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Laboratoire de Physique de l’École Normale Supérieure de Lyon

46 allée d’Italie, 69364 Lyon Cedex 07, France

Contents

1 Introduction 2

1.1 Geometrical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 The C12EO6/H2O system . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 The mesophases 5

2.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.1 The hexagonal phase . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.2 The lamellar phase . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Diffusion coefficients : FRAP measurements . . . . . . . . . . . . . . . . . 6
2.3 Connections between the surfactant aggregates . . . . . . . . . . . . . . . . 8

2.3.1 Hexagonal phase . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3.2 Lamellar phase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3 The isotropic phase 13

3.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2 Theoretical considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.3 High-frequency rheology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.4 Interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4 Conclusion 19

References 20

Chapter 9 of Phase Transitions. Applications in Liquid Crystals, Organic Electronic and Op-
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1 Introduction

Phase transitions in self-assembling lyotropic mixtures have become a very active field of
research in the last twenty years [30]. What sets these phases apart from other soft matter
systems (such as colloids or polymers) is that the structure of the surfactant aggregates
(the basic “building blocks”) changes as a function of the thermodynamical parameters
of the system. To put it differently, the energy scales associated with changes in the
morphology of the aggregates are of the same order of magnitude as those involved in
the change of relative position and orientation of these entities [65]. Furthermore, these
typical energies are of the order of the thermal energy, kBT ≃ 4 10−21 J. As such, both
types of processes can occur simultaneously, and must be taken into account if an accurate
description is to be obtained.

The behaviour of these systems resulting from a delicate balance between various in-
teractions of similar strength, it should not be surprising that they exhibit a very rich
polymorphism. Indeed, both ordered and isotropic phases can be encountered, consisting
of different kinds of objects, such as : spherical micelles, long and flexible cylindrical mi-
celles, bilayers (which are 0-dimensional or “point-like”, 1-dimensional and 2-dimensional,
respectively).

As long as the structure of the aggregates is considered as fixed, they can be treated
in the same way as “rigid” colloids [24], as polymer chains [71, 72] or as polymerized
membranes [79]. However, if the topology is not constant, its changes have profound
effects on the free energy of the phase, first of all by changing the interface energy (see
1.1). Consequently, the topology of the phase is an integral part of a complete description.

Unfortunately, these topology changes (which, in ordered phases, can be seen as “de-
fects” locally breaking the translation symmetry of the phase) can be very difficult to
detect by direct methods, such as scattering techniques, because they are not usually
ordered, and their structures cannot be resolved in detail. On the other hand, electron
microscopy observations should be carefully interpreted, since one can never be sure that
the cooling process was fast enough to “freeze” the (sometimes very short-lived) defects.

One can however use alternative approaches : the local curvature of the interfaces can
be monitored by NMR (nuclear magnetic resonance) and EPR (electron paramagnetic
resonance) techniques, and the transport coefficients of the phase (diffusivity, electrical
conductivity etc.) can be measured by appropriate methods. In this case, indirect geo-
metrical information can be obtained by studying the variation of structural properties
of the surfactant aggregates (e.g. as a function of temperature) starting from a phase of
well known structure, that serves as reference. It is especially interesting to perform such
measurements on approaching a phase transition, where geometrical changes are bound
to occur.

In this review, after a brief overview of fundamental concepts involved in describing the
geometrical properties of surfactant aggregates (1.1) and of the experimental system (1.2),
I summarize some results obtained recently [19, 20, 21, 18, 17] by such indirect studies
on the topology changes in the well-known non-ionic lyotropic system C12EO6/H2O , by
measuring the diffusion constants of tracer molecules in the mesophases (2) and by high-
frequency rheology in the isotropic phase (3).
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1.1 Geometrical properties

Many excellent descriptions of the geometric properties of surfactant interfaces have been
published [27, 54], so in the following we only present a few basic concepts in order to
underline the importance of topological changes in lyotropic systems.

The energy of a fluid membrane must be invariant under translations and rotations
of the whole membrane and homogeneous and isotropic in the plane of the membrane. If
we consider the two principal curvatures of the membrane c1 and c2, the combinations :

H = c1+c2
2

mean curvature

K = c1c2 gaussian curvature

are invariant (as the trace and determinant of the curvature tensor, respectively) [66]. To
second order in the curvatures, the energy can be written as :

E =

∫

S

ds
[

σ + 2κ(H − c0)
2 + κ̄K

]

(1)

with σ the surface tension, c0 the spontaneous curvature, κ the bending modulus and κ̄
the Gaussian modulus of the interface.

