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Scaling of Shear-Induced Transformations in Membrane Phases
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Surfactant sponges are complex-fluid phases made up of convolutions of bilayer sheets. Although
isotropic and free flowing they exhibit transient birefringence when stirred, reminiscent of the
birefringence of lamellar phases. Previous attempts to understand this effect have led to confusing
and often conflicting results. We have used a novel approach to designing the chemical system that gives
us control over the relevant parameters needed to study microstructural and macroscopic responses of
these phases to shear. We find a remarkable universal scaling behavior for both sponge and shear-
induced lamellar states, which resolves a number of long-standing questions about these systems.
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FIG. 1 (color). L3 and L� membrane morphologies and their

diagram, it is always found adjacent to an L� phase and respective characteristic dimensions �, d, and �.
Surfactant molecules self-assemble in water to form a
great variety of structures, including phases composed of
extended flexible bilayer membranes [1]. These may dis-
play smectic order by stacking with a periodicity d as in
the birefringent anisotropic lamellar L� phase, or they
may form a meandering interface separating two inter-
penetrating labyrinths of solvent known as the ‘‘sponge’’
or L3 phase [2], in which the convolutions of the separat-
ing membrane define a pore or water channel with a char-
acteristic size, �, inversely proportional to the membrane
volume fraction,� (see Fig. 1). L� phases display complex
rheological responses with multiple transitions due to
bilayer alignments or the formation of mesoscale struc-
tures such as multilamellar vesicles [3–5]. In contrast,
due to their flexible isotropic structure, L3 sponge phases,
like the closely related bicontinuous microemulsions, ty-
pically display Newtonian flow behavior with low viscos-
ities [6–8]. However, upon gentle shaking very dilute L3

samples display transient birefringence [9]. Because of
the experimental challenges of studying these very dilute
phases, the exact nature of this intriguing response has
remained controversial [10–14].

The role of shear in inducing structural transitions in
these structured but fluid phases is of particular interest as
these systems are amenable to theories for free energy
that can include shear. Cates and Milner [10] predicted
that shear flow acting on an isotropic phase, such as a
bicontinuous microemulsion or a sponge phase, will damp
fluctuations normal to the flow velocity (V) and velocity
gradient (rV) directions, which may lead to the forma-
tion of lamellar structure with preferential bilayer orien-
tation in the (V;rV) plane (the ‘‘a’’ orientation). This
transformation is essentially a quasithermodynamic per-
turbation of the equilibrium phase transition. Such an
isotropic to lamellar transition has been reported in a
diblock copolymer system [15].

When a sponge phase occurs in a surfactant phase
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is separated from it by only a very narrow coexistence
region [16,17]. This, the transient birefringence of dilute
sponge samples, and theoretical predictions have led to
the expectation that sufficiently high shear should induce
a similar lamellar bilayer alignment for these systems.
The critical shear rate in a surfactant sponge should then
obey the relationship [10]
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where kB is the Boltzmann constant, T is absolute tem-
perature, 
s is the viscosity of the solvent, and � is the
membrane thickness. An aqueous sponge with �� 2 nm
and �� 0:10 can therefore be expected to have a critical
shear rate in excess of 105 s�1. Experimentally accessible
critical shear rates, near or below 103 s�1, should occur
for �< 0:02, and indeed transient birefringence is easily
observed at these low concentrations. However, definitive
structural determinations are very difficult, and the vis-
cosity for such samples is too low for rheological meas-
urements of the shear thinning expected with lamellar
shear alignment to be practicable.

The system studied here consists of cetylpyridinium
chloride (CPCl) plus hexanol as membrane-forming sur-
factants in a continuous solvent phase of heavy brine
(0.2 M sodium chloride in D2O) containing dissolved
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FIG. 2 (color). Master curve behavior versus rescaled shear
rate _��
s=�

3. Open green symbols: constant ��0:05 series;
open blue symbols: constant 
s�13:6cP ( s�0:4) series;
common member sample: solid red diamonds. (a) Scaled rheo-
logical data for a range of membrane volume fractions � and
dextrose concentrations  s (solvent viscosities 
s). Viscosity
normalized to the zero shear limit, 
=
o (left scale) and
rescaled shear stress �=�3 (right scale). (b) Corresponding
structural anisotropy parameters ARAD and ATAN from scatter-
ing measurements.
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dextrose. The addition of dextrose at volume fractions in
water,  s, up to 0.4 allows us to vary the solvent phase
viscosity between 1 and 13:6 cP, thus reducing the critical
shear rates. Sugars have previously been shown to have
little or no effect on the phase diagram of some micro-
emulsions [18], and we similarly find only slight effects of
the added dextrose on the phase diagram of the CPCl/
hexanol/brine system. These are comparable to the effect
of replacing H2O with D2O for contrast in our SANS
measurements, indicating that the equilibrium membrane
thickness and correlation length of the sponge phases is
insensitive to added dextrose [19]. This tunable system
allows us to present macroscopic rheological measure-
ments in parallel with neutron scattering measurements
of the microscopic structural response to shear flow.

