ly(Cy) phase at high shear rates has
perfectly aligned lamellae without defects.

In the right panel, the dynamic orientation diagrams at dif-
ferent temperatures are compared. The dynamic orientation
state of this system significantly depends on the temperature.
While no onion phase formation was confirmed at 7 = 21 °C,
the onion phase region expands as temperature increases. At
T =27 °C, the onion phase is easily formed at low shear rate
over wide B/H value. The Ly(C)/Ly(A) orientation transi-
tion in the high shear rate region also depends on temperature,
and the critical shear rate increases with temperature. Srpris-
ingly slight differences in temperature significantly affect the
dynamic orientation state. The origins of these critical shear
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Fig. 6 Left: dynamic orientation diagram at 25 °C as a function of B/H and shear rate. Closed triangles correspond to the critical shear rate of
the L (C)/onion transition. Closed circles correspond to the rupture of the onion phase and the onion/L(C) transition. Open triangles
indicate the Ly (C)/Ly(A) transition. The subscripts U and L in L(C) indicate the upper and lower Ly (C) phases, respectively. Right:
dynamic orientation diagrams at different temperatures (black, 21 °C, blue, 23 °C, green, 25 °C, and red, 27 °C). Different symbols with
different colors at the lower shear rate correspond to the critical shear rate of the onion phase formation. Closed circle with different colors at
high shear rate corresponds to the characteristic shear rate of the rupture of the onion phase. Open symbols correspond to the critical shear rate

for the Ly (C)/Ly(A) orientation transition.

rates, the Ly (C)/Ly(A) orientation transition, and the rupture
of the onion structure will be considered later.

3.3 Characterization of the L,(C) phase

The dynamic orientation diagram suggests that the onion
phase can be formed from the Ly(C) phase at both high and
low shear rates. In Fig. 7, the transient viscosities during
the onion phase formation from the Ly(Cp) and the Ly (Cy)
phases are shown. Here, the system with B/H = 0.38 was
used for the measurements at 7 = 23 °C. The initial condi-
tions of Ly(Cr) and Ly (Cy) phases were prepared at 7 = 1
and 2000 s~ !, respectively. A shear rate of 7 = 100 s~! was
then applied as a step function. In the shear jump test, as ¥
is increased to from 1 s~! to 100 s~!, the viscosity increases
in two steps and reaches the steady state. On the other hand,
in the shear quench test, after quenching the shear rate from 7
=2000s"! to 100 s7!, the viscosity is increased and eventu-
ally approaches to the same value as the viscosity in the shear
jump test. In previous studies, we found that the first step in
the viscosity growth can be attributed to the increase in defect
density; the second step is attributed to the appearance of the
onion phase>!?. Qualitatively, the similar behavior observed
for both the shear jump experiment from the Ly (Cr) phase
and the shear quench experiment from the Ly (Cy) phase in-

dicates that the onion phase formation proceeds via the same
process. However, the growth in viscosity in the shear quench
experiment is delayed compared with that in the shear jump
experiments. The Ly(Cy) phase at high shear rate is con-
sidered to have perfectly aligned lamellae without defects 17,
The delay in the increase in viscosity is this attributed to the
absence of defects in the Ly (Cy) phase. The Ly(Cy) phase
with fewer defects require more time to develop defects. The
shear quench behavior indirectly supports the existence of the
Ly(Cy) phase with few defects at high shear rates. Please
note that the slight inhomogeneity of the shear cell is suffi-
cient to induce dislocation, even if the inhomogeneity is on
the nano-meter scale’’. As shown in Fig. 5(b), the L(Cr)
phase exhibits oily streak defects at low shear rates, while no
such defects can be identified at 7 = 300 s~! under the optical
microscope. Each planar lamellae in the L (Cr) and Ly (Cy)
phases are characterized by a large difference in the defect
density.

