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We describe dynamic modes that originate from shape and structure fluctuations in a droplet microemulsion
system. The modes are decoupled by a contrast variation neutron scattering technique using the relative
intermediate form factor method. The strategy of the method is analogous to the relative form factor method,
which decouples the form and structure factors from the small-angle neutron scattering intensity �M. Nagao
et al., Phys. Rev. E 75, 061401 �2007��. First, we will briefly explain theoretical and experimental approaches
to understanding neutron spin echo �NSE� data from droplet microemulsion systems. Then we will introduce
the relative intermediate form factor method, which decouples shape and structure fluctuations. The concen-
tration dependence of the droplet dynamics in a microemulsion system is used to elucidate the strengths of this
method. The intermediate form and structure factors are successfully decoupled from an observed intermediate
scattering function by NSE. The decay rate of the shape fluctuation modes linearly decreases, while the
fluctuation amplitude increases as the droplet concentration increases. The first cumulant of the obtained
intermediate structure factor shows a clear de Gennes narrowing behavior at a length scale corresponding to the
interdroplet distance. However, in the high-momentum-transfer and longer-time regions, the first cumulant
deviates from the intermediate structure factor. This result suggests the existence of other dynamic modes of
structure fluctuations rather than the center-of-mass diffusion mode.
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I. INTRODUCTION

The dynamic behavior of amphiphilic membranes has
been investigated by many researchers to understand self-
assembling mechanisms of the systems. Not only static struc-
tures, but also dynamic behaviors are quite important to un-
derstand the physical properties of such systems, since those
membranes thermally fluctuate and the fluctuations are es-
sential for self-assembly. Lipid membranes are typical ex-
amples of bilayer systems, where the rigidity is an issue in
understanding the properties of complex biological mem-
branes. Since biological systems are constructed in crowded
environments, understanding the thermal fluctuations of
membranes under crowded environments is one of the im-
portant challenges in soft-matter physics.

The most successful model to describe membrane fluctua-
tions was proposed by Milner and Safran in 1987 �1�. The
dynamics of surfactant monolayer coated droplet microemul-
sions is described by a center-of-mass diffusion and shape
fluctuations of the spherical droplets. The shape fluctuations
of droplets are modeled within the treatment of Helfrich’s
bending Hamiltonian �2�. The Milner-Safran theory was ap-
plied to the result obtained by means of neutron spin echo
�NSE� for the first time by Huang et al. �3�, and the validity
of their theory and the dynamic feature of microemulsion
droplets have been clarified �3,4�. The estimated values of

the bending modulus using the theory, however, were several
times smaller than the expected values. In order to solve the
problem, Hellweg and Langevin proposed a method to sepa-
rate membrane fluctuations from the center-of-mass diffusion
of droplets �5,6�. They used dynamic light scattering �DLS�
to determine the center-of-mass diffusion constant, and a rea-
sonable value of the bending modulus was estimated using
NSE. They also pointed out the possibility of the combina-
tion with nuclear magnetic resonance �NMR� to estimate the
self-diffusion constant �7�. Lisy and Brutovsky �8� and
Farago and Gradzielski �9� claimed that the effect of shape
fluctuations should be considered to explain the static form
factor observed by small-angle scattering.

As has been demonstrated in the approaches mentioned
above, mode decoupling between shape fluctuations and the
center-of-mass diffusion is necessary for a quantitative
evaluation of structure parameters. This helps us to under-
stand self-assembling mechanisms in membrane systems
within a nanosecond time window even in dilute droplet sys-
tems. When the concentration of droplets increases, the
center-of-mass diffusion should be reduced due to inter-
droplet potentials and hydrodynamic interactions, and there-
fore, reduce the structure factor fluctuations. This fact im-
plies that the center-of-mass diffusion constant is no longer
momentum transfer, q, independent, but a q-dependent quan-
tity. Although several experimental works in crowded colloi-
dal systems have been made by some groups �10–14�, no q
dependence of the diffusion constant has been described, ex-
cept for the results by Gazeau et al. �15� and Häußler and
Farago �16�.

In order to decouple shape and structure fluctuations, the
contrast variation neutron scattering technique is suitable.
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Molle and co-workers �13,14� used contrast-variation NSE to
understand the dynamics of droplets in a cubic microemul-
sion. They measured NSE data for several scattering contrast
conditions including the matching point, where the scattering
from the structure factor was matched out. This data allowed
them to discuss shape fluctuation modes of their system.
They concluded that the frequency of shape fluctuations in-
creases in crowded environments.