Let us now identify the physical counterparts of the elements in the model. In the
simplest case, the width of the interface (set by the length of the surfactant molecule)
is much smaller than the typical repeat distance in the phase. The relevant interface is
either the surfactant monolayer, for microemulsions, or the bilayer, for dilute lamellar or
sponge phases. It should be noted that the parameters of the bilayer are easily obtained
from those of the monolayer (σm, c0m, κm, κ̄m), from simple geometrical considerations
[27], yielding :

σb = 2σm c0b = 0 κb = 2κm κ̄b = 2κ̄m + 4πκmc0mδ (2)

where δ is the distance between the midpoints of the two monolayers. Obviously, the
spontaneous curvature of the –symmetric– bilayer vanishes (on symmetry grounds) but it
is noteworthy that c0m still plays a role : indeed, the monolayers would like to be curved
in the same way but, as they are “glued” back to back, decreasing the energy of one side
increases the energy of the other. This frustration contributes to the Gaussian modulus
κ̄b of the bilayer, increasing its value and thus favouring saddle-like configurations (with
K < 0).

The last term in the elastic energy (1) can be rewritten using the Gauss-Bonnet
theorem [66] :

EGauss = κ̄

∫

S

dsK = 4πκ̄ (1 − g) = 4πκ̄ (Nobjects − Nhandles) (3)

where g is the genus (or “number of holes”) of the surface; g = 0 for a sphere and g = −1
for a torus. Nobjects is the number of disjoint objects formed by the surface and Nhandles

the number of “handles”. A fundamental consequence is that, for a system with fixed
topology, EGauss is a constant, so that it does not contribute to the thermodynamics of the
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phase. On the other hand, determining the contribution to EGauss of a topological change,
such as creating a new object (e.g. breaking a micelle in two) or a handle (e.g. creating a
hole in a bilayer) is straightforward (+ or −4πκ̄, respectively). Consequently, the role of
topological defects in lamellar phases has been extensively studied [26, 52, 28, 22, 37, 11].

1.2 The C12EO6/H2O system
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Figure 1: Phase diagram of the C12EO6/H2Omixture, redrawn from [50].

The phase diagram of the C12EO6/H2O system was determined more than 20 years
ago [50]. This binary mixture exhibits three mesophases, namely (on increasing surfac-
tant concentration) the hexagonal H1, bicontinuous cubic V1, and lamellar Lα phases.
Their characteristics are by now very well established [78]. Due to this rich behaviour
and to the reasonable temperature range of the mesophases, they have been extensively
studied.However, less attention was given to the isotropic phase (especially in the more
concentrated regime) : as in all other surfactant mixtures, it is formed of spherical micelles
at very low concentration (see Figure 1), which increase in size with the concentration
and temperature, but much less is known about its structure at moderate and high con-
centration (above about 10%).
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2 The mesophases

2.1 Overview

2.1.1 The hexagonal phase

Some measurements aiming to detect the topological changes had already been performed
at the hexagonal-isotropic transition, the loss of hexagonal order upon approaching the
transition being monitored by NMR and optical birefringence methods [68, 67]. These
experiments have shown that a significant fraction of the surfactant molecules form defects
near the isotropic liquid, which can be column ends (with spherical caps) or bridges
connecting neighbouring columns (see Figure 2). It is clear that the nature of the isotropic
liquid will be different depending on the nature of the defects. Indeed, column ends will
give rise to isolated micelles whereas bridges should rather announce an isotropic liquid
formed of cylinders highly connected to each other and randomly oriented.

Figure 2: Possible defect structures in the hexagonal phase, close to the transition towards the
isotropic phase.

2.1.2 The lamellar phase

Lyotropic lamellar phases contain structural defects that can be point-like or linear (dis-
locations). Unlike textural defects (e.g. focal conics), they are not visible in optical mi-
croscopy but can be investigated using techniques such as FFEM (freeze-fracture electron
microscopy) [5, 4, 75, 76, 74], SANS (small-angle neutron scattering) [35], spin-labeling
EPR [57], birefringence measurements [5, 68], X-ray scattering [61, 16], NMR [70], etc.
However, these methods do not give much information about the defect topology.