Figure 2(a) shows the results of Couette rheometer
measurements made at ORNL [20] on seven ‘‘sweetened’’
CPCl/hexanol/brine sponge phases with a range of mem-
brane and dextrose volume fractions displayed against a
rescaled shear rate _��
s=�3. The scaling factor 
s=�3

varies by nearly 2 orders of magnitude for these samples
(8:8�103–5:0�105) and clear master curve behavior
demonstrates that the sponge phase shear response scales
as predicted by Eq. (1). In the low shear region I these
systems all show the constant viscosity Newtonian be-
havior typical of sponge phases. With increasing shear
rates in a second region II the solutions shear thin dra-
matically with the viscosity falling by a factor of about 3.
At higher shear rates our lower � highest 
s samples
reach a third region III in which viscosity is once again
constant. Also shown in Fig. 2(a) (right scale) are master
curves of the scaled shear stress �=�3. Note the absence
of a plateau in these stress curves in the shear-thinning
region II. This indicates that the transition observed here
is not first order and rules out biphasic effects such as
‘‘shear banding’’ [21,22], distinguishing this response
from that recently reported for a polymeric bicontinuous
microemulsion [23].

Scattering measurements were performed using the
ORNL Couette shear cell on the NG3 SANS spectrometer
at the National Institute of Standards and Technology
Center for Neutron Research [24]. These were performed
with the incident beam radial and tangential to the
sheared sample annulus (Fig. 3(a)) yielding scattering
patterns in the flow/vorticity (V; Z) and velocity gradient/
vorticity (rV; Z) planes respectively. Figure 3(b) shows
scattering measurements in both geometries over a range
of shear rates for a low membrane volume fraction sponge
phase sample with a high solvent viscosity, which shows
the full range of scattering behavior we observed for
these samples. In the low shear region I the scattering
pattern is isotropic with a broad correlation ring peaking
at Q� � 2�=� characteristic of the sponge pore size. As
the shear rate increases in region II, increasing shear rate
yields increasing anisotropy in both scattering geome-
tries. A sharp correlation peak develops in the rV direc-
tion, indicating a smectic ordering of membranes normal
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to the velocity gradient, i.e., parallel to the local flow/
vorticity (V; Z) plane (i.e., the ‘‘c’’ orientation). This
intensity eventually saturates, but remains stable over
only a narrow range of shear rates. At higher shears lower
� highest 
s samples such as this one cross into region III
where the alignment peak intensity falls rapidly and
strong isotropic scattering emerges at low Q to dominate
the final scattering pattern.

The structural response to all seven samples may be
quantified in terms of the anisotropy of scattering inten-
sities in perpendicular directions: For the radial geometry
ARAD��IZ�IV�=�IZ	IV� and for the tangential geome-
try ATAN��IZ�IrV�=�IZ	IrV�, where we evaluate the
intensities within 
10� of the axes at the scattering
vector of the sponge phase correlation peak. Plotted
against the rescaled shear rate _��
s=�3 in Fig. 2(b), the
anisotropies show a strong correspondence with the rheo-
logical response.

In the Newtonian isotropic sponge region I the scat-
tering pattern anisotropy is zero for both scattering
168301-2



FIG. 3 (color). (a) Schematic of the beam incidence on the Couette SANS cell in radial and tangential geometries. (b) Scattering
patterns in radial and tangential geometries for � � 0:05= s � 0:4 (
s � 13:6 cP) sponge sample showing the full shear response.

FIG. 4 (color). Rescaled correlation peak position Qc=� (left
scale, closed symbols) and intensity Ic� (right scale, open
symbols) vs _��
s=�

3 (regions II and III) for � � 0:05= s �
0:4 (red) and � � 0:07= s � 0:4 (blue) samples. Shaded: Ic�
plateau of the saturated shear-induced L� signal.
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geometries. In the shear-thinning region II, increasing
anisotropy follows increasing rescaled shear rate in both
scattering geometries, indicating the formation of an
aligned lamellar phase. The development and eventual
collapse of the aligned phase is further quantified in Fig. 4
which shows the variation in both peak position and in-
tensity with shear rate for the two samples in our series
for which region III is accessible and for which the corre-
lation peak position can be accurately determined. As a
direct consequence of the scale invariance of these mem-
brane systems [2], this data may be conveniently plotted
as a rescaled wave vector peak position Qc=� and a re-
scaled correlation peak intensity Ic�. From this figure we
see that like the anisotropy both Qc=� and Ic� also
increase gradually over this region, indicating a continu-
ous process as membrane-forming material is excluded
from channels and confined to oriented lamellar sheets.
Consistent with the absence of a rheological stress plateau
noted above, this progressive structural transformation
clearly demonstrates that the transition cannot be first
order. The total increase in Qc=� is about 25%, from
Q�=��1:6nm�1 for the sponge correlation ring to
QB=��2:0nm�1 for the final smectic Bragg peak. This
is the same wave vector ratio as is observed between static
SANS measurements of sponge and lamellar phases at
the same membrane volume fraction [25].

