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Shear-Induced Sponge-to-Lamellar Transition in a Hyperswollen Lyotropic System
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We demonstrate here experimental evidence of the shear-induced sponge-to-lamellar transition in a
hyperswollen lyotropic system. We also show that shear flow suppresses the first-order nature of the
transition, especially above a critical shear rate. The phenomena are probably caused by two effects:
(i) Symmetry-breaking shear field reduces large fluctuation effects associated with the degeneracy of
the possible orientations of the ordered state. (ii) Shear flow favors the lamellar phase more than the
sponge phase because the interconnected membrane structure obstructs flow. The sponge structure
is destabilized for shear flow strong enough to tear off the passage of the membrane. [S0031-
9007(96)01698-5]

PACS numbers: 64.70.Md, 64.75.+¢g

Recently, shear effects on complex fluids includingthe transition with an increase in the shear rate, based on
polymer and surfactant solutions have attracted muckhe idea that symmetry-breaking shear field suppresses the
attention [1]. The coupling between shear flow and theorigin of the first-order nature, namely, large fluctuation
large internal degrees of freedom of complex fluids leads teffects associated with the degeneracy of the possible
the so-called Reynolds effect, which is unique to compleorientations of the ordered state. Experimentally, it is
fluids and never exists in simple fluids. A typical examplewidely known that the sponge phase becomes birefringent
is a shear-induced phase separation in polymer mixturesinder shear field [12,13]. However, there have not been
Among various kinds of shear effects on complex fluids,any systematic studies or experimental evidence of the
the shear effects on anisotropic complex fluids havinghear-induced sponge-to-lamellar phase transition [13]. In
lamellar order include a new physical problem that haghis Letter, we demonstrate the first clear experimental
a universal nature relating to the fluctuations comingevidence of shear-induced sponge-to-lamellar transition.
from the Landau-Peierls instability intrinsic to the low- The lyotropic liquid crystal system studied here is a
dimensional systems. two component mixture of pentaethylenglycletiodecyl

From this aspect, the effects of the symmetry-breakingther (C;,Es) and water [14]. The weight fraction of
field, such as shear flow field, on the phase behavior of,Es was 1.8 wt. % in this study. The temperature reso-
anisotropic complex fluids [2] have recently been intendution and stability were=0.05 K and £0.01 K, respec-
sively studied, both theoretically and experimentally, fortively. With an increase in the temperature, the system
smectic thermotropic liquid crystals [3] and the lamellarchanges from the., to the L,-L; coexisting phase at
phase of block copolymers [4—6]. We focus here on anT, = 62.0 °C, and farther from the coexisting phase to the
other kind of smectic phase, namely, lyotropic smecticL; phase af’; = 62.8 °C. The existence of the two-phase
phase, which is often observed in aqueous solutions afoexisting region between sponge and lamellar phase indi-
amphiphiles. This phase is different from the others orcates a weak first-order character of the transition [14].
the following points: (i) The lamellar phasé { phase) Since the characteristic length of the structure can
is composed of the membranes and intermembrane fllbe expanded to the visible light wavelength by dilu-
ids. (ii) The corresponding isotropic phask;(phase, tion with water in the hyperswollerl, phase, light
or “sponge phase”) has an internal structure of interconscattering provides us with information on the lamel-
nected membranes. Since both phases are constructedlay order in theL, phase via optical Bragg reflection.
the same bilayers, they can be distinguished only by wa¥yor studying the shear-induced phase transition, we
of the packing of the bilayers into space. have thus constructed the time-resolved light scatter-