Another way to derive such information is to extend the
relative form factor method for contrast-variation small-
angle neutron scattering �SANS� data analyses �17–20� into
dynamic mode decoupling. Using the contrast-variation
SANS technique, a ratio of scattering intensities for two dif-
ferent contrast conditions is defined as the relative form fac-
tor, which is the ratio of the form factors for each contrast
condition. Therefore, without any assumption about the
structure factor, the form factor can be evaluated. Once the
form factor is known, the structure factor can be calculated
from the scattering intensity. In this procedure it is not nec-
essary to measure at the matching point, but simply at two
scattering contrast conditions that give clear changes in the
apparent shape of the form factors.

In this paper, therefore, we discuss a contrast-variation
NSE result obtained in a water-in-oil droplet microemulsion
consisting of dioctyl sulfosuccinate sodium salt �AOT�, wa-
ter, and decane. While keeping the radius of water droplets
constant, the water droplet concentration � was changed
from 5% to 60%. Introducing a relative intermediate form
factor, which is the ratio of intermediate scattering functions
between different scattering contrasts, modes from shape
fluctuations are decoupled with those from structure fluctua-
tions. The decay rate and the fluctuation amplitude of the
membrane dynamics tend to decrease and increase, respec-
tively, with increasing �. The bending modulus of mem-
branes, �, is extracted within the theoretical framework for
single-droplet dynamics �1�. Furthermore, the normalized in-
termediate structure factor S�q , t� /S�q ,0� is estimated in the
crowded environment, where t is the time. The first cumulant
of S�q , t� /S�q ,0� shows a clear dip of a diffusion constant
around the q value corresponding to the interdroplet distance.
The S�q , t� /S�q ,0� in the high-q and long-t regions shows a
clear discrepancy from the first cumulant, and this suggests
the existence of other dynamic modes of structure fluctua-
tions.

II. THEORY

In dilute droplet microemulsion systems, Lovesey and
Schofield proposed a single-particle shape fluctuation model
�21�. This model was modified by Milner and Safran to apply
the theory to NSE analyses �1�. They treated membrane fluc-
tuations as spherical harmonics and derived the following
intermediate scattering function �1�:

I�q,t� = exp�− �0t�Vs
2����2� f0�qR� + �

l�2

2l + 1

4�R2 f l�qR�

���ul�2	exp�− 	lt�
 , �1�

where �0 is the decay constant for the center-of-mass diffu-

sion of droplets, Vs the volume of droplet, �� the scattering
length density difference between droplet and solvent, R the
mean radius of droplets, ��ul�2	 the amplitude of fluctuations
corresponding to the lth mode, and 	l the decay rate for the
lth mode, respectively. The f0�qR� and f l�qR� are the static
form factor of the zeroth and lth mode fluctuations, and the
expressions for them are given later. In Eq. �1� the term
exp�−�0t� describes the center-of-mass diffusion of droplets
�1,21� and the rest of the equation indicates the shape fluc-
tuation modes of droplets. Thus, Eq. �1� can be rewritten as

I�q,t� = Vs
2����2F�q,t�exp�− �0t� , �2�

where F�q , t� is the intermediate form factor,

F�q,t� = f0�qR� + �
l�2

2l + 1

4�R2 f l�qR���ul�2	exp�− 	lt� . �3�

When droplet concentration increases, the simple diffusion
mode changes to a mutual diffusion mode and �0=D0q2

changes to �=D�q�q2, where D0 is the free-particle diffusion
constant, D0=kBT / �6�
RH�, kB, T, 
, and RH are the Boltz-
mann constant, temperature, solvent viscosity, and hydrody-
namic radius of droplets, respectively, and D�q� is the
q-dependent diffusion constant. Thus, the term exp�−�0t� is
considered to originate from structure fluctuations—namely,
the intermediate structure factor S�q , t��exp�−�0t�. There-
fore, the normalized intermediate scattering function
I�q , t� / I�q ,0� is a product of the normalized intermediate
form and structure factors F�q , t� /F�q ,0� and S�q , t� /S�q ,0�
as

I�q,t�
I�q,0�

=
F�q,t�
F�q,0�

S�q,t�
S�q,0�

. �4�

To simplify our discussion, we assume that shape and struc-
ture fluctuations are independent. However, this is not
strictly true in crowded microemulsion systems, since inter-
droplet interactions affect the shape fluctuations of droplets.
In crowded environments, the theory describing droplet dy-
namics has to be modified. The coupling of each dynamic
mode makes Eq. �4� more complicated and the simple ex-
pression is not valid. Although we do not know the limitation
of the validity of Eq. �4� so far, this form may be valid in
some cases. The simplest case is the spherical droplet micro-
emulsion, since the system has rotational symmetry and all
modes are identical between different particles. The purpose
of the present paper is to show the idea of data treatment, and
thus, the simplest arguments are chosen to evaluate the dy-
namics of droplets.