4 Discussion

We found three orientation transitions in above experiments.
At low shear rate, samples with higher B/H values showed
shear-induced onion phase formation. In contrast, at high
shear rates, the onion phase was ruptured into the Ly (C)

This journal is © The Royal Society of Chemistry [year]
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Lq(Cr) phase at %5 = 1 s~! (shear jump) or quenching shear rate
from the Ly(Cy) phase at % = 2000 s~! (shear quench).

phase, and the orientation transition from the Ly (C) phase
to the Ly(A) phase occurred in a wide range of B/H. We
refer to each transition as the onion/L(C) transition and the
L (C)/Ly(A) orientation transition with critical shear rates of
Ymax and Y /,, respectively. In this section, we focus on the
orientation transitions at high shear rate, which are poorly un-
derstood compared with the onion phase formation.

4.1 Critical condition of the orientation transition

As we have shown, different orientation states can be ob-
served at the same solvent composition when the shear rate
is increased. In this section we consider critical conditions
of those transitions. The lyotropic lamellar phase has several
relaxation modes such as undulation, baroclinic, and sound
mode*4%.  Among those relaxation modes, the baroclinic
mode is the slowest one3?. Lu indicated that the decay rate
of the baroclinic mode I" ~ uBI(l + 1) /r2 with low deforma-
tion mode / almost coincides with the critical shear rate of
onion formation3>*7. Here, u is the squeezing mobility be-
tween two membranes given by u = (d — §)?/12n, with sol-
vent viscosity 1, repeating distance d and membrane thick-
ness §*. B and r, are the compression modulus and radius of
the onion, respectively. Lu calculated a dynamic free energy
density with the baroclinic mode dispersion relation and found
that the scaling behavior of the onion size is determined by the
free energy minima. This implies that the mode for squeezing
water between two layers is responsible of the relaxation of

B/H

Fig. 8 Stress at the critical shear rates of the Ly (C)/Ly(A)
orientation transition (7, /a) and the onion/L(C) transition (Jmax) as
a function of B/H at different temperatures: (a) 23 °C, (b) 25 °C
and (c) 27 °C. Stress ¢ was estimated from the 1 of the system at
critical shear rate instead of the solvent viscosity. Solid curves are
the guides for the eyes. In panel (c), all data of the critical stress o
at T =21, 23, and 25 °C are plotted for reference.

the onion structure. In addition, the characteristic shear rate
for the rupture of the onion structure was also predicted on
the basis of the disappearance of the minima where the onion
size is close to the core size (~ d). Interestingly, the theory is
in good agreement with the experiments performed by Roux
et al. The maximum shear rate at which the onion structure
disappears is given by

. 6uB

s = (3,127 (1)
where uB is the dimension of diffusivity, and the smectic pen-
etration length A is close to the core size (~ d). The onion for-
mation and its rupture are both closely related to the dynamic
balance between the internal relaxation mode of the lamellae
and external shear. The baroclinic mode dispersion relation is
similar to that of the permeation mode, uBgq?.

On the other hand, the theoretically argued mechanism of
the orientation transition is based on the undulation mode
which is affected by shear>>27. The lyotropic lamellar phase
is stabilized by steric repulsion resulting from the undulation
fluctuation*>*®. However, the shear flow will iron out the
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membranes and suppress the undulation mode with a long
wavelength amplitude fluctuation. The reduction of the en-
tropic repulsive force results in instability, causing the layers
to realign. The critical shear rate of the orientation transition
predicted by Ramaswamy is >

,_ (ksT)’
Yeja = Ns 2d3 2

Here, kg is the Boltzmann constant, T is the temperature, and
Kk is the rigidity constant of the membrane. Al kahwaji et
al. confirmed that the validity of the theory was experimen-
tally confirmed for the lamellar phase of the ionic surfactant
AOT '°. However, note that good agreement with theory is ob-
tained only when the zero-shear viscosity 7g is incorporated
instead of 7.

