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This paper describes the concentration dependence of the interaction between water droplets coated by a
surfactant monolayer using the contrast variation small-angle neutron scattering technique. In the first part, we
explain the idea of how to extract a relatively model free structure factor from the scattering data, which is
called the relative form factor method. In the second part, the experimental results for the shape of the droplets
�form factor� are described. In the third part the relatively model free structure factor is shown, and finally the
concentration dependence of the interaction potential between droplets is discussed. The result indicates the
validity of the relative form factor method, and the importance of the estimation of the model free structure
factor to discuss the nature of structure formation in microemulsion systems.
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I. INTRODUCTION

Small-angle scattering techniques provide knowledge of
the shape, structure, and interaction of objects in the nanom-
eter scale. Especially, for understanding complex systems,
such as membranes, biomolecular systems, etc., small-angle
neutron scattering �SANS� is quite powerful because the
scattering contrast of the components can be changed by se-
lective deuteration of the hydrogen atoms. However, the data
reduction procedure of SANS is usually difficult when the
system is relatively concentrated, so that the effect of the
structure factor is essential. Since the structure factor con-
tains information about the interaction among scatterers, the
extraction of the structure factor from the small-angle scat-
tering data helps us to understand the nature of the structure
formation of the systems.

So far, much effort has been made to estimate the form
factor and the structure factor simultaneously in colloidal
systems with very few assumptions. The generalized indirect
Fourier transformation method developed by Glatter et al.
�1,2� is one possible candidate. In this technique, the form
factor of the system can be estimated as a direct space cor-
relation function without any assumptions of the shape of the
particle structure. However, the contribution from the struc-
ture factor is treated as an assumption of the model structure
factor. Another candidate is the procedure by Arleth and Ped-
ersen �3� by using a contrast variation SANS technique. They
performed a simultaneous fitting to several scattering profiles
with different contrasts taking the size polydispersity effect
into account. They assumed a model structure factor for the
polydisperse hard-sphere case, and evaluated the structure

parameters relating to the shape of the object precisely. How-
ever, an assumption about the structure factor is still neces-
sary, and the confirmed concentration region is limited.

Recently, a new SANS data reduction procedure was pro-
posed by independent groups �4,5�, which we call the rela-
tive form factor method. Using the contrast variation SANS
technique, the scattering intensities for two different contrast
conditions were measured. The ratio of these intensities can
be the ratio of the form factors for each contrast condition,
since the profile of the structure factor does not depend on
the scattering contrast. Therefore, without any assumptions
about the profile of 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. This
method has first been applied to the spherical object �4–6�
and then extended to the rod and the disk objects �7,8�.

As a model spherical microemulsion system, we em-
ployed a system composed of AOT �dioctyl sulfossucinate
sodium salt�, water, and decane. This system has been inten-
sively investigated by many researchers for some decades.
The characteristic features of the AOT microemulsion are as
follows: A single phase microemulsion being a water-in-oil
droplet structure is stable in the large area of the ternary
phase diagram at room temperature �9�. At a fixed molar
ratio of water to AOT, W, the droplet size remains constant
and the droplet density changes depending on the concentra-
tion of oil. The droplet density, �, is determined as �= ��w

+�s� / ��w+�s+�o�, where �w, �s, and �o are the volume
fractions of water, amphiphile, and oil, respectively. At the
dilute droplet regimes, a phase decomposition from a single
phase droplet into two phase coexistence of the droplet rich
and poor domains associated with critical phenomena oc-
curred with increasing temperature �9–14�. This is due to the
increase of an attractive interaction between droplets with*Electronic address: mnagao@indiana.edu
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increasing temperature, and a cluster formation of droplets is
considered to explain the experimental results �15�. At a
semi-dilute to dense droplet regime ���0.4�, a phase tran-
sition from droplet to lamellar structure occurred with in-
creasing temperature �16–18�. The concentration dependence
of the structures were investigated by some groups using
small-angle x-ray scattering �SAXS� or SANS �19,20�. In
their analyses, assumptions of the form factor and/or the
structure factor were necessary to deduce information about
the systems. This fact means that a model dependence of the
small-angle scattering data analyses could not be avoided.