Expression �4� is quite similar to the expression for SANS
profiles from spherical droplet microemulsions—namely,
I�q�=nF�q�S�q�, where n is the number density of scatterers.
In the case of droplet microemulsion systems, the validity of
the relative form factor method has been confirmed in small
polydispersity cases �17–20�. Contributions from the form
factor and structure factor can be decoupled from SANS in-
tensities by this method. Here, the same strategy is applied to
intermediate scattering functions.

When we measure NSE signals for different scattering
contrast conditions with the same composition of samples,
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the terms �0 and �, which are the contributions from
S�q , t� /S�q ,0�, can be treated as identical. The difference of
�0 or � between different scattering contrasts arises from
the difference of values of D0, which originates from the
viscosity difference due to the change of the dispersed me-
dium. In the present case, the difference of the viscosities is
relatively small �about 8%� and we can safely neglect it.
Then the relative intermediate form factor R�q , t� is defined
as

R�q,t� �
�I�q,t�/I�q,0��b

�I�q,t�/I�q,0�� f
�

�F�q,t�/F�q,0��b

�F�q,t�/F�q,0�� f
, �5�

where the subscripts b and f indicate bulk contrast, which is
a mixture of D2O with hydrogenated oil and surfactant, and
film contrast, which is a mixture of deuterated water and oil
with hydrogenated surfactant, respectively. In bulk contrast
cases, only water cores are visible by neutrons when a water-
in-oil droplet microemulsion is formed. On the other hand,
only surfactant membranes are visible by neutrons in film
contrast cases, and it has been believed that the shape fluc-
tuations of surfactant membranes is better proved in the film
contrast samples �9�.

Neglecting the shape fluctuation mode corresponding to
l�2, the decaying function of shape fluctuation is expressed
as

F�q,t�
F�q,0�

=
4�f0�qR� + 5f2�qR���a2�2	exp�− 	2t�

4�f0�qR� + 5f2�qR���a2�2	
, �6�

where

��a2�2	 = ��u2�2	/R2. �7�

The following equations apply for the static form factors:

f0
b�qR� = �3j1�qR�

qR

2

, �8�

f2
b�qR� = �3j2�qR��2, �9�

f0
f q�R + �� = �j0q�R + ���2, �10�

f2
f q�R + �� = �4j2q�R + �� − q�R + ��j3q�R + ���2,

�11�

where  is the surfactant layer thickness and jn�x� is the
spherical Bessel function of order n.

In the present method, the best way to fit the NSE data is
to perform the fit of R�q , t� according to Eq. �5� with Eq. �6�
taking the effect of polydispersity into account. In this paper,
however, the simplest data treatment is used, which is an
approximated analysis method within the frame work of
Milner-Safran theory �1�. The equation for the normalized
intermediate scattering function is as follows:

I�q,t�
I�q,0�

� exp�− 	eff�q�t� = exp�− Deff�q�q2t� . �12�

Equation �12� is equivalent to the first cumulant of Eq. �1�,
where 	eff�q� and Deff�q� are the effective decay rate and the

effective diffusion constant, respectively. Deff�q� contains
two contributions from D�q� and deformational diffusion
constant Ddef�q� as Deff�q�=D�q�+Ddef�q�. Ddef�q� is ex-
pressed as

Ddef�q� =
5f2�qR���a2�2		2

4�f0�qR� + 5f2�qR���a2�2	
. �13�

Finally, we obtain R�q , t� as follows:

R�q,t� �
�I�q,t�/I�q,0��b

�I�q,t�/I�q,0�� f
�14�

�exp�− 	rel�q�t� = exp�− Drel�q�q2t� , �15�

where

	rel�q� = 	eff
b �q� − 	eff

f �q� , �16�

Drel�q� = Deff
b �q� − Deff

f �q� = Ddef
b �q� − Ddef

f �q� . �17�

Note that we assume that the D�q� ’s of both scattering con-
trasts are identical.

Using the above procedure, the dynamic parameters for
shape fluctuation modes are evaluated. The intermediate
form factor can be calculated by putting the parameters into
Eq. �6�. Dividing I�q , t� / I�q ,0� by F�q , t� /F�q ,0� one can
decouple S�q , t� /S�q ,0�. Once the intermediate structure fac-
tor is obtained, we can analyze structure fluctuation modes
which include information about interactions between drop-
lets.