On the lyotropic liquid crystals, shear effects to theing measurement system under oscillatory shear flow
lamellar phase itself have recently been investigated botfield. A sample is introduced into a flow cell that is
theoretically [7,8] and experimentally [9,10]. However, composed of two parallel fused-quartz flat plates with
there have so far been few experimental studies on tha gap of 1 mm. Thus, the membranes are oriented in
shear effects on sponge-to-lamellar transition. Recentlyparallel with the plates in thd., phase. Oscillatory
Cates and Milner [2] theoretically studied this problem onmotion of a piston produces periodic Poiseuille’s flow in
the basis of a physical picture that the sponge-to-lamellathe flow cell. The oscillation frequengyis fixed to 5 Hz
transition in a lyotropic system also belongs to the categoryn this study.
of the fluctuation-induced first-order phase transition [11]. First, we show simple, but direct, experimental evidence
They predicted (i) shear-induced sponge-to-lamellar phasef shear-induced sponge-to-lamellar transition. We mea-
transition and (ii) the decrease in the first-order nature ofured the scattered light intensity under shear flow in the
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L; phase neaf’;. Without shear flow, the scattered light frequency of 5 Hz. This indicates that the fast mode is
intensity is almost zero in the whole range of the observea@ssociated to the local change in membrane fluctuations
wavelength, which indicates that the system is in fhe and is not coupled with the average global structure.
phase. When we apply the shear flow to the sample, an Relating to these two types of modes, the following ex-
evident Bragg peak appears, as shown in Fig. 1. Thiperimental facts should also be recalled: Patal. [12]
unambiguously demonstrates that the sponge-to-lamelldound that the slow topological relaxation mode [15] ex-
transition is induced by the shear flow. This transition isists in theL; phase. On the other hand, we have also con-
confirmed to be reversible since, after stopping the shedirmed experimentally that, for the lamellar phase, there
flow, the Bragg peak completely disappears. exists a slow mode responding to shear, which is related
Next, we show the dynamic response of the lyotropicto the undulation fluctuation of the membrane [10]. In-
system to the oscillatory shear flof = 5 Hz). In  cluding the results shown in Fig. 3 and the above facts,
Fig. 2 we plot the temporal change in the peak intensitywe conclude that (i) the fast mode newly found in this
and the peak wavelength against the past time aftestudy is likely related to the local suppression of undula-
switching on the shear flow for the following two cases:tion fluctuations of a single membrane by shear, and (ii)
(i) One is the measurement performed in the spongéhe slow mode is attributed to the fluctuation of the aver-
phase near the sponge-to-lamellar transition. In this casege characteristic length. The above assignment is con-
the sponge phase is transformed into the lamellar phasgstent with the fact that the fast mode is observed only
by applying the oscillatory shear. (i) The other is theweakly in theL; phase.
measurement performed in the sponge phase far aboveSince we focus our attention only on the shear-induced
the transition. In this case, on the other hand, the systemhase transition in this Letter, we discuss hereafter only
remains to be sponge phase even under shear flow. Tliee final steady state under an oscillatory shear, and not
behavior of the peak intensity (open circles in Fig. 2)the dynamic process. In this periodic steady state under
for case (i) evidently shows that the sponge-to-lamellaoscillatory shear characterized By= (y) sin(w?) ({y):
transition is induced by the shear. We also notice from theéhe average shear rate of the Poiseuille’s flow field in the
dynamic behavior that there exist two kinds of fluctuationflow cell), the peak intensity and the peak wavelength
modes in the lamellar phase which respond to sheaf can be described by the following expressiofs=
with quite different time scales: The fast mode hasly({y),T) + I;({y),T) sinwt) and¢ = &(y),T). As
a characteristic rheological time much faster than thelescribed previously] reflects the response of the fast
oscillation period of 0.2 s, while the slow mode respondsmode to shear, whilg does not.
only to the switching on of shear flow very slowly and First, we show the temperature and the shear-rate de-
likely feels only the average shear rate of the oscillatorypendences of the average peak intengjtyn Fig. 3(a).
flow. For case (i), where a sponge phase is preserveHor weak shear], decreases steeply &t,. We can
even under the shear flow, the slow mode is clearlclearly see thal,, increases with an increase(). Fur-
observed while the fast mode is observed only weakly (sethermore ], in the L, phase decreases with an increase in
Fig. 2). In contrast to the behavior of the peak intensity(y), while that in theL; phase increases. Thus, the dis-
we can observe only the slow mode in the behavior otontinuity inly atT,(v) becomes weaker with an increase
the peak wavelength for both cases (i) and (ii), namelyjn (y), and the change if at 7, (y) eventually becomes
the peak wavelength cannot follow a quick change of aontinuous. This result strongly suggests thatiheand
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nm) FIG. 2. Transient and steady state responses of the peak
FIG. 1. Scattering profiles before (open circles) and afterintensity and the peak wavelength of the Bragg peak to the
applying shear field (closed circles)I' = 62.9 °C just above oscillatory shear flow, plotted against the past time after switch-
T; and the average shear rdtg) = 400 s~'. We also show ing on the shear flow f = 5 Hz, (y) = 440 s™!). Note that
the scattering profile below, without shear, for comparison. the scale of the time axis is changed twice.