For instance, in lamellar phases, three elementary point defects are possible : “pores”,
“necks”, and “passages” [34]. Necks connect the non-polar medium (surfactant structure)
(Fig. 3a), pores (Fig. 3b) connect the polar medium (water), whereas passages join both
media (Fig. 3c). Screw dislocations are also frequent because their energy is low [44].
These defects also connect both media and their core may be filled with the polar or the
non-polar medium.

Their study prompted considerable interest in recent years due to their perceived
significance in membrane fusion processes (see [81] for a review). Recently, an ordered
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Figure 3: Types of defects in the lamellar phases (from reference [34]) : a – necks, b – pores, c
– passages. The surfactant is represented by the cross-hatched texture.

phase of neck-like connections between bilayers was obtained in a phospholipid system
[80], allowing a detailed description of the neck structure.

Defects of the “neck” or “pore” types have also been encountered in numerical simu-
lations of lamellar phases of ternary systems close to the transition to the microemulsion
phase [29, 36, 11].

In the lamellar phase of C12EO6 , spin-labeling EPR measurements [57] have shown
the existence of highly curved defects, the density of which abruptly increases a few
degrees before melting. Dislocation loops perpendicular to the layers have been observed
in FFEM [5, 4] ,but they can only account for a small fraction of the total defect density.
It is therefore certain that other defects are also present in the lamellar phase.

2.2 Diffusion coefficients : FRAP measurements

We use the FRAP technique (Fluorescence Recovery After Photobleaching) to determine
the diffusion coefficients of fluorescent probes dissolved in the surfactant solution. These
probes are either hydrophilic (fluorescein) and hence confined in the aqueous medium or
hydrophobic (NBD-dioctylamin) and thus restricted to the medium of the alkyl chains.
We can therefore separately probe the topology changes for each medium, which is espe-
cially interesting in the case of the lamellar phase.

The experimental setup was originally designed for the study of thin smectic films [9].
The diagram is shown in Figure 2.2 :

We focus the TEM00 mode of a multimode Ar+-ion laser (total power 70 mW) on the
sample, bleaching a spot about 40 µm in diameter.The intensity profile of the beam is
approximately Gaussian. Typical bleaching times are of the order of 5 seconds.

The evolution of the dark spot is then monitored for one minute using a cooled CCD
camera, capturing 30 images. During this time, the initial dark spot extends, due to
the diffusion of bleached molecules. The concentration profile is elliptical because of the
anisotropic diffusion (Figure 2.2). D⊥ and D‖ are obtained from the images by fitting
a Gaussian function. The error on the data is estimated from the scatter in values over
three to five measurements.

A noteworthy point is that the samples must be oriented in planar anchoring (the
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Figure 4: Experimental photobleaching setup.

Figure 5: Image of the bleached spot (after background subtraction) and its intensity profile.
The images are taken at t = 0, immediately after exposure to the laser beam, and t = 60 s, at
the end of the measurement. The bar represents 100µm.
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director of the phase contained in the plane of the glass plates) in order to have access to
both diffusion coefficients (along and across the surfactant aggregates); this anchoring is
easily obtained for the hexagonal phase using glass plates thoroughly cleaned with soap
and water, but the lamellar phases usually orients in homeotropic anchoring (with the
director perpendicular to the glass plates, in which case only the diffusion coefficient in
the plane of the bilayers can be determined). However, we could obtain planar lamellar
domains using ITO-covered surfaces (see Figure 6).

Figure 6: Ordered planar domain of the lamellar phase (at the bottom of the image). The bar
represents 200 µm.

Finally, the samples are aligned by slow directional growth in a temperature gradient
[56].

2.3 Connections between the surfactant aggregates

2.3.1 Hexagonal phase

In the hexagonal phase, only the hydrophobic probe (NBD dioctylamine) was used, as
the aqueous medium is continuous and no significant variations the were expected for the
diffusion coefficients of the hydrophilic probe. The results are presented in Figures 7 and
8.

Far from the transition, both D‖ and D⊥ follow Arrhenius laws, with activation ener-
gies of 0.35 eV and 0.75 eV, respectively. Over the last five degrees before the transition,
D⊥ increases rapidly, departing from the low temperature activation law and reaches a
value of 4.1 10−12 m2/s at the transition temperature (38.60 ◦C). The behaviour of DI (in
the isotropic phase), is also well described by an Arrhenius law, with an activation energy
of 0.65 eV.