In cases of interacting Brownian particles, Pusey �22� and
Ackerson �23,24� discussed the intermediate scattering func-
tion observed by DLS. They considered a situation that the
time scale is long compared to the time between solvent
molecule and Brownian particle collisions, but short com-
pared to the time between the collisions of Brownian par-
ticles with each other �24�, and proposed the following rela-
tion:

S�q,t�
S�q,0�

= exp�− D0q2t/S�q,0�� . �18�

The above equation explained some experimental results
�25�. Since this time scale corresponds to the NSE time scale
as well, we employ this relation to describe the structure
fluctuation mode in the present paper. Taking the first cumu-
lant of S�q , t� /S�q ,0�, the following relation with D�q� is
obtained �26�:

D�q� = −
1

S�q,0�q2� �S�q,t�
�t



t=0

, �19�

where the q dependence of the diffusion constant, D�q�, is
D�q�=D0 /S�q� under the assumption of Eq. �18�. In some
cases a modification to include hydrodynamic effects is nec-
essary �23,26–29�, and the apparent D�q� has the following
relation �28�:
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D�q� = D0
H�q�
S�q�

, �20�

where S�q� and H�q� are the structure factor and hydrody-
namic effect, respectively. Although H�q� has been evaluated
in some colloidal systems so far �15,16�, hydrodynamic ef-
fects in microemulsion systems still remain as an unsolved
issue of soft-matter systems.

It is noted that the treatment below Eq. �12� is similar to
the ratio of decay rates of the first cumulant done by Hold-
erer et al. for a bicontinuous microemulsion �30�. They indi-
cated that the ratio of their decay rates obtained from bulk
and film contrast samples showed a dip at a finite q. Al-
though they mentioned that their dip originated from the dif-
ferent dynamic behaviors between different scattering con-
trasts, they did not discuss its physical meaning. In this
paper, therefore, we show the physical meaning of the ratio
of different scattering contrast data for droplet microemul-
sion systems.

III. EXPERIMENT

The concentration dependence of the dynamic behavior of
a droplet microemulsion system was investigated in an AOT
microemulsion. AOT �purity 99%� was purchased from
Fluka, D2O �atomic fraction of deuterium of 99.9%�, deuter-
ated n-decane �atomic fraction of deuterium of 99%� from
Isotec Inc., and n-decane �purity 99%� from Katayama
Chemical Co.1 These materials were mixed by weight with-
out any further purification. The molar ratio of D2O and
AOT was kept at 38.2, and the droplet concentration � was
0.05, 0.3, and 0.6. The static structure of these concentration
samples has been investigated in our previous SANS experi-
ment �18,19�. Two different scattering contrast samples were
prepared; one was the bulk contrast �AOT /D2O /C10H22 for
�=0.3 and 0.6 or AOT /H2O /C10D22 for �=0.05� and the
other was the film contrast �AOT /D2O /C10D22�. The char-
acteristic feature of the system has been well investigated by
many researchers �10,12,31–38�.

The NSE experiment was done using the ISSP-NSE spec-
trometer in Tokai, Japan �39,40�, and NG5-NSE spectrom-
eter at the NIST Center for Neutron Research �41,42�. The
measured spatial and time domains for ISSP-NSE were from
0.02 to 0.1 Å−1 and from 0.1 ns to 15 ns, and those for
NG5-NSE were from 0.03 to 0.12 Å−1 and from 0.05 ns to
40 ns, respectively. The temperature was kept constant at
room temperature, T= �25.0�0.3� °C. The DAVE software
package was used for elements of the data reduction and
analysis for the NG5-NSE data �43�.

IV. RESULTS AND DISCUSSION

A. Classical data treatment

Figure 1 shows the observed I�q , t� / I�q ,0� from the AOT
microemulsion with �=0.3 for �a� the bulk contrast and �b�

the film contrast, respectively. Comparing each graph, the
following arguments are realized. The decay in the film con-
trast sample is slower than that in the bulk contrast in the
high-q region. At q�0.05 Å−1, the decay in the film contrast
sample is faster than that in the bulk contrast. This q value
corresponds to qR��, and therefore, the shape fluctuations
of droplets are enhanced at this q �3,9�. The solid lines in the
figure are fits according to Eq. �12�.

Figure 2 shows the evaluated Deff�q� and SANS profile
for �=0.3 obtained for �a� the bulk and �b� film contrast
samples �18,19�. Deff

b �q� in Fig. 2�a� shows a dip at q
�0.04 Å−1, and the corresponding SANS profile shows a
slight shoulder. Therefore, the dip in Deff

b �q� expresses so-
called “de Gennes narrowing” due to the effect of the scat-
tering peak �44�. This dip in Deff

b �q� arises from the structure
fluctuation modes. On the other hand, a peak in Deff

f �q� is
observed in the film contrast sample, and the corresponding
SANS profile shows a dip at q�0.05 Å−1, as shown in Fig.

