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We report the observation of two diffusive relaxation modes in a very swollen microemulsion, measured
by quasielastic light scattering experiments. In addition to a short-time diffusion process, we observe a
long-time diffusive relaxation mode with unusual scaling behavior: the diffusion constant D is an ex-
ponential function of the characteristic length scale j, D ~ exp�2j�. This observation provides experi-
mental evidence for thermally activated topological relaxation of random fluid phases, as predicted by
Milner et al. [J. Phys. (Paris) 51, 2629 (1990)]. We describe the activation energy of such a process by
some simple microscopic model for the surfactant layer and give an estimation of the membrane elastic
and Gaussian moduli k and k̄, and its spontaneous curvature.
Microemulsions are thermodynamically stable, fluid
oil�water�surfactant mixtures. Their structure can be
described as a surfactant monolayer, dividing space into
regions of water and oil, which are either globular or bi-
continuous random assemblies. A lot of interest has been
focused on these systems in the last few years because of
their enormous potential for practical applications as well
as their interesting physical properties [1].

The structure of microemulsions has been extensively
studied using electrical conductivity, field gradient NMR,
neutron and x-ray scattering, and electron microscopy
[1]. These experiments show that microemulsions can be
described as a phase of separated droplets in the dilute
regime, percolating in most cases to a bicontinuous struc-
ture when water and oil concentration become comparable
[1]. Theoretical approaches describe the phase stability in
terms of a competition between curvature energy and en-
tropy [1]. The dynamical behavior of droplet phases in the
diluted regime has been studied using both light and spin
echo neutron scattering. The hydrodynamic size as well as
the hydrodynamic interactions of the droplets was ob-
tained using light scattering [2]. The shape fluctuations of
spherical droplets were studied by their neutron spin echo
and compared to theoretical models [3]. Comparatively,
much less effort has been done to study experimentally the
dynamical behavior of concentrated microemulsions and
of the bicontinuous phase. Two theoretical works have
been proposed to account for the dynamics of bicontinu-
ous microemulsions by Milner et al. [4] and Gompper and
Hennes [5].

In this Letter, we report on quasielastic light scattering
experiments on the fluctuation spectrum of a microemul-
sion, as found while concentrating a dilute droplet oil-in-
water microemulsion. While in the dilute droplet regime
one relaxation mode is observed and corresponds to the
droplet diffusion, in the more concentrated region we ob-
serve an additional diffusive relaxation mode, which we
interpret as a topological relaxation mode resulting from
membrane fusion.
Recently, we reported on a microemulsion phase, re-
markable in view of its swelling capacity, the character-
istic size varying from 35 Å to more than 2000 Å upon
adding oil [6]. This phase was found in a pseudoquater-
nary system composed of sodium dodecylsulfate (SDS),
octanol, octane, and brine solution (NaCl, 9 g�l). The ra-
tio of brine to SDS is fixed to 18 by weight. The phase dia-
gram is shown in Fig. 1. It is rich and complex, and only
the well-established phases are presented here. Some pre-
cision of the phase diagram has been made since our first
paper and will be presented in detail elsewhere [7]. Phase I
is a direct microemulsion (L1): upon adding oil, the sys-
tem goes continuously from small micelles (35 Å diameter
at 0 wt % oil content) to a microemulsion of a character-
istic length of around 2000 Å for samples containing
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FIG. 1. Representative drawing of a cut of the pseudoquater-
nary phase diagram of SDS, octanol, octane, and brine solution
(NaCl, 9 g�l) at T � 24.5 ±C. The ratio of brine solution and
SDS is fixed to 18 (by wt). At very low (surfactant 1 cosur-
factant) concentration, a very rich phase behavior is found.
Phase I is the microemulsion phase studied in this Letter. The
other phases are described in the text. Shaded regions in the
phase diagram represent monophasic samples; nonshaded re-
gions are multiphase equilibria.



60 wt % oil, as observed in high resolution x-ray scattering
[6,7]. At oil concentrations above 55 wt %, we observe a
first order phase transition from the liquid microemulsion
towards a mesophase region I9 while adding alcohol. This
region of extremely diluted mesophases will be presented
in detail elsewhere [7]. Phase II is an inverse microemul-
sion (L2), phase III consists probably of swollen wormlike
micelles, phases IV and V are, respectively, a hexagonal
and a lamellar phase, and phase VI is a sponge phase.
Here, we present only experimental results obtained by
quasielastic light scattering in the direct microemulsion
phase denoted I.

The experiments were performed using a coherent IK-90
krypton ion laser light source operating at 647.1 nm and
linearly polarized. The scattered light is collected with
a photon-counting photomultiplier tube (Hamamatsu) for
scattering angles between 20± and 155±. The time autocor-
relation function of the scattered intensity �I�q, t�I�q, 0��
was accumulated in homodyne detection using either a
72-channel multi-sample-time autocorrelator (BI-2030AT)
or a BI-9000AT correlator (maximum 522 channels), both
from Brookhaven Instruments.