One can relate the pretransitional behaviour of D⊥ to the proliferation of structural
defects. Clearly, bridges between cylinders (Fig. 2 – b) can provide a passage for the probe

8



40

30

20

10

D
 (

 1
0
-
1
2
 m
2
 /

 s
 )

45403530 T (°C)

Dpara

D
ortho

Diso

�

✁

✂

✄

☎

✆

✝✟✞✠✡
☛ ✞
☞ ✌
✍ ✎✏✑
✒✓ ✔ ✕
✖

✂✘✗✂✘✙✂ ✁✂ ✄✂ ✆✄✘✗✄✘✙ ✚✜✛ ✢ ✣✥✤

✦★✧✪✩✬✫✘✭

✮✰✯✬✱ ✲ ✳✵✴✷✶★✸✺✹ ✻

Figure 7: (left) Diffusion coefficients as a function of temperature in the hexagonal and isotropic
phases. (right) Diffusion coefficient across the cylinders in the hexagonal phase. Dnorm is
obtained by extrapolating up to the transition temperature the Arrhenius law obtained for D⊥

at low temperature. Ddef = D⊥ − Dnorm is fitted to an exponential law (see the text).

molecules. On the other hand, we can exclude the defects of the column end type (Fig. 2
– a), which would lead to a drastic decrease in D‖. The structure of the defects was first
considered in relation with the study of epitaxial relations between the different ordered
phases in the C12EO6/H2O system [61, 62]; models for their structure were proposed in
terms of Karcher minimal surfaces, connecting three adjacent cylinders [16, 39] (very sim-
ilar to the representation of bridges in Figure 2 – b). Nevertheless, a detailed description
of the defect structure is still lacking; it is likely that a description of the “microemul-
sion” type, only accounting for the elasticity of the surfactant monolayer (described by
the Helfrich Hamiltonian 1) is not appropriate, due to the additional constraints related
to the stacking of the alkyl chains (which cannot be treated as a continuous medium, since
their conformation is an essential ingredient for describing the elastic properties of the
surfactant layer [77]). The solution could thus be very different from a minimal surface.
One can however assume that the precise structure of the defects does not affect their
role in the diffusion process. Thus, in the minimal model we shall use further, only the
topology of the defects is taken into account.

As we are dealing with equilibrium defects, their density is given by a Boltzmann law :

ndef = n0 exp

(

−Edef

kBT

)

(4)

where Edef is the energy of the defect with respect to a perfectly ordered structure. The
considerable increase in defect density close to the transition implies a decrease in energy.
The simplest assumption is that of a linear variation :

Edef = α(T0 − T ) + E0 (5)

Fitting Ddef(T ) with an exponential gives indeed very good results (see Figure 7), yielding
a value of α = 180 kB. The same type of fit applied to ndef(T ) (equations (4) and (5))
obtained by birefringence and NMR measurements [67] yields a constant α = 225 kB; One
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Figure 8: Diffusion coefficient across the cylinders in the hexagonal phase for three concentra-
tions. The solid line represents Dnorm, the value of D⊥ at c = 50% and low temperature and
extrapolated to the transition temperature (see Fig. 7). This baseline seems to be common to
the three concentrations. The dotted lines represent the general evolution of D⊥ for the three
concentrations.

can consider that Ddef is proportional to ndef , showing that the lifetime of the defects
is very short1. We can thus estimate the average distance between connections at the
transition temperature L0 : L0 ≃ 4a ≃ 240Å, in good agreement with the results of [67],
yielding L0 ≃ 170Å. The most important consequence is that the defect density in the
hexagonal phase is very large at the transition. The usual image one has of the hexagonal
phase as being formed of separate cylinders is no longer correct in these conditions.

One can thus infer that the isotropic phase of the C12EO6/H2O mixture above the
hexagonal phase is itself highly connected. We further checked this conclusion by mea-
suring the diffusion coefficient across the cubic – isotropic transition. This kind of exper-
iment was already performed by Monduzzi et al. [51] for the self-diffusion coefficient of
the surfactant in the ionic system CPyCl/NaSal/D2O. Using NMR techniques, they only
observed very small differences between the values of D in the two phases.

Our experimental results for DC and DI are shown in Figure 9. The transition tem-
perature is Tc = 38.25 ◦C. No discontinuity is detected within the experimental precision.
One can therefore conclude that, at high surfactant concentration, the topology of the
isotropic phase is locally similar to that of the cubic phase (and thus strongly connected),
but of course without the long-range order. This result confirms the conclusions drawn
from the study of the hexagonal phase.