At higher shears (but still well below the onset of
turbulence) our lower � higher 
s samples cross into
region III. Near the end of region II, _��
s=�3�2�
108 s�1 cP, ARAD reaches a saturation value of about 0.8,
which continues into region III. This is due to increasing
scattering at low Q in the Z direction, with tails extend-
ing out to Q�Q� overwhelming an almost total loss of
scattering along the V direction. The variation of ATAN is
more dramatic. It has saturated within region II, also at
about 0.8, for _��
s=�3�7�107 s�1 cP, due to Bragg scat-
tering along rV indicating nearly complete lamellar
alignment. At the region III boundary ( _��
s=�3�
4�108 s�1 cP) ATAN and the rescaled Bragg intensity
Ic� fall sharply, though the rescaled peak position
Qc=� stays at the smectic Bragg value �2:0nm�1.
Simultaneously strong isotropic scattering emerges at
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low Q corresponding to correlations on length scales

� in the velocity gradient and vorticity directions.
This dominates the final scattering patterns, indicating
a collapse of the shear-induced lamellar phase.

The correspondence between our rheological and mi-
crostructural measurements leads us to the following
interpretation of the shear response. In the Newtonian
region I we observe no structural changes as the response
frequency characterizing the dynamics of the membrane
passages in the sponge phase is much greater than the
applied shear rate. In region II when the shear rate
approaches this frequency the density of connections or
handles in the gradient direction (rV) decreases, leading
to the development of smectic order in that direction. That
this order develops in the so-called ‘‘c’’ orientation in-
dicates that it is fluctuations in the gradient direction
(rV) that are being suppressed rather than the vorticity
(Z) direction of the predicted ‘‘a’’ orientation. At shear
rates high enough to totally eliminate the channels along
rV the intensity IrV saturates indicating the appearance
of a fully aligned lamellar phase.

In region III, the induced lamellar phase collapses
into a new structure. When undulation forces stabilize a
lamellar structure it has been theoretically predicted that
such a collapse should occur when shear suppresses fluc-
tuations [26,27], but this has not previously been reported
experimentally for a bulk equilibrium lamellar phase.
168301-3
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This mechanism is a logical extension of the sponge-to-
lamellar transition itself, which occurs by suppression of
membrane fluctuations in the rV direction in the isotro-
pic phase. Lamellar collapse was predicted by Rama-
swamy [26] for shear rates larger than a critical value
_��� � �kBT�3=�2
sd3, where � is the membrane’s bending

modulus and d is the separation of adjacent bilayers. For
CPCl-hexanol membranes � has been experimentally de-
termined at room temperature [25,28,29] to be � 1kBT,
so we have _��� � kBT=
sd

3. This critical shear rate fol-
lows the same scaling dependence as _��c, but with a
different characteristic distance. Since d � 2�=QB and
assuming a rough equality of the respective prefactors we
might expect _���= _��c � ��=d�3 � �QB=Q��

3. For our ob-
served scattering peaks QB=Q� � 1:25, so _���= _��c � 2.
This is close to the width of the stable region we observe
for the saturated shear-induced lamellar phase before it
collapses at higher shear (the shaded Ic� plateau region
in Fig. 4). In respect of the narrowness of this window of
stability, we note that Bruinsma and Rabin [27] specu-
lated that lamellar collapse might preclude the shear-
induced sponge-to-lamellar transformation altogether.
Further measurements are required to establish the nature
of the collapse and of the large scale correlations giving
rise to the observed scattering in this high shear region.

While the magnitude of the critical shear rates and the
scaling behavior of the shear response we observe are as
predicted by Cates and Milner (as might also be expected
from simple membrane diffusion or dimensional argu-
ments), this is not the case for either the nature of the
transition nor the direction of the smectic orientation. We
observe ‘‘c’’ orientation of the shear-induced lamellar
phase rather than the predicted ‘‘a,’’ which is also con-
sistent with previous work on very dilute sponge phases of
the nonionic surfactant C12E5 under oscillatory shear [11].
Further, Cates and Milner predicted only a weakening of
the first order nature of the transition. No evidence of a
biphasic region indicating first order character was appa-
rent in either our rheological or structural measurements.
Rather they show that the transformation of the sponge
phase to the shear-induced lamellar phase is a continuous
higher order process.While the theory has been confirmed
for some isotropic copolymer phases [15], our observa-
tions and varying details of shear responses from other
topologically similar systems with differing relaxation
paths [23] suggest that in its present form it is not
straightforwardly applicable to the class as a whole. A
more sophisticated model is required to fully explain the
shear responses of these sponge systems. On the other
hand, these results offer a first confirmation of the pre-
dictions of Ramaswamy and of Bruinsma and Rabin
regarding the collapse of lamellar phases at high shear
and nicely answer the question of the latter regarding the
stability of a shear-induced lamellar phase.
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