4391



VOLUME 77, NUMBER 21 PHYSICAL REVIEW LETTERS 18 NVEMBER 1996

() Xo(<p>T) /To(i=0,T<<Te) . (b) Eo(<i>T)/Eo(i=0.T) (€) (<i>,T) / To(=0,T<<Tq)
: b o—— | ; ; o/
e : ¥ (1/s) 103 H ¥ (1/s): Y s .
N : O nosh : ; L i
o8t o :. “;’l; | |t . :;g : : / Ao e E
0.7} : O 185| : / :
- . 188 Lo1f ; : Fe oo0sf |
Foog | e 7 e
a5 Q\cd | 0.06f |
0.4 p— 0.g & i
03 . mmj E
aa-aA :
02 P el il |
0.1 ; |
0 i e, .a : : :
-1 0 1 2 035 0 1 2 3
T-Too (K) T-Tap (K) T-Tad (K)

FIG. 3. Temperature dependences of kg}{y),T), (b) &(y),T), and (c)I;({y), T) under various average shear ra{es. I
and; are normalized by, at the temperature far belof, without shearly(y = 0,T < T,), while &, is normalized by, at
the same temperature without sheg@y(y = 0,T). Ty is theT, without shear.

L3 coexistence region is narrowed by applying the sheaorder nature of the sponge-to-lamellar transition becomes
flow, and the shear flow suppresses the first-order naturextremely weak above the critical shear rate(gf. ~
of the phase transition. 300 s~! (see Fig. 4). A further increase in the shear rate

Next we show the shear-rate dependencé®f’,(y))  increases this phase-transition temperature.
in Fig. 3(b). For a weak sheaf; suddenly decreases at Our experimental findings can be summarized as
T.. This condensation of the, phase is a natural result follows: (i) There exists the shear-induced sponge-to-
of its coexistence with the dilutd; phase abovel,. lamellar phase transition, (ii) shear flow suppresses the
The dip of the wavelength change around the coexistend@st-order nature of the transition, and (iii) there exists
region becomes shallower with an increaséjiin Above the critical shear ratéy). separating the weak and strong
the critical shear ratéy)., the peak wavelength starts shear regime. In the strong shear regime abyg,
to increase almost continuously at the phase-transitiothe transition looks almost continuous, and it is almost
point and approaches the characteristic length of th@npossible to judge experimentally whether the transition
unperturbed sponge structure which is larger than that dé discontinuous (first order) or continuous. All these facts
the lamellar phase by a factor ef1.5 [14]. The value can be mostly explained by the theory of Cates and Milner
of (y). is very close to the one determined in Fig. 3(a)[2]. According to their theory, there is a critical shear
from the shear rate at which the discontinuity in the peakate given byy). ~ kgT/n &3, wherekg is Boltzmann’s
intensity change apparently disappears. This indicatesonstant andy is the viscosity. Using ~ 250 nm and
that the first-order nature of the transition is stronglyn ~ 1 cP, we get for our systery). ~ 270 s~!, which
suppressed rather discontinuously aboyg..