1This conclusion is drawn from numerical simulations showing that D⊥ is proportional to the square
of the defect concentration when these are “frozen-in” and linear in the concentration when they are very
mobile. See reference [20] for a detailed discussion of this point.
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2.3.2 Lamellar phase

As for the hexagonal phase, we measured the diffusion coefficients of the hydrophobic
probe (NBD dioctylamine), but also that of the hydrophilic molecule (fluorescein) both
in the plane of the layers, i.e. perpendicular to the director (D⊥; results shown in Fig.
10) and across the layers, parallel to the director (D‖, see Fig. 11) [19].

For the hydrophobic probe, D⊥ increases with temperature from 40 10−12m2/s at 41 ◦C
to 107 10−12m2/s close to the transition temperature (67.7 ◦C). No pretransitional effect
can be detected (Fig. 10 left).
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Figure 10: (left) NBD dioctylamine : D⊥ in the lamellar phase (triangles) and DI in the
isotropic phase (open dots). (right) Fluorescein : D⊥ in the lamellar phase (triangles) and DI

in the isotropic phase (diamonds).

The evolution of D‖ is completely different : it remains at a value close to 10−12m2/s
up to roughly 55 ◦C, and then it starts to increase rapidly, reaching 5 10−12m2/s at the
transition (Fig. 11 left). This variation, (denoted by Ddef = D‖ − Dextr

‖ , with Dextr
‖ the

low-temperature behaviour of D‖ extrapolated to the transition temperature), reflects
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of the low-temperature behaviour. The solid line is an exponential fit (see the text). (right)
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the proliferation of new equilibrium defects connecting the surfactant lamellas. Assuming
that the defects are point-like, they can be either of the “neck” type, or of the “passage”
type. The difference between the two types is that the necks only connect the surfactant,
while the passages also connect the aqueous medium. We can discriminate between the
two by following the diffusion coefficients of the hydrophilic probe.

D‖ of the fluorescein is roughly constant and exhibits no pretransitional effect. Thus,
the defects that proliferate at the transition do not increase the connectivity of the aqueous
medium, which allows us to conclude that they are of the “neck” type (Fig. 3 – a).

In the following, we shall neglect the contribution of defects other than “necks”. We
can estimate their density n from the induced diffusion coefficient Ddef :

Ddef ≃ D⊥nℓ2 (6)

up to a numerical prefactor, of order unity. Equation (6) signifies that, as a molecule
diffuses into the space occupied by a defect, it crosses to the neighbouring bilayer. From
our results, we obtain (immediately before the transition) n ≃ 0.04ℓ−2 = 1600µm−2,
meaning that 4 % of molecules participate to the defects. This value is compatible with
the increase in the number of defects measured by EPR [57]. It is also likely to participate
in the birefringence loss observed in the same temperature range [6].

To evaluate the energy of a defect Edef , we use the same model as in the hexagonal
phase : n = n0 exp(−Edef/kBT ). For :

Edef = α(T0 − T ) + E0 (7)

we obtain very good agreement with the experimental data (Figure 11) yielding a constant
α ≃ 100kB. The parameters n0 and E0, representing respectively the “highest attainable
defect density” and the energy of a defect at the reference temperature T0 (that we
identify to the transition temperature) are not independent : from equation (7), only the
n0 exp(−E0/kBT ) product can be obtained. One can nevertheless consider that the size
of a defect is of the order of ℓ and, thus, that n0 ≃ ℓ−2. This yields E0 ≃ 3kBT .
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3 The isotropic phase

3.1 Overview

The isotropic phase of the binary system C12EO6/H2O , as well as those formed by simi-
lar non-ionic surfactant molecules, have been studied for more than twenty years; in the
beginning, research focused on the structure at low surfactant concentration, especially
on the temperature evolution of micellar size and shape. It is now well established that
the micelles have a general tendency of increasing in size and becoming anisotropic (cylin-
drical) with increasing temperature and concentration (see [47] and references therein).
It has also been shown that micellar growth strongly depends on the molecular details :
it is very important for C12EO5 and C12EO6 but much more modest for C12EO8 , which
forms short micelles.

When they are not too long, these elongated micelles can be seen as rigid rods, but
once they exceed a certain persistence length ℓp, they become flexible (estimations for
the persistence length of C12EO6 vary from 7 nm [63] to 25 nm [13]). If the micelles
are much longer than ℓp (“wormlike micelles”), they assume very complex configurations
resembling polymers in solution, with the essential difference that the micellar length is
not chemically fixed, but rather fluctuates around an equilibrium length depending on the
thermodynamical parameters, hence the name of “living polymers”. Above an overlap
concentration cc, the micelles begin to touch and become entangled. A quantitative
estimate of the curve cc(T ) for the C12EO6/H2O system was given in reference [13].