1Certain commercial equipment, instruments, or materials are
identified in this paper to foster understanding. Such identification
does not imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that the
materials or equipment identified are necessarily the best available
for the purpose.
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FIG. 1. �Color online� Observed I�q , t� / I�q ,0� from �a� the bulk
contrast and �b� the film contrast samples in AOT microemulsion
with a droplet concentration � of 0.3. The solid lines indicate the fit
results according to a single-exponential function. The error bars
shown in this text indicate �1 standard deviation.
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2�b�. This peak in Deff
f �q� originates from the dynamic mode

corresponding to the shape fluctuations of droplets.
So far, in order to analyze these data some assumptions

are necessary; for example, the mode of shape fluctuation is
the same as that of the dilute droplet systems, or D0 is cal-
culated from the Stokes-Einstein relation, etc., since both the
contributions from shape and structure fluctuation modes are
observed as a coupling of each other. These assumptions are
essential in understanding the dynamic nature of systems.
Especially, interactions between droplets should affect the q
dependence of the diffusion constant, while the effect of such
interactions on the dynamic behavior of microemulsion sys-
tems has not been clarified yet.

In the present case, it is obvious that both the shape and
structure fluctuations show q dependences, and these modes
affect the NSE data in both scattering contrasts. The q de-
pendence of the center-of-mass diffusion constant cannot be
evaluated by any other experimental techniques in our q
range, although DLS or NMR will give us the value of the
q-independent self-diffusion constant �5–7�. If we directly

estimate parameters for the shape fluctuation modes from the
data shown in Fig. 2�b�, we will underestimate them due to
the structure fluctuation modes. Also the structure fluctuation
modes will be underestimated due to the shape fluctuation
modes if we try to estimate parameters from the result shown
in Fig. 2�a�. This means that the shape and structure fluctua-
tion modes are obtained as a coupling of each component in
the scattering experiment and are not possible to discuss
separately in the classical data treatment. We will now de-
scribe the results of the data analysis using R�q , t�, which
method allows one to discuss the fluctuation modes indepen-
dently from each other.

B. Decoupling shape and structure fluctuations

Dividing two intermediate scattering functions with dif-
ferent scattering contrast following Eq. �5�, we obtain R�q , t�
for �=0.3, as shown in Fig. 3. The lines indicate the fit
results according to the single-exponential function, Eq. �15�.
Since R�q , t� indicates the ratio of I�q , t� / I�q ,0�’s between
the bulk and film contrast samples, R�q , t�=1 means that
both of them are the same. When R�q , t� is larger than 1
�	rel�q� is negative�, the contribution from the film contrast
sample is larger than that from the bulk contrast or vice
versa. In this way, different dynamic behaviors between dif-
ferent scattering contrast samples are emphasized.

Figure 4 shows the q dependence of 	rel�q� obtained from
the fit of R�q , t�. The relative form factor �19� R�q� for �
=0.3 is also shown in the figure. Interestingly, the shape of
	rel�q� seems the inverse of the shape of R�q�. This means
that the relative intermediate form factor method has a clear
correlation with the relative form factor method. Here the fit
parameters are ��a2�2	 and 	2. Within the theory of membrane
fluctuation dynamics �45,46� these parameters are expressed
as follows:

��a2�2	 =
kBT

4�
�4

R

Rs
− 3

�̄

�
−

3kBT

4��
f���
−1

, �21�
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FIG. 2. Deff�q� and SANS profile from �=0.3 for �a� the bulk
contrast and �b� the film contrast. SANS data shown here are the
same data as the previous publication �19�. Dashed vertical lines are
shown to guide the eye.
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FIG. 3. �Color online� Evaluated R�q , t� for AOT microemulsion
of �=0.3. The lines are the fit result according to Eq. �15�.
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	2R3 = �4
R

