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Abstract Kinetics of the orientation transition in the triblock
copolymer lamellar phase is studied by viscometry. We find
that the strain-controlled mechanism dominates the transi-
tion kinetics. We propose a possible scenario of the orienta-
tion transition from the viewpoint of the dislocation dynam-
ics. We could also evaluate the critical shear rate of the
orientation transition by assuming the limiting velocity of
the dislocations under shear. Evaluated value is in good
agreement with the experimental observation. The nucle-
ation of the dislocations might be necessary for the orienta-
tion transition.

Keywords lamellar phase, orientation transition, non-
equilibrium transition, dislocation, rheology

1. Introduction

Rheology of the lamellar phase has many open issues
such as a defect-mediated shear-thinning behavior, the
origin of the elasticity, and the non-equilibrium structural
transition induced by shear [1-11]. Especially the non-
equilibrium structural transition has been extensively
studied both experimentally and theoretically for more than
two decades. It is known that the lyotropic lamellar phase
shows two non-equilibrium structural transitions. One is a
thermodynamically stable multilamellar vesicle (MLV)
phase formation under shear flow [1-5]. And another one is
an orientation transition of the lamellae from parallel to
perpendicular orientation [5—7, 12—17]. Since there are
many reports on the orientation transition for many systems
such as thermotropic smectic phase, amphiphilic lamellar
phase, and block copolymer melt [18-21], the orientation
transition is likely to be an universal structural transition in
the layered system. Nonetheless, in contrast to the MLV
formation mechanism which has generated a lot of interests
in understanding, the orientation transition mechanism still

*E-mail: sfujii@mst.nagaokaut.ac.jp

remains speculative. And also there is no experimental
report on the transition kinetics except for molecular
dynamics simulation [17]. For clear understanding of the
non-equilibrium structural transition, kinetic pathway in
particular is important to address discrepancy from the
MLV formation mechanism.

In general, the undulation fluctuation is responsible for
the stability of the lamellar phase in the thermal equilibrium
state, since it yields repulsive Helfrich interaction between
lamellae [22]. Theoretical studies expect that the lamellar
will lose its stability as the shear rate gradually increases
because of suppression of the undulation fluctuation [12—
16]. Therefore the reduced repulsive force generates effec-
tive dilation along the layer normal of the lamellae in order
to retain the equilibrium layer spacing. This is the undula-
tion instability. As the dilation becomes larger than the
critical value, coherent buckling of the lamellae sets in
along the neutral direction, and the orientation transition is
eventually triggered. However, we should also note that
such dilation creates dislocations, which significantly affect
the rheological properties of the lamellar phase [9-11]. In
addition, many dislocations accumulate into a texture
known as a focal conic domain (FCD) which also affects
the rheology [23-25]. Indeed, the rheological properties of
the lamellar phase is closely related to the structural
response such as the dynamic orientation state, a motion of
dislocations and a coarsening of the defect [4, 6, 7, 26].
Therefore, in order to understand the orientation transition
of the lamellar phase, we need to consider all contributions
of the undulation flucuation, the nucleation of the disloca-
tions, and their assembly into defects.

In this brief communication, we present transient viscosity
data associated with the orientation transition. To our
knowledge, this is the first experimental study on the kinet-
ics of the orientation transition. In the following section, the
sample and experimental method are shortly described.
Then, the experimental results of the transient behavior are
presented when the shear rate is changed from parallel to
perpendicular lamellae and vice versa. We also discuss the
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possible mechanism of the orientation transition and the
origin of the critical shear rate. Finally main findings in this
study are summarized in the conclusion.