The rheology of entangled polymers is well established [25, 45], and its concepts were
recently applied to wormlike micellar systems [15, 32, 31], taking into account the dy-
namical nature of the micellar length distribution (see [14] for a review). This model
was successfully used to describe the rheological behavior of micellar solutions of ionic
surfactants [69].

Another interesting property of wormlike micelles is their tendency of interconnecting
under certain conditions (concentration, temperature or –in ionic systems– counterion
concentration). Such behaviour, first found in ternary systems [58, 55], was subsequently
observed in a very wide range of binary mixtures of single-tail non-ionic [3, 41, 42, 40,
48, 10] or double-tail zwitterionic [73, 7] surfactants, as well as in pseudo-binary systems
(ionic surfactant + brine) [51, 8, 43, 53, 33, 1, 2, 60].

Structurally, connected and entangled systems only differ on a very small scale, which
makes them difficult to tell apart using static techniques. Furthermore, the microscopic
structure of the connections is far from being elucidated (see [49] and references therein).
Indirect techniques must then be employed; for instance, the minimum in surfactant
self-diffusion coefficient as a function of the concentration appearing in a wide variety
of systems was often explained by the appearance of connections [41]. However, it was
shown [69] that this behavior could also originate in the competition between two different
mechanisms : diffusion of the micelle itself and diffusion of the surfactant molecule on the
micelle.

On the other hand, connections can have a dramatic effect on the dynamical prop-
erties of wormlike micellar systems. Contrary to connected polymer systems, where the
reticulation points (permanent chemical cross-links) slow down the dynamics, connections

13



between entangled micelles can actually facilitate relaxation and render the system more
fluid. This aspect prompted a systematic study of the connectivity in micellar solutions :
several experiments [8, 43, 64] showed that, in ionic surfactant systems, the viscosity de-
creases on increasing the salt concentration. They were followed by theoretical works on
the conditions of connection formation [23] and their influence on the dynamics of the
phase [46]. The theory was then employed to qualitatively characterize the appearance
of connections [53, 33, 2]. Briefly, branching points allow the surfactant to “flow” more
easily across the micellar network, thus increasing the curvilinear diffusion constant of a
micelle Dc. As the terminal relaxation time in entangled systems is the reptation time
τR = L2/Dc, this amounts (from the dynamical point of view) to replacing the average
length of a micelle by the average distance between branching points along a micelle
[14]. When the latter becomes of the order of the entanglement length, the network is
termed “saturated” [23]; in this case, the concept of reptation is no longer valid and other
relaxation mechanisms, such as those related to the local order, can become dominant
[21].

3.2 Theoretical considerations

The main relaxation process in entangled polymer solutions is reptation, by which the
chain gradually disengages from its initial deformed environment (“tube”) and adopts a
stress-free configuration. The typical reptation time is given by : τrep ≃ L2/Dc, with L
the chain length and Dc the curvilinear diffusion constant of the micelle in its tube [45],
and the shear modulus exhibits exponential decay : G(t) ∼ exp(−t/τrep). In the case of
wormlike micellar systems, the length distribution c(L) must be taken into account and
the resulting relaxation is highly non-exponential [15] :

G(t) ∼ exp

[

−
(

t

τrep

)1/4
]

, (8)

where τrep is now given by :

τrep =
L2

m

Dc

, (9)

with Lm the micellar length averaged over c(L).
Another distinctive feature of wormlike micelles is that they can break up and reform,

with a typical time τbr. For τbr ≫ τrep, the dynamical response (8) is not affected; in the
opposite limit, τbr ≪ τrep, G(t) approaches a single exponential [15], with relaxation time
τ ≃ √

τbrτrep. Besides reptation, which is a process involving the entire chain, additional
(local) relaxation modes are present at higher frequency, given by “breathing” (tube length
fluctuations) and Rouse dynamics [32, 31].