Considering the ratio of these critical shear rates under the
assumption of k o< kgT and A o< d, the difference in the time
scales of these transitions can be attributed to the viscosity and
lamellar spacing, Y. /a/Tmax = 247.5(ns/n)(d — 8)2/d?. In this
study, the value of (d — §)?/d is estimated to be 0.6'3. The
ratio of two critical shear rates thus depends only on the vis-
cosity. The above relation can be further reduced to . /,n ~
1507 max Ns. At the maximum shear rate where the onion phase
disappears, the viscosity is roughly 100 mPas. Thus taking
the viscosity instead of 7 offsets the pre-factor in the above
relation, suggesting that the shear stress at the transition point
has almost the same value, o, /3/0'malx ~ O(1). The critical
shear stresses at the orientation transition point and at the rup-
ture of the onion phase were compared in Fig. 8. Both critical
stresses collapse onto the same curve, especially at T = 25 °C,
where they are almost coincidental. Under stress controlled
experiments, the coexistence of Ly (A) and the onion phases is
expected. The occurrence of different structural transitions at
the same stress value suggests that all structural transitions in
the lamellar system are driven by a balance of two forces: vis-
cous force applied by shear and the internal relaxation mode of
lamellae, which depends on the elastic properties of the mem-
brane. This conclusion is similar to Taylor’s argument in the
droplet problem*¥%. At the maximum shear rate, viscous
stress reaches to a critical value and prevails over the effective
surface tension of the membrane, resulting in the breakup of
the onion phase. The viscous stress decreases due to the dis-
appearance of the onion phase. The membranes will again be-
come unstable when the viscous stress approaches the critical
value, and the orientation transition will consequently occur
as the second transition.

Here we consider if the critical shear stress is related to
the change in d with solvent composition and temperature.
Fig. 9 shows the typical SAXS profiles for samples with dif-
ferent B/H values at a shear of 7= 10 s~ and T = 25 °C.
The lamellar spacing d obtained from the SAXS profiles are
also shown as a function of temperature. The temperature de-

pendence of the lamellar spacing d changes with the solvent
composition. At B/H = 0.30, d increases with temperature
while it does not show significant temperature dependence at
B/H = 0.38. At fixed temperature, d decreases with increas-
ing in butanol content. Previously, Zipfel et al. reported that
the increase in butanol content reduces the lamellar spacing
d because of the slight decrease in the apolar thicknesses of
the lamellar membranes; in contrast, d increases with temper-
ature due to the increase in the apolar thickness caused by the
change in the solubility of each block and the hydration of the
EO block 3. These experimental findings are similar to our
results with the exception of the temperature dependence of d
for samples with higher butanol content; our results suggested
that for B/H >0.34, d does not depend on temperature. Com-
paring the B/H dependences of o, and d, o, increases with
decreasing d. In contrast, the temperature dependence of o,
increases with d. Thus their tendency in B/H and temperature
dependences are inconsistent with each other. Their incon-
sistency suggests that the critical stress is not simply scaled
by eq. 2 considering the change in d. In fact, we confirmed
that the scaling behavior 6. ~ d~3 does not hold in this study.
Previously we found that the critical stress of the onion phase
formation is scaled by considering the bending rigidity of the
lamellae 2. Adding cosurfactant into the surfactant system is
known remarkably influence the elastic properties of bilayer
membranes®!. As reported by Zipfel et al., butanol is inter-
facial active molecule and behaves as a cosurfactant. Butanol
can insert in the interfacial region and stuck into hydrophobic
part of the membranes. The sticking of butanol to the mem-
branes changes the elastic properties, and slight changes in
sample composition lead to significant differences in the dy-
namic orientation state under shear.

4.2 Possible scenario of the orientation transition

The origin of the orientation transition has been attributed
to the suppression of the undulation fluctuation based on the-
ory 22731 In the theory developed on the basis of the shear
effect on the Helfrich interaction, the lamellar spacing is re-
duced in the vicinity of the transition point as a result of the
suppression of the undulation fluctuation. There have been
several discussions and reports on the shear effect of the lamel-
lar spacing !%192:33  However, we did not observe the reduc-
tion of the lamellar spacing at the critical shear rate (Figs. 1
and 2 in Supplemental Information). As we have shown in
Fig. 5(a), the Ly (C) phase includes many oily streak defects.
In general, the shear flow generates more defects to relieve the
imposed strain. Hence it is necessary to consider the influence
of the defects on the orientation transition.