2. Sample and Viscometry

We used ternary lyotropic lamellar phase composed of
amphiphilic triblock copolymers, Butanol and distilled
water. The amphiphilic triblock copolymer, trade name of
Pluronic P123, obtained from BASF was used as received.
This triblock copolymer consists of two hydrophilic
ethylene oxide, EO, blocks bounded to a central hydropho-
bic propylene oxide, PO, block. A degree of polymerization
of hydrophilic EO block is Ny, = 23. And the degree of
polymerization of PO chains of Npg = 59. The prescribed
amount of block copolymer and Butanol were dissolved
into the distilled water H,O and gently stirred by a magnetic
stirrer for 2 days. Pluronic P123 concentration was fixed at
23 wt% and solvent composition, the ratio of butanol
against the water was fixed at 0.3. Butanol plays a role of a
cosurfactant and thus most of butanol is located in the inter-
face between hydrophilic and hydrophobic parts [3]. In all
the measurements, sample was always cooled down until
the lamellar phase undergoes transition into an isotropic
phase with low viscosity. And then the sample in the isotro-
pic phase was loaded on the sample cell. Then temperature
was set to the measurement condition 7" = 23°C and we
waited for 1200 s. Shear jump and quench experiments
were performed using an ARES-G2 strain-controlled rhe-
ometer of TA Instrument Co., Ltd., with a couette geometry
(hight of bob; 13 mm, gap size; 250 um). In the kinetic
experiments, initial shear rate ¥, was applied to the sample
until the steady state is obtained. When the viscosity
reached to the steady value, the shear rate was changed to
final shear rate y; in a manner of the step function. In the
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ARES-G2 with the couette shear cell, the shear rate reached
to the fixed value after 0.05 s.

Small angle X-ray scattering (Rheo-SAXS) measurement
was carried out using synchrotron radiation at beam line
BL-10C of the Photon Factory at the Institute of Materials
Structure Science of the High Energy Accelerator Research
Organization in Tsukuba, Japan [27]. Self-made shear cell
with the couette geometry was equipped on the beam line.
In the rheo-SAXS measurements, 2D scattering patterns in
neutral n-velocity v plane and neutral n-velocity gradient
Vv plane are obtained.

3. Dynamic orientation state

Steady state viscosity and SAXS patterns are shown in
Fig. 1. The system shows a shear-thinning behavior with a
power law relation of # ~ 73, which has a theoretically
predicted exponent by Lu et al. [11]. The shear-thinning is
followed by a shift into the Newtonian like behavior. In the
SAXS patterns, at lower shear rates ¥ = 30 and 50 s, the
Bragg peak can be observed along the neutral » direction in
the v-n plane and along the velocity gradient Vv direction
in Vv-n plane. This is indicative of the parallel oriented
lamellar phase, so-called c-orientation [3, 6, 28, 29]. On the
other hand, at higher shear rates ¥ = 100 and 300 s', sec-
ondary Bragg peak appears along n direction in the v-n
plane. In addition, the Bragg peak position in the Vv-n
plane turns by 90° and appears along n direction. This is a
typical pattern for the perpendicularly oriented lamellar
phase, a-orientation [3, 6, 28, 29]. Thus, the shear-thinning
and the Newtonian like behavior are assigned to the lamel-
lar phase with ¢ and a-orientation, respectively. In this
system, there seems be a critical shear rate of the orienta-
tion transition between 7 = 50 and 70 s™'. We should note
that the critical shear rate is sensitive to the sample prepara-
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Fig. 1 (a): Steady shear viscosity as a function of shear rate. Solid line shows the power law relation 5 ~ 7' of the shear-thinning behavior. For
the reference, steady state viscosity obtained after the shear jump and quench are also shown. (b): Typical SAXS patterns obtained from different
scattering plane, upper line; neutral n-velocity v plane and bottom line; neutral n-velocity gradient Vv plane. Schematic diagrams of the lamellar

phase with ¢ and a-orientation are also shown.
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tion. Depending on the sample preparation, the perpendicu-
lar lamellar phase is observed at y = 50 s~

On the basis of the viscometry and SAXS data, we
performed transient viscosity measurements by shear jump
or quench across the critical shear rate. In the shear jump
experiment, the shear rate was jumped up from initial value
¥, = 1 s! to different final values ¥, On the other hand, in
the shear quench experiment, the shear rate was quenched
from y, = 300 s™' to different y,. Steady state viscosity
reached after the shear jump and quench are compared
with each other in Fig. 1. Each steady state viscosities are
consistent.