Rs
− 3

�̄

�
−

3kBT

4��
f���
 24�

23
c + 32
s
, �22�

where Rs
−1, �̄, and f��� are the spontaneous curvature of

membranes, the saddle-splay modulus, and the entropic con-
tribution to the free energy due to �. It should be noted here
that the effects from �̄ and f��� are included in the free-
energy functional in the present data treatment. 
c=1.10
�10−3 Pa s and 
s=0.87�10−3 Pa s for bulk contrast and
0.94�10−3 Pa s for film contrast are the viscosities inside
�droplet core� and outside �solvent� of droplets. All the terms
on the right-hand side of Eqs. �21� and �22� are contrast
independent. Although the parameters R, 
c, and 
s depend
on scattering contrast, the small difference of viscosities can
be neglected and normally R�Rs is satisfied. In this case the
difference of R /Rs is negligible between different scattering
contrasts. Therefore, we used the assumption 	2

f �R+�3

�	2
bR3, where Eq. �22� is assumed to be contrast indepen-

dent. To fit 	rel�q�, we put R= �43.6�0.6� Å and R+
= �59.7�0.5� Å from the previous SANS result �19�. The
best-fit values for those parameters for �=0.3 are ��a2�2	
= �7.8�0.7��10−2 and 	2

b= �2.29�0.06��107 s−1.
Using these parameters and Eq. �13�, the deformational

diffusion constant Ddef�q� is extracted. Figure 5 shows
Ddef�q� and the calculated F�q� using the structure param-
eters obtained before �19� for both the contrasts. Ddef�q� of
the film contrast shows a clear peak at q�0.05 Å−1. This q
value is the same as that of the dip position in F�q�. On the
other hand, Ddef�q� of the bulk contrast grows as q increases,
probably resulting from the enhanced shape fluctuations. The
first dip of the form factor in the bulk contrast is calculated
to be around 0.12 Å−1 �not shown�. At the dip position the
enhancement of the shape fluctuation mode should be ob-
served. However, the scattering intensity from bulk contrast
samples is often low at high q and thus makes it difficult to
analyze the data. Therefore shape fluctuation modes have

been estimated using the film contrast conditions.
Using Eq. �6� and the estimated dynamic parameters,

F�q , t� /F�q ,0� can be calculated as shown in Fig. 6 for �
=0.3 with bulk and film contrasts. The error bars are not
shown in the figure for better visualization, and they are
dominated by the error of ��a2�2	, which is about 10%. In the
case of the bulk contrast, the decaying function follows the
order of the q values since the diffusion constant is a mono-
tonic increasing function with q as shown in Fig. 5. On the
other hand, in the case of the film contrast, Ddef

f �q��0 at q
=0.08 Å−1 �see Fig. 5�, and thus the decay in F�q , t� /F�q ,0�
is slower than that at lower q �Fig. 6�. Dividing I�q , t� / I�q ,0�
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of Fig. 1 by F�q , t� /F�q ,0� of Fig. 6, S�q , t� /S�q ,0� is de-
coupled from I�q , t� / I�q ,0� as shown in Fig. 7. The figure
shows the q variation of S�q , t� /S�q ,0� of �=0.3 for both
contrast conditions. Almost identical decay functions are ob-
tained for the different scattering contrasts at the same q.
This is evidence of the validity of the present data reduction
method.

The solid �bulk contrast� and dashed �film contrast� lines
in Fig. 7 indicate fit results according to the first cumulant
analyses using the following relation:

ln�S�q,t�/S�q,0�� = − D�q�q2t . �23�

The diffusion constant D�q� is estimated from the fit and
shown in Fig. 8. The solid symbols in Fig. 8 indicate D�q�
for �=0.3 of the bulk contrast case. A clear dip is observed
at q�0.04 Å−1. This position is almost identical to the dip
position of Deff

b �q� in Fig. 2�a� as well as the peak position in
S�q�. This result indicates that a clear de Gennes narrowing
is evaluated from a simple analysis of S�q , t� /S�q ,0�.

The open symbols in Fig. 8 show the q dependence of the
diffusion constant, D��q�=Deff�q�−Ddef�q�, of �=0.3 for the
bulk contrast. Here Deff�q� was evaluated by a fit of
I�q , t� / I�q ,0� shown in Fig. 1. Both D�q� and D��q� are al-
most identical except at high q. As shown in Fig. 7,
S�q , t� /S�q ,0� is explained using the single-exponential
function. However, this function fails to explain the data in
the high-q region. Figure 9 shows a typical example of the
first cumulant analysis for �=0.3 at q=0.10 Å−1 of the bulk
contrast sample. A clear deviation from the first cumulant is
obtained in the longer-time region. This suggests the exis-
tence of other structure fluctuation modes rather than the
center-of-mass diffusion mode. In order to discuss these
structure factor fluctuations, the combinations with DLS
and/or NMR are probably useful to determine the concentra-

tion dependence of the self-diffusion constant �5–7� as well
as the existence of the other modes. This point should be
carefully discussed in the future to understand the self-
assembly of microemulsions in crowded environments.