According to these experimental investigations, the AOT
microemulsion system has been considered to be a rather
simple system. However, unsolved issues are still remaining.
In the phase diagram, a phase separation between one-phase
and two-phase droplets is observed with elevating tempera-
ture in the low concentration region, while a phase transition
from the one-phase droplet to the lamellar structure is ob-
served above ��0.4 �17�. This fact suggests that the domi-
nant interaction between droplets for such phase transitions
is different between the lower and the higher concentration
regions.

It is also known that there is a percolation threshold in the
droplet phase. The origin of the percolation is described by
Chen et al. �16�. They claimed that a short-range attractive
interaction between droplets originates the formation of the
fractal clusters. Assuming the sticky hard-sphere potential,
they calculated the phase diagram of the system and it ex-
plained the experimental observation well. On the other
hand, Bouaskarne et al. calculated the phase diagram assum-
ing a hard-sphere with attractive Yukawa tail between drop-
lets �21�. Their calculated phase diagrams explain the experi-
mental observation well, too. These results show that
different models with different interaction can explain the
phase behavior, that is, the interpretation of the origin of the
interaction between droplets does not reach the consensus on
the phase behavior. In order to shed light on this problem, the
analysis of a model free structure factor is probably the best
way to clarify the nature of the interaction between droplets.

In this paper, we describe the result of a SANS experi-
ment. By applying the relative form factor method, the �
dependence of the intra- and inter-structures are extracted in
the range of 0.05���0.75 without assuming the profile of
the structure factor. The � dependence of the inter-droplet
potential is discussed in detail.

II. RELATIVE FORM FACTOR METHOD

A coherent small-angle scattering intensity is written as
follows:

I�q� = �n�f�q��2s�q�� , �1�

where n is the number density of scattering objects, �f�q��2
and s�q� are the form factor and the structure factor, respec-
tively, and �¯� denotes the ensemble average of the thermal
fluctuations of the scatterer. When the thermal fluctuations
due to the form factor and the structure factor are indepen-
dent of each other, Eq. �1� can be written as follows:

I�q� = n��f�q���2�s�q�� + n���f�q��2� − ��f�q���2� . �2�

Neglecting the fluctuations due to the form factor, the above
equation can be simply written as

I�q� = nF�q�S�q� , �3�

where F�q�= ��f�q���2 and S�q�= �s�q��. In principle, this form
is applicable in the monodisperse case.

Considering the SANS contrast variation technique, f�q�
depends on the contrast between a scatterer and a back-
ground, ��, because it is the Fourier transform of the scat-
tering amplitude density difference between them, as fol-
lows:

f�q� =	 ���r�exp�− iqr�dr . �4�

On the other hand, S�q� does not depend on the contrast
because it indicates the time-averaged correlation of the cen-
ter of mass of objects, and the properties of molecules and
their assemblies do not depend on the contrast.

By using the SANS technique, it is easy to obtain differ-
ent scattering contrast conditions by selective deuteration of
the ingredients. A mixture of D2O with hydrogenated oil and
surfactant is called bulk contrast. In this case, only the water
core is visible when the water-in-oil droplet microemulsion
is formed. On the other hand, a mixture of deuterated water
and oil with the hydrogenated surfactant is called film con-
trast. In this case, only the surfactant layer is visible to neu-
trons. If one changes only the scattering contrast, keeping
unchanged the sample composition and the external condi-
tions, e.g., temperature, a relative form factor, R�q�, can be
introduced as the ratio of the scattering intensities from the
bulk contrast, Ib�q�, and the film contrast, If�q�, as follows
�4–6�:

R�q� =
Ib�q�
If�q�

=
Fb�q�
Ff�q�

, �5�

i.e., the ratio of the scattering intensities of each contrast is
identical to the ratio of the form factors of each contrast. This
relation is independent of S�q� and, therefore, one can evalu-
ate F�q� of the system without the influence of S�q�. We call
this procedure the “relative form factor method.”