4. Shear jump experiments

Transient behavior of the viscosity after the shear jump
from c-orientation at y; = 1 s”' to different y; is shown in
Fig. 2. When the shear rate was jumped between the lamellar
phases with c-orientation, the viscosity instantaneously
dropped at short time and gradually increased and reached
to the steady state with time. As the shear rate is increased,
slight overshoot appeared at y = 20 and 30 s™'. In the figure,
we show only viscosity growth because the drop of the
viscosity at short time range could not be detected with
enough accuracy. On the other hand, when the shear rate
was jumped up into a-orientation, the viscosity showed a
multi step behavior; the overshoot at short time range
followed by thixotropic behavior with shoulder. Transient
behavior significantly depends on whether y; belongs to
c-orientation or g-orientation. Multi step relaxation indi-
cates the contribution of several modes with different time
scales. In order to estimate the time scale of the kinetics, we
defined a characteristic time of the viscosity growth 7, at
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lower shear rates by an intersection point between two
lines. In the vicinity of the orientation transition, a peak
position of the overshoot indicated by arrows was picked
up as the characteristic time. We also defined two character-
istic times in the orientation transition by the maximum
position of the viscosity ¢, and shoulder where two lines
intersect #,, as indicated by arrows. As 7, is increased, ¢, in
the orientation transition gradually disappeared. Above y; >
200 s, we could not extract ;.

Extracted characteristic times are plotted as a function of
V¢ in Fig. 2(b). These characteristic times for the viscosity
growth and orientation transition are inversely proportional
to ;. It indicates that the kinetics of the orientation transition
is driven by a strain-controlled mechanism. These character-
istic times are respectively well scaled by strain, y;7, >~ 300,
Vet = 100 and y,¢,, == 2000.

The shear-thinning behavior of the lamellar phase is
significantly mediated by the nucleation-annihilation
dynamics of the dislocations [11]. The nucleation arises
from the undulation instability, and the annihilation occurs
through the collision and reconnection of separated disloca-
tions. The power law relation of the steady state viscosity #
~ v with the theoretically predicted exponent indicates
the domination of the nucleation-annihilation dynamics. In
this model, the nucleation-annihilation dynamics takes
place at a frequency proportional to y. The viscosity growth
may be thus induced by the increase of the dislocation
density p in order to accommodate the system to different
non-equilibrium state. Nucleation of the dislocations by
shearing has been visually observed in some layered
systems [7, 24, 30]. However, in this study, we could not
see the dislocations and meso-scale structural changes
under the optical microscope due to the resolution limita-
tion [29]. Scaling of each transient curve by the strain
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Fig. 2 (a): Transient viscosity after the shear jump from 7, = 1 s to different y,. Transient curves are plotted as a function of accumulated strain
v¢t. Each symbols correspond to the different ¥;. In the orientation transition, we extract two characteristic times, #,, where the viscosity shows the
maximum value and 7, at the shoulder. Small arrows show the characteristic times ¢,, ,, and #,,. (b): Characteristic times ¢,, #,, and #, as a function

of ;. Solid lines are the power law relation with a slope of -1, # ~ ;7.
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proposes that a production rate of dislocations, Ap/At, is
proportional to y,, and the accommodation to a new steady
state is achieved after a specific strain. Characteristic time z,
may be thus assigned to the production of the dislocations.
Here we should note that the overshoot of the viscosity at y;
=30 s shifted to lower strain in Fig. 2(a). Characteristic
time 7, thus slightly deviates from the inverse-proportional-
ity as the critical shear rate is reached. Close to the orienta-
tion transition, the dislocations may be produced quickly
compared to the shear-thinning region described by the
power law relation.

In the orientation transition behavior, on the other hand,
thixotropic behavior with the shoulder will be attributed to
the alignment of the lamellar in a-orientation. We argue the
orientation mechanism in a later section.