C. Concentration dependence of the dynamics

As we have shown above, the relative intermediate form
factor method works well for the AOT droplet microemul-
sion system in the semidilute droplet range. We analyzed all
concentration data at �=0.05, 0.3, and 0.6 using the same
procedure and obtained parameters for the shape and struc-
ture fluctuations. In this section we focus our discussion on
the concentration dependence of such parameters.

Figure 10 shows the � dependence of best-fit parameters
for the shape fluctuation mode. ��a2�2	 increased while 	2

b

decreased with �. These values are comparable to the results
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better visualization. The error bars are dominated by the error of
��a2�2	 of about 10%. The solid and dashed lines are fit results
according to Eq. �23�.
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of Kawabata et al. �45�. They showed a set of 	2
b and ��a2�2	

values of 2.0�108 s−1 and 0.1 in an AOT microemulsion
with R�33 Å. Since 	2R3=const is assumed, the values of
	2

b of the present case are expected to be around 0.5
�108 s−1 for �=0.05. The absolute value of 	2

b is smaller
than our expectation. This problem might be due to the fit
procedure of R�q , t�. R�q , t� fully fitted by Eq. �5� with Eq.
�6� considering the higher-order terms and the size polydis-
persity of droplets will improve the estimation of dynamic
structure parameters.

Gang et al. �11� demonstrated a � dependence of shape
fluctuation modes in a sodium-dodecyl-sulfate/water/oil
emulsion system using diffusing-wave spectroscopy. They
employed a different model from the Milner-Safran theory
�1�, where the shape fluctuation mode is dominated by the
interfacial tension. They explained the � dependence of the
relaxation rate and the amplitude of the shape fluctuation
mode. In order to compare the present result with their result,
we used a linear and a nonlinear relation of 	2

b and ��a2�2	
against � following their discussion �11�.

For the � dependence of the relaxation rate, Edwards and
Schwartz predicted a linear form as a part of a theory for the
nonlinear � dependence of the effective viscosity of a de-
formable nondilute droplet suspension �47�. We employed an
empirical linear � dependence in 	2

b as �11�

	2
b���

	2
b�0�

= 1 − a� . �24�

The solid straight line in Fig. 10 is the best-fit result accord-
ing to Eq. �24�. The observed parameters are 	2

b�0�
= �3.1�0.1��107 s−1 and a= �0.91�0.08�. The slope a is
similar to the theoretical prediction of 1.4 �47� and the ex-
perimental observation by Gang et al. of 0.78 �11�. The result
by Gang et al. �11� was obtained when the viscosities inside
and outside the droplets differ by more than one order of
magnitude, while the theory had approximately the same vis-
cosities inside and outside the droplets. The conditions in the
theory are close to the condition reported in this paper. The
theory is best matched at ��0.15, and when the droplet

concentration is too high, the theory is not appropriate �47�.
The present result suggests that the direct contact of neigh-
boring membranes affects the � dependence of the parameter
a, in addition to the velocity field of solvent, which is con-
sidered in the theory �47�. Our 	2

b�0� is about an order of
magnitude larger than that of Gang et al. �11�. This is be-
cause of the different bending elasticity of their emulsion and
our microemulsion. The size of particles has a scaling rela-
tion with the bending elasticity—namely, larger scale objects
have larger bending modulus. When membranes have larger
bending modulus, the frequency of the shape fluctuation
mode tends to be faster.

The present result shows only a slight increase of the
frequency ��=1 /	2

b�. On the other hand, Molle and co-
workers �13,14� concluded that the shape fluctuation modes
occur at one order of magnitude higher frequencies in
crowded environments. Since they did not account for a con-
centration dependence in their work, more work is needed to
justify these conclusions.

The increase of ��a2�2	 with � indicates the larger ampli-
tudes of shape fluctuation modes in the higher-� region. This
result shows the same tendency as the result by Gang et al.
�11�. Following their argument to discuss the � dependence
of the shape fluctuation amplitude, we employed the follow-
ing equation �11�:

��a2����2	
��a2�0��2	

= 1 + C�g�r;�� , �25�

where g�r ;�� is the pair correlation function evaluated at a
constant distance of the droplet diameter. This relation is
extracted from the following physical considerations. The
shape fluctuations in the higher-� region are enhanced due to
the collision of neighboring droplets. This enhancement is
energy driven, and the frequency of the collisions increases
with increasing �. The probability of two droplets colliding
should scale with the number of pairs of droplets touching
one another, which is given by g�r ;�� �11�. Following the
treatment by Gang et al. �11�, we used the form of g�r ;�� as
the Carnahan-Starling equation of state for hard spheres
�48,49�:

g�r;�� =
1 − �/2
�1 − ��3 . �26�

The dashed line in Fig. 10 shows the fit result according to
Eq. �25�. The best-fit parameters are ��a2�0��2	
= �0.057�0.008� and C= �0.45�0.15�. The present value of
C is about 2 times larger than the value of Gang et al., C
=0.2 �11�. The value of amplitude of the shape fluctuations is
one order of magnitude larger in the present result than the
result by Gang et al. �11�. The difference in these parameters
is due to the difference in the length scale and the solvent
viscosity. They used oil-in-water emulsion whose oil core
has about an order of magnitude larger viscosity than that of
water. Their solvent, water, has a larger viscosity than our
solvent, oil. In the case of smaller solvent viscosity, the col-
lision of neighboring droplets occurs more easily than the
case of higher solvent viscosity. This would make the param-
eter C larger in the present result. The � dependence of
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parameters for the shape fluctuation mode, 	2
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and dashed lines are the fit results according to Eq. �24� or �25�.
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��a2����2	 is similar to the collision-driven shape fluctuations.
However, as discussed by Gang et al., several other physical
origins may explain the present result �11�.

It is worth discussing the concentration dependence of the
bending modulus � of the system from the observed param-
eters. We estimated � following the single-droplet fluctuation
model �1� as follows �45,50,51�:

� =
1

48
� kBT

�p2 + 	2R323
c + 32
s

3
� , �27�

where p is the polydispersity index, and in the present con-
centrations, p= �0.20�0.02�, �0.16�0.02�, and �0.11�0.01�
were obtained for �=0.05, 0.3, and 0.6, respectively �19�.
The resulting � is shown in Fig. 11. The value of � remains
almost constant within the experimental error or may slightly
increase with increasing �. The bending rigidity of the sur-
factant membrane is not so much affected by the increase of
�. A slightly more rigid membrane in the high-� region
compared to that in the low � region may be a reasonable
conclusion. The absolute value of � is smaller than the ex-
pected value ��kBT� �52�. This is related to the errors in
estimation of 	2

b as explained above.
Figure 12 shows the � variation of D�q� and D��q�. The

solid horizontal line indicates the value of D0=4.2
�10−11 m2 /s estimated from the Stokes-Einstein relation.
Although the data points for �=0.05 are scattered, a slight
dip in D�q� is recognized, and its q value is almost the same
as that where a small shoulder in S�q� is obtained by SANS
�see Fig. 5 of Ref. �19��. With increasing �, the dip position
shifts to higher q and it gets deeper. This is a reasonable
result since the dip position is almost identical to the peak
position in S�q� �see Fig. 6 of Ref. �19��. This result indicates
that the center-of-mass diffusion of droplets is suppressed at
a length scale corresponding to the interdroplet distance. An-
other interesting feature here is that the dip positions of D�q�
for �=0.05 and 0.3 are almost identical. Previous SANS
results showed that the peak position in S�q� was almost

constant below �=0.4. The present result supports the
cluster-peak-like behavior in the low-� region in AOT mi-
croemulsion systems as discussed in �19�. With the method-
ology proposed in this paper, one can start to study concen-
trated systems with interacting droplets which were shown to
be important and complex in our earlier paper �19�.

V. CONCLUSIONS

In this paper, we proposed a relative intermediate form
factor method for contrast-variation neutron spin echo data
analyses and discussed the concentration dependence of the
dynamics in an AOT microemulsion system. Although some
more modifications for quantitative discussion of membrane
dynamics is necessary, shape and structure fluctuations are
successfully decoupled in a droplet microemulsion system
using this method. As a result, each fluctuation mode is dis-
cussed without an effect from the other fluctuation mode.
The characteristic decay rate for the droplet shape deforma-
tion motion exhibits a linear decrease with �, while the
shape fluctuation amplitude shows a nonlinear increase. The
� dependence of the bending modulus � is estimated and is
almost constant or slightly increasing with �. The bending
rigidity of the surfactant membrane is not so much affected
by an increase of the droplet concentration; a slightly more
rigid surfactant membrane in the high-� region may be a
reasonable explanation for the � dependence of �. Using the
estimated intermediate form factors, normalized intermediate
structure factors S�q , t� /S�q ,0� in the dense droplet regime
are evaluated. The first cumulant analysis is applied to the
obtained S�q , t� /S�q ,0�, and a clear dynamic slowing down
is obtained at a length scale corresponding to the interdroplet
distance. This behavior is consistent with the physical picture
in crowded environments. In addition to this fact, the devia-
tion of S�q , t� /S�q ,0� from the first cumulant suggests the
existence of some other dynamic modes of structure fluctua-
tions.
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