Figure 3(c) indicates the temperature dependence of
I,(T,{y)), which corresponds to the amplitude of the fast
mode of undulation fluctuationd; is clearly independent
of temperature and very small in the; phase. On 2 L3 .
the other hand]; increases drastically below;. As
explained previously, the fast mode can be observed only
in the L, phase. Using this fact, we can unambiguously
determine the shear-rate dependencé&;drom Fig. 3(c).

Using all the above results on the shear-rate dependences
of T, and T3, we construct the “dynamic phase diagram” as| LatL3
[2,6] under shear flow. The phase-transition temperatures
T, and T; are plotted against the shear rate in Fig. 4. i . 3 . ; ; :
Please note that all the transitions are confirmed to be 'ﬁ 100 200 300 400 500 600
reversible. For a weak shedr, increases with an increase <y> (1/s)

in the sh'ear rate, bUt the sponge—to—lamel_lar tran5|t'|or?__|G- 4. Dynamic phase diagram. Open circles and triangles,
still remains to be first order, and the coexistent region, ~yatermined from Fig. 3(a); open squards, determined

exists. With an increase in the shear rate, the coexisteng®m Fig. 3(b); closed square$, determined from Fig. 3(b);
temperature range becomes narrower. Finally, the firstlosed circlesT; determined from Fig. 3(c).
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coincides quite well with the experimental value{gf). = and ordered phases have fluctuations with about the same
(~300). It should be noted that Koppet al. [6] found  wave number. Thus, the behavior shown in Fig. 3(b) is
that the theory [2] is consistent with their experimentalprobably unique to lyotropic surfactant solutions.
results of the shear effects on isotropic-lamellar transition Finally, we point out another characteristic feature of
in block copolymers, although their shear rate is limiteda lyotropic system that is related to the energetic factor
below the critical one. Thus, the phenomenon is probablgtabilizing the isotropic sponge phase. Two types of physi-
universal to any isotropic-lamellar phase transition [2].cal pictures have so far been proposed for the lamellar-
However, there is an important discrepancy from thesponge transition: (i) entropy-driven order-disorder phase
prediction: In our system, lamella is formed perpendicu+ransition [17,18] and (ii) Gaussian-curvature-driven topo-
larly to the velocity gradient, in contrast to the theoreticallogical transition [12,19-22]. If we do not consider
prediction [2] that lamellar ordering occurs with the the contribution of the Gaussian curvature, the transition
wave vector normal to both the velocity and the velocityis described purely by the fluctuation-induced first-order
gradient, which was confirmed for block copolymers [6]. transition [2,11]. However, the elastic energy associated
This is probably the unique feature of lyotropic systemswith the Gaussian curvature may modify the character of
relating to the fact thatnembrane systems should bethe transition since the sponge phase also has some order.
described by a two-fluid modgf]. In summary, we show experimental evidence of the
Relating to the origin of the shear-induced phase transishear-induced sponge-to-lamellar phase transition in lyo-
tion, note that the viscosity of thie; phase is a few times tropic liquid crystals. The behavior is consistent with the
higher than that of thé , phase [10,16]. This high viscos- predictions of Cates and Milner [2] and the results on
ity of sponge phase is likely due to the fact that the passagalock copolymer [6], suggesting the universal nature of the
of the membrane disturbs the shear flow fields. Howevershear effects on isotropic-lamellar transition. However,
there is probably little disturbance to shear flow fields inthere remains some unsolved problems likely specific to
theL, phase. This factis probably also responsible in partnembrane systems. Thus, we need further quantitative
for the shear-induced transition, as well as the mechanismstudy focusing on the special characteristics of the sponge
proposed by Cates and Milner [2]. phase (such as the membrane configuration, the associated
Although both sponge and lamellar phases are corelastic energy, and the two-fluid nature).
structed by the same membranes, they have no permanentThis work was partly supported by a Grant-in-Aid from
structure and can be easily reconstructed even by a wedke Ministry of Education, Science, and Culture, Japan,
perturbation [12,13,15]. Thus, in the sponge phase, sheand a grant from Toray Research Foundation.
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