The influence of the defects on the rheology has been dis-
cussed in several studies3®>%. The power law relation of

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-14 |9



Soft Matter

-

=

<

A —

~
B/H =032
B/H =0.30

1
10" 10°

g /mm’

20 T T T T
® B/H=030
m 0.32 L
A 0.34
19r 0.36 7
* 038 ® e -
£ = "
£ 18t ° -
~
‘ A
17k * . A A |
o ¢ IS ¢
16 1 1 1 1
20 22 24 26 28 30

T/rC

Fig. 9 Figure on the left: SAXS profiles obtained for samples with different solvent composition B/H under shear of 7= 10 s~latT =25°C.
SAXS profiles are vertically shifted for the eyes. Figure on the right: lamellar spacing d obtained for samples with a different B/H as a

function of temperature.

the shear-thinning 1 ~ 7~'/3 in Figs. 1 and 3 suggests that
the nonlinear rheology in this system is dominated by the
nucleation-annihilation dynamics of dislocations as proposed
by Lu et al. 8. This also means that in the shear rate region
where the nucleation-annihilation dynamics are dominant, the
dislocations can move with the flow. Dislocation movement is
driven by the Peach-Koehler force, and its velocity is propor-
tional to the shear stress v = Mo 0. M is the mobility of the
dislocations and is usually given by (M =v/c = 10°> m?>skg~!)
in the lyotropic lamellar phase®'. However, at high shear
rates, dislocations are no longer able to follow the flow?’. In
this limit, inhomogeneous lamellar spacing around the dislo-
cations will destabilize the system because dilation develops
at the same time. To keep the lamellar spacing constant, the
system must find another alignment to be able to flow. This
might be the critical shear rate where the orientation transition
appears. Using a critical shear stress of ~ 10> Pa, we simply
estimated the limiting velocity of the dislocations to be v = 10’
m/s. By dividing the limiting velocity by the sample thickness
(~ 107 um), the shear rate at the limiting velocity is estimated
to be Yim ~ 102 — 103 s~', which almost corresponds to the
critical shear rate. Thus the origin of the critical shear rate
might be the limiting velocity of the dislocations driven by
shear stress. Scaling behavior of the critical shear stress in
Fig. 8 suggested that the structural transitions are driven by
a balance between viscous force and the internal relaxation
mode of the lamellae. The limiting velocity of defects might
be controlled by the internal relaxation mode.

The thermotropic smectic phase also shows the orientation

transition with increasing shear rate, despite the high density
of oily streak defects 1840 - Ag far as we know, there is no clear
experimental evidence for the shear rate dependence of the
layer spacing in the thermotropic smectic phase. Previously,
we found that the critical shear rate of the orientation transi-
tion in the smectic phase drastically decreases in the vicinity
of the smectic/nematic transition point, where the defect size
is diversely increased. In the case of such a high defect den-
sity, the orientation transition might be associated with defect
rearrangement . Dhez et al. reported that the dislocation size
is correlated with the onion phase formation and orientation