5. Shear quench experiments

Fig. 3(a) shows a shear quench behavior from a-orienta-
tion at ¥, = 300 s to different ;. At ;=70 and 100 s corre-
sponding to a-orientation, the transient viscosity showed no
remarkable time development. Shear rate quench between
the same orientations does not yield specific relaxation
behavior since the reorganization of the lamellar orientation
does not occur. When the shear rate was quenched into
c-orientation region, on the other hand, the viscosity
increased with time as the orientation of lamellae recovers
from a to c-orientation. In the vicinity of the critical shear
rate 7, = 50 s7!, the viscosity slightly increased and reached
to the steady state. As vy, departed from the critical shear
rate into low shear rate, the viscosity growth became
remarkable. In the recovery process, the viscosity showed a
peak followed by the steady state.
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The viscosity in the recovery process was fitted with fol-
lowing compressed exponential relation in order to extract
a characteristic recovery time 7, 7 ~ 4 exp (7/¢)’ with com-
pressed exponent f > 1. Here, 4 is a pre-factor. Simple
compressed exponential relation well fits the recovery pro-
cess. Extracted recovery time 7 and characteristic time 7,
at the viscosity peak are summarized as a function of y; in
Fig. 3(b). As v, is decreased, these two characteristic times
gradually approach to a power law relation with a slope of
—1. Compressed exponent value f scatters around S = 1.5.
Inverse proportionality of 7 and 7, against y, indicates that
lamellar reorientation mechanism from a to c-orientation is
also dominated by a strain-controlled mechanism as well as
the orientation transition. We note that the disintegration of
the MLV structure into the lamellar phase with c-orientation
observed after the shear quench also follows the strain con-
trolled process [31].

Recovery process from a to c-orientation reveals specific
relaxation modes associated with the motion of the disloca-
tions and their assembly. In our recent study on the shear
quench behavior of the thermotropic smectic phase, we
found three relaxation modes, the first one corresponding to
the climb motion of the dislocation, the second one to the
FCD formation, and the third to assembly of the oily streak
according to the realignment of the FCDs in series along
the flow direction [32]. The characteristic time 7 is rather
closer to the time scale of the the oily streak arrangement ¢
~ 10%-10° 5. Indeed, the time scales of the climb motion and
FCD formation are much shorter than 7z [33]. The lamellar
phase with c-orientation in this study includes the oily
streaks with high density [29]. Therefore, it is plausible to
attribute the characteristic time 7 to the alignment of FCDs
forming oily streak.
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Fig. 3 (a): Transient viscosity after the shear quench from 7, = 300 s to different ¥, . Each symbols correspond to ;. Solid curves show the best

fit to the compressed exponential function with the single relaxation time. (b): Extracted relaxation time 7, peak time ¢

peako and compressed expo-

nent 3 as a function of ;. Solid lines are the power law relation with the slope of -1, 7~ ;.
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Fig. 4 Schematic diagram of the lamellar flipping scenario from ¢ to a-orientation after the shear jump. (a): Initial state at y;. (b): After the shear
jump, dislocations are nucleated and lamellae are disassembled into small domains which allows the rotation into a-orientation at 7. (¢): Most of
fragmented domains rotate into a-orientation at 7. (d): Well-aligned lamellar with a-orientation is formed by the annihilation of dislocations in

the long-time tail.

6. Mechanism of the orientation transition
6.1. Kinetic pathway of the orientation transition

In this section, we propose the possible scenario of the
orientation transition on the basis of the molecular dynamics
simulation study by Guo [17]. In the simulation, the undu-
lation fluctuation along the flow direction was suppressed
by shear. Since the undulation fluctuation along the neutral
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
lamellar phase by migration and annihilation of the defects.
Because of the drastic realignment of the lamellae, the
viscosity drops significantly after the fragmentation. Then,
the viscosity slowly decreases with time because of the
slow kinetics of the migration and annihilation of disloca-
tions.

Transient behavior with multi modes in Fig. 2(a) is quali-
tatively similar to the simulation. Possible lamellar flipping
scenario is schematically summarized in Fig. 4. Character-
istic time 7, at the maximum viscosity may correspond to
the beginning of the fragmentation of the lamellar. After the
fragmentation, the lamellar mono-domains rotate and start
to merge at y;f,, = 2000. Long-time tail after y;¢, may thus
be attributed to the annihilation of dislocations to form
aligned lamellar mono-domain with a-orientation. Above
scenario proposed on the basis of the simulation result is
still too much speculative, because of the lack of the exper-
imental information on the time development of the struc-
ture. For further investigation, it is necessary to measure the
time-resolved rheo-SAXS with high temporal resolution.