The time autocorrelation function of the scattered inten-
sity can be related to the autocorrelation function of the
electric field (concentration) fluctuations g1�q, t� through
�I�q, t�I�q, 0�� � �I�q, 0��2�1 1 bjg1�q, t�j2�. b is the
coherence factor of the experiment and ideally should be 1.
A loss of coherence can be due to the experimental setup,
as well as the presence of some multiple scattering. Upon
adding oil, our samples become optically turbid, so that
we cannot exclude some multiple scattering. Typically, the
coherence factor obtained in our experiments was 0.88 for
samples at 10 wt % oil concentration, and 0.8 for samples
at 50 wt % oil concentration, while the coherence factor
of the setup was proven to be better than 0.9. We conse-
quently used cylindrical scattering cells of different di-
ameters to control the contribution of multiple scattering.
For comparison, the represented correlation functions are
normalized to the scattered intensity �I�q, 0�� and the
coherence factor b.

Figure 2 shows four normalized time autocorrelation
functions as observed with the BI-9000AT correlator in
samples at 10, 30, 40, and 50 wt % oil concentration at an
observation angle of 90±. While at oil concentrations be-
low 10 wt % a single exponential decay of the autocorrela-
tion function is observed, with increasing oil concentration
a second relaxation mode appears. Both characteristic re-
laxation times increase with increasing oil concentration
and, consequently, increase with the characteristic length
of the structure [8]. While the fastest mode remains of the
order of a few tenths of milliseconds, the slowest mode
can reach time scales as large as 1 s.

We fitted jg1�q, t�j2 with a single exponential
exp�22vt� at oil concentrations below 10 wt %, and
at oil concentrations above this value as a two-exponential
function �Af exp�2vft� 1 �1 2 Af� exp�2vst��2, where
0
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FIG. 2. Normalized time autocorrelation function of the scat-
tered intensity jg1�q, t�j2, as observed in samples at 10, 30, 40,
and 50 wt % oil concentration at a scattering angle of 90±. While
increasing the oil concentration, two relaxation modes are ob-
served. The full lines represent the fits described in the text.

Ai are the amplitudes and vi are the characteristic relaxa-
tion frequencies of a mode i. In the following, the indexes
f and s will stand for “fast” and “slow,” respectively. The
corresponding fits are also shown in Fig. 2 (full lines).
This type of fit function gives very satisfying fit results for
oil concentrations up to 35 wt %. Above this concentra-
tion, systematic deviations of the two-exponential fit func-
tion from the experimental data exist and should be due
to some polydispersity. Alternatively, the data can be ana-
lyzed using the inverse Laplace transform program CONTIN

[9], that better accounts for a dispersion in the relaxation
rates. In all cases, the dispersion relation seems to be dif-
fusive; i.e., the characteristic relaxation frequency varies
to a good agreement with the square of the wave vector,
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FIG. 3. Wave vector dependence of the characteristic relaxa-
tion frequencies vf and vs observed in a sample at 40 wt % oil
concentration. Both frequencies vary to a good agreement with
the square of the wave vector (fitted dashed line), indicating
diffusive processes.



indicating a hydrodynamic origin of the modes. This is
representatively shown in Fig. 3 for a sample at 40 wt %
oil concentration. The dashed lines represent a fit of
vi � Diq2 to the relaxation frequencies.

In Fig. 4, the diffusion constants Df and Ds of the two
relaxation processes are plotted versus the oil concentra-
tion: at oil concentrations below �10 wt %, only one re-
laxation mode is observed. Above oil concentrations of
20 wt %, two diffusive modes can clearly be seen. While
the fastest mode diffusion constant remains of the same or-
der of magnitude, the slow mode diffusion constant varies
strongly with the oil concentration. For comparison, the
diffusion constant extracted from the Stokes-Einstein re-
lation, D � kBT�6phr , is also plotted in Fig. 4, where
the viscosity h is fixed to the water viscosity, and the
hydrodynamic radius r is taken as half the characteristic
length j measured with x-ray scattering [6,7]. The fast
mode diffusion constant is of the order of magnitude of
the Stokes-Einstein diffusion constant. This is especially
true in the dilute limit of small oil micelles in water. How-
ever, at higher oil concentrations, there is an expected
deviation from this dilute limit description, as in the con-
centrated system both thermodynamic and hydrodynamic
interactions have to be taken into account.