transition 20,

4.3 Intermediate structure in the orientation transition

In this section, we highlight the presence of an intermediate
structure at the orientation transition point from the L (C)
phase to the Ly(A) phase. The SAXS profile as a function
of shear rate is shown in Fig. 4. The SAXS profile with a
sharp Bragg peak in the radial configuration at =700 s~ ! in-
dicates a highly oriented lamellar phase with the layer normal
along the n direction. On the other hand, the isotropic Bragg
ring in the tangential configuration indicates the presence of
curved lamellae. To obtain information about the orientation
of the lamellae, the SAXS profiles in Fig. 4 are plotted as an
azimuthal angle dependence of the intensity at specific wave-
length at which the SAXS profile shows the peak in the in-
tensity. We follow the method of Picken et al.>® and quantify
the degree of orientation of the lamellar phase. Picken et al.
described the azimuthal intensity profile by the following re-
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Fig. 10 SAXS intensity as a function of the azimuthal angle 6 in the
radial (a) and tangential (b) configurations at several shear rate. In
the radial and tangential configuration, 6 = 7r/2 corresponds to the v
and Vv directions, respectively. The azimuthal intensity profile was
obtained from the SAXS images shown in Fig. 4. The solid lines are
the best fits obtained using eq. 3.

lation, which assumes a Maier-Saupe type of orientation dis-
tribution function

1(0) = Iy explot(Py(cosO) — 1)] + L, 3)

where P5(x) is the Legendre polynomial of variable x and o
is the distribution parameter that characterizes the width of
the intensity profile®3. Iy and I, are the maximum intensity
and background contribution to the azimuthal profile, respec-
tively. The orientational parameter S of the lamellar phase is
determined as the numerical integration of

B f_ll exp[oP, (sin@)]P>(sinf) d sind

S
!, explaPy(sinB)] d sin®

(4)

The scattering intensity in the radial configuration
(Fig. 10(a)) develops a maxima at 8 = 0 and & monotonically
with increasing 7. In contrast, in the tangential configuration
(Fig. 10(b)), a scattering intensity with maxima at 6 = 1/27
and 3/27 also develops with increasing y. However, at y =
700 s~ !, the amplitude is suddenly reduced indicating that the
lamellae are randomly oriented. As 7 is further increased to
1000 s~!, a scattering intensity with maxima at & =0 and 7
develops due to the orientation transition. These azimuthal in-
tensity profiles are well fitted by eq. 3, except for at y = 700
s~!. Here, we should note that the asymmetric profile in the

1.0 T T

[ ]
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e L X 4
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04} ¢ 1
*
* 0%

02} o
Onion L) L(A)
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/s

Fig. 11 Orientational parameter as a function of shear rate for the
system with B/H = 0.34. Horizontal solid lines correspond to the
orientational parameter before shearing. Vertical dotted lines show
Ymax and e /-

tangential configuration is derived from the curvature effect
of the shear cell. Thus, the intensity profile in the range of 7
< 0 < 2m was used for the fitting. The orientational param-
eter S estimated by numerical integration of eq. 4 is plotted
as a function of y in Fig. 11. The horizontal lines indicate
the value of § before shearing. In the shear rate domain be-
low 200 s~!, which corresponds to the onion phase region, the
value of S is lower than that before shearing. With increasing
7. S increases with a sigmoidal curve indicating that the lamel-
lae start to orient collectively because of the rupture of the
onion phase. After the reformation of the planar L (C) phase,
S in the radial configuration reaches almost 1. On the other
hand, S in the tangential configuration suddenly decreases at
¥ =700 s~!'. The value of S in the radial and tangential con-
figurations suggest that the lamellae are highly oriented along
the flow direction, while their orientations along Vv are al-
most random at the transition point. After the transition into
the Ly (A) phase, S increases dramatically to S ~ 0.65, indi-
cating a relatively higher orientation of the lamellae along the
Vv direction. For more detailed kinetic information, it is nec-
essary to perform rheo-SAXS experiments with small shear
rate steps in the vicinity of the transition point. Other com-
plementary methods such as theo-NMR spectroscopy are also
expected to be useful for the detection of intermediate struc-
tures; for example, Medronho et al. studies the formation of
the shear-induced onion phase>®.