As discussed in reference [21], when the system exhibits local order (induced by the
micelle-micelle interaction) with a range d, one can only observe elastic behavior by prob-
ing the system on scales smaller than this correlation distance. The time τ needed to
relax the stress can then be estimated as :

τ ∼
d2

6D
, (10)
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Figure 12: Schematic representation of shear in a material consisting of units of typical size d.
One such unit (thick line contour) has been displaced between points 1 and 2. The instantaneous
elastic stress is σ = G∞γ; it relaxes over a typical time τ given by equation (10).

where D is the collective diffusion constant. A pictorial representation is given in Figure
12 : consider a material with short-range order confined between two plates. The system
can be seen as consisting of elasticity-endowed units of typical size d, the correlation
distance. After applying an instantaneous shear γ by moving the upper plate to the left,
one such unit (represented in thick line) has been advected from point 1 to point 2. At
time t = 0+ after the deformation, the stress on the upper plate is σ = G∞γ, with G∞ the
instantaneous (“infinite” frequency) shear modulus of the elastic material. Since there is
no long-range restoring force, once the particles equilibrate their internal configuration
(over a distance d), the elastic stress is completely relaxed; thus, after a time τ given by
eq. 10, σ = 0.

When the system is not completely connected, both previously described processes are
relevant so, in the simplest approximation, we can assume that the shear modulus is a sum
of two mechanisms, one related to polymer-like dynamics and the other given by order
relaxation, each one with a characteristic time scale. Thus, in the first approximation we
expect a bimodal relaxation of the form G(t) = G∞1 exp(−t/τ1) + G∞2 exp(−t/τ2) or, in
the frequency domain :

G∗(ω) = G′ + iG′′ =
iωη1

1 + iωτ1

+
iωη2

1 + iωτ2

(11)

where τ1 and τ2 are the respective relaxation times, while G′ and G′′ are the storage and
loss moduli, describing elasticity and dissipation, respectively. We express the complex
shear modulus G∗(ω) as a function of the terminal viscosities η1 and η2 which can be
more reliably determined from the low-frequency data than the plateau moduli G∞i =
ηi/τi , i = 1, 2. For definiteness, subscript ‘1’ will denote the slower relaxation mechanism
(i.e. τ1 > τ2).

3.3 High-frequency rheology

Before discussing the frequency dependence of the viscoelastic parameters, let us present
the results of low-frequency viscosity η0 measurements in C12EO6/H2O and in the related
system C12EO8/D2O , where the micelles are known to remain rather small [47]. If the
complex shear modulus is of the form 11, then η0 = η1 + η2. For C12EO6/H2O , we also
plot the results of Strey [74] (full and dotted lines) obtained by a different method. The
two sets of data agree quite well.
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Figure 13: Left : Low frequency viscosity at different concentrations and temperatures in
the isotropic phase of the C12EO6/H2O mixture (various symbols) compared to the results of
Strey [74] (full and dotted lines). Right : Low frequency viscosity in the isotropic phase of the
C12EO8/D2O mixture.

Clearly, the behaviour of η0 is quite different in the two systems; in particular, in
C12EO6/H2O it exhibits a strong increase in temperature and then (at high concentration,
at least) decreases after a maximum. Using high-frequency rheology allows us to separate
the different mechanisms contributing to η0.

We start the discussion with the study of the isotropic phase of C12EO6/H2O , above
the hexagonal phase reference (c = 50%, T > 40 ◦C) [21]. A representative spectrum
is shown in Figure 14. A single relaxation mode is detected, with a characteristic time
of about 1 µs. In accordance with the theoretical discussion in the previous section, we
assign this time to the relaxation of the local micellar order evidenced by X-ray scattering
[20]. The absence of any low-frequency mode confirms our conclusion that the isotropic
phase is highly connected (see 2.3.1).

For lower concentrations (c = 35 and 30%), the curves are well fitted with the sum
of two Maxwell models (11). In figure 15 we show the data for c = 35% : G′ and G′′ as
a function of ω for three temperature points (8, 23 and 33 ◦C) and the value of the fit
parameters in equation (11).

On the other hand, there is no sign of the slow relaxation mode for the C12EO8/D2O
system; for c ≤ 25% the system is purely viscous in the investigated frequency range
(there is no detectable storage modulus), and the values for the low-frequency viscosity
are given in figure 13 (right).
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3.4 Interpretation

Let us now quantitatively discuss the fast relaxation time (see Equation 10). At c = 50%,
d ∼ 25 − 40 nm and D ∼ 1.5 10−10 m2/s, leading to a relaxation time τ ∼ 1 µs. D
decreases at lower concentration [12], as well as the correlation range [82], but we have
no quantitative estimate for the latter. For the plateau modulus G∞ one can take –in a
first approximation– the shear modulus of the hexagonal phase, because at high frequency
the structure is probed on scales smaller than the correlation length, where it is locally
organized. Its value, G∞ ∼ 5 104 Pa2 is in good agreement with the experimental results.