More interesting is the variation of the slow relaxation
mode as a function of the characteristic length [8]: the slow
mode diffusion constant follows an exponential decay, in-
stead of a power law as expected from the Stokes-Einstein
relation. A possible origin of such an exponential function
could be an energy-activated process. Such an activated
process was proposed some years ago by Milner et al. [4].
The authors suggested a topological relaxation mode in
microemulsions by membrane fusion, allowing oil to flow
from one region of space to the other, involving fusion of
domains. Such a topological rearrangement by creation or
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FIG. 4. Diffusion constants of the two diffusive relaxation pro-
cesses observed as a function of the oil concentration of the
sample. The dashed line represents the diffusion constant ex-
tracted from the Stokes-Einstein relation (see text).
destruction of necks is illustrated in Fig. 5(a). This pro-
cess is supposed to be activated, as the intermediate state
of membrane rupture will exhibit an energy barrier. Thus,
the diffusion constant can be described as

D � D0 exp�2DE�kBT � , (1)

where the attempt diffusion described by the diffusion
constant D0 should be a diffusion process such as the
Stokes-Einstein one, i.e., the short-time diffusion constant
Df observed. The authors estimate for this process relaxa-
tion times from 0.01 to 0.1 s for a structure of character-
istic lengths of around 1000 Å and an energy barrier for
handle creation of around 5kBT . These time scales are
confirmed in our experiments, where the relaxation time
varies from 0.01 to 0.1 s for characteristic lengths varying
from 1000 to 1300 Å.

Our results eventually allow us to determine the energy
barrier of such a process from a more microscopic model
for the fusion process, illustrated in Fig. 5(b). We consider
an infinite membrane, getting connected by a handle. The
energy change as a result of a handle creation can be evalu-
ated by the elastic energy difference between the initial
(two separated membranes) and the final state (membranes
connected by a handle), which are described by the Hel-
frich Hamiltonian [10]

Hel �
I

dS

∑
k

2
�c1 1 c2 2 2c0�2 1 k̄c1c2

∏
, (2)

where ci are the principal curvatures of the membrane,
and c0 is its spontaneous curvature. Thus, the elastic en-
ergy difference between the initial and the final state is
entirely given by the bending elastic energy of the handle,
including the change in topology. The last term is inde-
pendent of the exact form of the handle but is a topologi-
cal invariant. The first term depends on the exact handle

FIG. 5. (a) Topological relaxation process by membrane fusion
as described by Milner et al. [4]. This topology change by
creation and destruction of necks permits a diffusion of water
and oil on the characteristic length scale j (illustration taken
from [4]). (b) Microscopic model for the relaxation process
described in (a) (see text).
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FIG. 6. Fit of the microscopic model proposed for a topo-
logical relaxation mode by energy activated membrane fusion
[Eq. (4)] to the experimental data (see text).

shape and area. This expression is scale invariant for zero
spontaneous curvature, and we can already note here that
the requisite scale dependence of the energy barrier results
from a nonzero spontaneous curvature. For convenience,
we choose a cylindrical handle form to evaluate Eq. (2) and
take for both the cylinder length and diameter the charac-
teristic length j. Consequently, the requisite energy for the
handle creation, i.e., the elastic energy difference between
the initial and the final state, is written as

DHel � pk�2 2 4c0j 1 2c2
0j2� 2 4pk̄ . (3)

Introducing this relation for the activation energy in
Eq. (1) leads to the observed size dependence of the diffu-
sion constant as an exponential function of the character-
istic length

D � Df exp

µ
4pk̄ 2 2pk

kBT

∂
exp

µ
2pk�2c0j 2 c2

0j2�
kBT

∂
.

(4)

Quantifying the value of the attempt diffusion constant
D0 with the experimental short-time diffusion constant Df

leads to three free parameters, which are the elastic mod-
uli k and k̄ of the membrane, and its spontaneous cur-
vature c0. Figure 6 presents the fit of this model to the
ratio of the experimental long-time diffusion constant Ds

and the short-time diffusion constant Df , as a function of
the characteristic length of the structure (determined by
x-ray scattering [6,7]). We can extract from this fit the
bending elastic modulus (k � 1.9kBT ), the spontaneous
curvature (c0 � 1�270 nm21) and the Gaussian modulus
(k̄ � 1.2kBT ). While the values for the bending elastic
modulus and the spontaneous curvature, which define the
specific shape of the decay as a function of j, are rather in-
sensitive to the choice of the attempt diffusion constant D0,
the Gaussian modulus is more sensitive. However, these
values seem reasonable taking into account the crudeness
of the model.

In summary, we have shown the existence of two diffu-
sive relaxation modes present in microemulsions, as pre-
dicted by Milner and co-workers. Because of the unusual
variation of the slow relaxation mode as an exponential
function of the characteristic length, we are able to identify
this process as an energetically activated process, probably
due to topological relaxation by membrane fusion.
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