It is surprising that both of orientation transition behavior
from c to a-orientation and vice versa can be reduced by the
strain. Appearance of the shoulder at fixed strain indicates
that a flip rate of the lamellar domains A6/At¢ is also propor-
tional to the shear rate. Here 6 is an inclination angle of the
lamellar domains. Experimental finding on the scaling
behavior suggests that the nucleation of the defects, the
rotation of the lamellar domain, and the annihilation of the
dislocations are driven by the strain-controlled mechanism.

6.2. Origin of the critical shear rate

Finally we discuss the origin of the critical shear rate. As
can be seen in Fig. 3, the time for the arrangement of the
oily streaks asymptotically approaches to a certain value as
v 1s increased. The oily streak arrangement taking place
with constant 7 indicates that there is a limiting velocity of
the dislocation at high y, Motion of the dislocations
depends on their inherent mobility M. At low y;, the dislo-
cations are able to move with the flow [34], and the oily
streak formation will occur gradually. In contrast, at high v,
the dislocations are no longer able to follow the flow. At
this limit, the dilation will develop around the dislocations,
which lead to rapid creation of the oily streaks independently
of v;. In other words, once the shear rate exceeds over the
limiting velocity, excess formation of the dislocations will
destabilize the lamellar phase because of inhomogeneous
lamellar spacing around the dislocations. In order to keep
the lamellar spacing constant, the system forms g-orienta-
tion to be able to flow, since the orientational order and
lamellar spacing are not disturbed in a-orientation. This
limiting velocity of the dislocation may correspond to the
critical shear rate of the orientation transition.

On the basis of our assumption on the limiting velocity
of the dislocations, we simply estimate the critical shear
rate. The mobility of the dislocation M is evaluated by a
relation of M ~ 47°b/y with a Burgers vector b and viscosity
of the lamellar [35]. FCDs in the oily streak of the lyotropic
lamellar phase in general has the length of the major ellipse
axis of a ~ 10 pm [29]. In order to form FCDs with the size
of a ~ 10 um, the Burgers vector of the defects will be a few
pm [23]. Using experimental value of the viscosity at the
critical shear rate, # >~ 0.06 Pa s, the mobility at the limit
can be estimated to be M ~ 10° m? s kg™'. The velocity of
the dislocation at the limit is further given by the mobility
M and the shear stress at the critical shear rate, v, = Mo
[36]. The critical shear rate is evaluated by dividing the
limiting velocity with the sample thickness (250 pm). Then
the critical shear rate is estimated to be y;,, ~ 10'~10* s,
which is in good agreement with our experimental value.

In several models developed by considering the suppres-
sion of the undulation fluctuation under shear, the critical
shear rate is estimated to be y, ~ kzT/57d°, in wide range of
the lamellar spacing d [12, 15, 16]. However, the critical
shear rate in these models (~10* s!) does not agree with the
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experimental value in this study even if the steady state
viscosity is incorporated instead of the solvent viscosity.
Here, the lamellar spacing d in this system is 18 nm. Agree-
ment of the critical shear rate roughly estimated via the lim-
iting velocity suggests that the nucleation of dislocations is
necessary condition, while the presence of too many defects
will invalidate the layer suppression effects. The orientation
transition in the lamellar phase with many defects may
belong to different class from the undulation fluctuation
dominated system such as the dilute lamellar phase with
less dislocations.

7. Conclusion

We have focused on the kinetics of the orientation transi-
tion of the lyotropic lamellar phase. We proposed a specula-
tive scenario of the orientation transition. First, the nucle-
ation of the dislocations enables the fragmentation into
small lamellar domains which can rotate to a-orientation in
order to keep the lamellar spacing constant. Then well-
aligned lamellar phase with a-orientation is eventually
achieved by annihilation of the fragmented lamellar
domains.

Experimental finding on the scaling behavior of the
transient viscosity indicates that the strain-controlled mech-
anism dominates the transition kinetics. Interestingly, we
also found that the recovery process from a-orientation also
follows the strain-controlled mechanism. Good agreement
of the critical shear rate roughly evaluated from the limiting
velocity of the dislocation proposes that the orientation
transition in this system may necessitate the nucleation of
dislocations. The defect dynamics could be responsible not
only for the rheological behavior but also for the non-
equilibrium structural transition.
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