At lower concentration, both the relaxation time τ2 (in the µs range) and the plateau
modulus G∞2 ∼ 2 104 Pa at 30 − 35% – figure 15) are coherent with the values obtained
for c = 50%. This mechanism is also detected in the C12EO8/D2O system at c = 30%;
the corresponding viscosity is presented in figure 13 (right) and the relaxation time and
plateau modulus (only detectable by our technique between about 40 − 55 ◦C) are given
in figure 16.

As to the slow relaxation mechanism, it is only present in the C12EO6/H2O system,
with longer micelles, and it does not appear in the C12EO8/D2O solution, where the
micelles are shorter. We can therefore consider that it is due to the entangled network
relaxing by micellar reptation. The relaxation time τ1 first increases with temperature,
goes through a maximum and subsequently decreases. The viscosity η1 = G∞1τ1 has a
similar evolution. The temperature position of the maximum goes from 18 ◦C at c = 35%
to 35 ◦C at c = 18%. As discussed in the theoretical section, this variation can be
understood as an increase in micellar size, followed by the appearance of connections.
This variation is coherent with the fact that the curvature of the aggregates diminishes
with increasing temperature (due to the decreasing hydration of the nonionic polar groups
[59, 38]), favouring low-curvature junctions over high-curvature end-caps. τ1 takes values

2Pawel Pieranski, private communication.
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around 10−4 s (figure 15), much smaller than the usual reptation times in wormlike micellar
systems [1, 53, 43]; the difference could be a sign that the entangled micelles become
connected before they reach a sizeable length.

We would like to point out that solutions of lecithin/ H2O/n-decane exhibit a similar
bimodal relaxation spectrum (as recently shown by Schipunov and Hoffmann [73]) where
the low-frequency mechanism seems to disappear upon heating (see their figure 18). As
these systems are very viscous and the entire relaxation spectrum is accessible to con-
ventional rheometers, a systematic investigation of their behavior in concentration and
temperature could yield interesting information.

4 Conclusion

We highlighted the utility of indirect methods for the study of structural changes in
lyotropic systems by measuring the diffusion coefficients of fluorescent probes (along and
across the director) in the ordered phases of a nonionic lyotropic system.

The temperature evolution of these coefficients shows that, on approaching the tran-
sition towards the isotropic phase, the structure formed by the surfactant becomes more
and more connected (the probe molecules pass more easily from a cylinder to the next
in the hexagonal phase and between neighbouring bilayers in the lamellar phase). We
quantitatively characterized these defects as to their density and, in the hexagonal phase,
we could show that their lifetime is very short (on the order of the microsecond). Thus,
they are equilibrium defects, and their density becomes important close to the transition.

This topological evolution provides insight into the microstructure of the isotropic
phase above the ordered phases (at high surfactant concentration), which is strongly
connected, in contrast with the typically considered models of the “giant micelles” type.

This investigation was continued by another indirect method, dealing this time with
the dynamical properties of the isotropic phase, studied by high-frequency rheology. In the
concentrated regime, the structure exhibits an extremely short terminal relaxation time
(in the microseconds), that we attributed to the short-range hexagonal order detected by
X-ray scattering experiments. The lack of a lower-frequency relaxation can be explained
by the fact that, in a strongly connected system, the “polymer”-type modes(dominant if
the micelles are only entangled) disappear; such an interpretation is in agreement with
the conclusions drawn from the experiments on diffusion coefficients.

Nevertheless, such slow modes are present at intermediate surfactant concentrations,
where the isotropic phase can be foud at lower temperatures. Their amplitude evolves with
temperature in a non-monotonous manner : first it increases and then, after a maximum, it
decreases and finally disappears. This feature can be explained by a topological transition
starting (at low temperature) with small spherical micelles, which grow in size and become
elongated (leading to an increase in viscosity) until a point where they start to form
connections (which, being mobile, allow the surfactant to flow through the structure
and render the phase more fluid). Finally, the phase becomes totally connected and
the slow mode disappears completely. This is the only stage that can be observed at
high concentration, where the isotropic phase is limited at lower temperature by the
mesophases.
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We hope this was convincing enough evidence that the study of such morphological
changes without thermodynamical transition is quite interesting; on the one hand because
the properties of the system can change substantially even though it remains within the
same phase and, on the other, because such changes often “announce” the transition
towards a different phase and can therefore yield important information on its structure.
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