The orientational parameter and SAXS profiles suggest sev-
eral possibilities for the state of the orientation; these include
coherently buckled lamellae with a characteristic wavelength
or multilamellar cylinder structures. A Bragg ring with low
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S may appear even in the defective lamellar phase filled with
oily streak defects. However, the absence of the oily streak
defects confirmed by optical microscopy suggests that this is
not the case. One might also consider the possibility of the
coexistence of the Ly(C) and Ly(A) phases. In this case,
we expect mixed Bragg peaks along the n and Vv directions
but not the isotropic ring reported for the block copolymer
lamellar phase*. We confirmed that the same SAXS profile
appeared in the Ly(C)/Ly(A) orientation transitions of other
samples with different B/H ratios (Fig. 3 in Supplemental
Information). Similar scattering profiles have been observed
during the transient process of shear-induced onion phase for-
mation>. We should note that this characteristic SAXS profile
was observed at a steady state but not during the transient pro-
cess. Rheo-SAXS profiles indicate the presence of a steady
state intermediate structure. A stable intermediate phase re-
gion with a very narrow shear rate domain would exist. To our
best knowledge, this is the first report of a stable intermediate
structure in the orientation transition. The results of molecular
dynamics simulation performed by Guo suggest the formation
of the intermediate structure>*. In the simulation, the undu-
lation fluctuation along the flow direction was suppressed by
shear flow. Since the undulation fluctuation along the neu-
tral direction is not coupled to the shear flow, lamellae break
up into mono-domains along the neutral direction. The frag-
mented lamellar domain then rotates into the perpendicular
orientation and organizes the perpendicularly oriented lamel-
lar phase by migration and annihilation of the defects. The
rotation of the lamellar mono-domain due to the decoupling
of the undulation fluctuation along the direction neutral to the
shear flow might be the origin of the steady state intermedi-
ate structure formation. It is interesting that Shiba et al., first
reproduced the rolled structure of the lamellae in their simu-
lation study>°. Their simulation results suggest that the mul-
tilamellar cylinder is a plausible intermediate structure. These
simulations results are not inconsistent with rheo-SAXS ex-
periments and orientational parameter analysis.

Recently, Kato ef al. found a stable intermediate structure
between the lamellar and onion phase by rheo-SAXS mea-
surement'!. Interestingly, they also found that the lamellae
with perpendicular orientation are enhanced prior to the onion
phase formation. The appearance of the orientation transition
like behavior in the vicinity of the onion phase formation may
imply that the intermediate structure formation is necessary
for the non-equilibrium structural transition in the lamellar
system despite the large difference in critical shear rate.

5 Conclusions

We have studied the dynamic orientation transitions of the ly-
otropic lamellar phase of Plutonic P123 block copolymer sys-
tems with different solvent composition. By combining vis-

cometry, birefringence, rheo-SALS and rheo-SAXS measure-
ments, we have constructed the dynamic orientation diagram
over a wide range of shear rates. The dynamic orientation di-
agram revealed that several orientation transitions are induced
by increasing the shear rate, even at the same sample composi-
tion. At low B/H ratios, samples show only the Ly (C)/Ly(A)
orientation transition at high shear ratse. In contrast, samples
with high B/H ratios exhibit the shear-induced onion forma-
tion at low shear rates followed by a variety of orientation tran-
sitions including the reformation of the planar Ly (C) phase
due to the rupture of the onion structure, and the Ly (C)/Ly(A)
orientation transition. By considering the shear stress at the
transition points, we found that the critical condition for the
rupture of the onion structure and the Ly (C)/Ly(A) orienta-
tion transition coincide with each other. The consistency of
the shear stress values at the transition points suggests that
the structural transition of the lamellar phase is driven by the
mechanical balance between the applied viscous force and the
internal relaxation mode of the lamellae in a similar way to the
Taylor’s droplet problem. Assuming the existence of the lim-
iting velocity of defects, we could estimate the critical shear
rate of the orientation transition, which is in good agreement
with the experimental results. ~ We also identified a stable
intermediate structure in the Ly (C)/Ly(A) orientation transi-
tion, which had not been reported until now. The presence of
the stable intermediate structure may be a universal feature in
the pre-transition stage of the lamellar system.
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