In reality, the systems measured by SANS are not always
the monodisperse systems, while the system has the size dis-
tribution, the membrane thickness distribution, or the direc-
tional inhomogeneity, i.e., polydispersity. In the case of poly-
disperse systems, Eq. �2� can be written in the following
form, as described in Ref. �22�:

I�q� = nF�q�Seff�q� , �6�

where the effective structure factor Seff�q� is

Seff�q� = 1 + ��q��S�q� − 1� �7�

and ��q� is expressed as

��q� =
��f�q���2

F�q�
. �8�

F�q� and ��f�q���2 are defined as

NAGAO, SETO, AND YAMADA PHYSICAL REVIEW E 75, 061401 �2007�

061401-2



F�q� = ��f�q��2� =	 �f�q,r��2h�r�dr , �9�

��f�q���2 = 
	 f�q,r�h�r�dr
2

, �10�

where r is the radius of the droplets, h�r� the distribution
function of r, and f�q ,r� the form factor of the droplets with
radius r. From these relations, ��q� and thus Seff�q� do de-
pend on the scattering contrast. Note that this treatment takes
the size polydispersity of droplets into account. In order to
take the membrane thickness distribution into account, some
other data analysis procedure, such as the procedure pro-
posed by Gradzielski et al. �23,24�, would be necessary.

In the case of low polydispersity, the second term in Eq.
�2� can be negligibly small, and thus ��q� and Seff�q� are
considered to be independent of the scattering contrast. In
this case, Eq. �5� can be written as follows:

R�q� =
Ib�q�
If�q�

�
Fb�q�
Ff�q�

. �11�

Therefore, the relative form factor method is valid in the
small polydispersity cases.

In the present microemulsion system, we assume that the
degree of the polydispersity is small enough. The formula-
tion of F�q� of droplet microemulsions has been well estab-
lished by many researchers �3,9,22–24�. In the present paper,
the simplest model form factor is utilized to show the valid-
ity of the relative form factor method. In the case of the bulk
contrast, the form factor of a droplet with radius r0 is

fb�q,r0� =
4�

3
r0

3��w − �o�j1�qr0� , �12�

where �w and �o are the scattering length densities of water
and oil, respectively, and the function j1�x� is

j1�x� = 3
sin x − x cos x

x3 . �13�

On the other hand, in the case of the film contrast sample, the
form factor of a droplet with the inner and the outer radius,
r0 and rs, is as follows:

f f�q,r0� =
4�

3
��w − �s��r0

3j1�qr0� − Ars
3j1�qrs�� , �14�

where �s is the scattering length density of the surfactant and
A is defined as

A =
�o − �s

�w − �s
. �15�

The outer radius of the droplets is written using the mem-
brane thickness � as

rs = r0 + � . �16�

Using these equations, F�q�s for the bulk- and the film-
contrast samples are obtained by the fitting of R�q�. Once
F�q� is characterized, Seff�q� �S�q�� is obtained from the re-

lation of Eq. �6� �Eq. �3�� in the case of the polydisperse
�monodisperse� droplet system. The advantage of the method
is that the assumption of the structure factor is not necessary,
and that the relatively model free structure factor is obtained
by only two SANS measurements with different contrast
conditions.

III. EXPERIMENT

AOT �purity 99%� was purchased from Fluka �25�, D2O
�99.9% atom fraction D� and deuterated n-decane �99% atom
fraction D� from Isotec Inc. �25�, and n-decane �purity 99%�
from Katayama Chemical Co. �25�. These materials were
mixed in weight without any further purification. The molar
ratio of D2O and AOT, W, was kept to 38.2 and the droplet
concentration � was varied from 0.05 to 0.75 with a step of
0.05. Two different contrast samples were prepared: One is
the bulk contrast �AOT/D2O/C10H22� and the other is the
film contrast �AOT/D2O/C10D22�. The used values of the
scattering length densities of D2O, AOT, C10H22, and C10D22
are �D2O=6.36	1010 cm−2, �AOT=6.42	109 cm−2, �C10H22
=−4.88	109 cm−2, and �C10D22

=6.59	1010 cm−2, respec-
tively.

The SANS experiment was conducted on the SANS-U
instrument owned by the University of Tokyo and installed at
the cold neutron guide of JRR-3M in Japan Atomic Energy
Research Institute �JAERI�, Tokai, Japan �26–28�. 7.0 Å in-
cident cold neutrons with a wavelength resolution of about
10% were used and the two-dimensional position sensitive
proportional counter was placed at 2 m and 8 m from the
sample position. The covered momentum transfer, q, ranged
from �0.005 to 0.14� Å−1. The sample thickness was selected
to be �1 to 3� mm for optimizing the neutron transmission of
the samples. The temperature was kept at T
= �298.15±0.2� K. All the obtained SANS patterns were azi-
muthally averaged and normalized to be the absolute unit
with a Lupolen standard �a polyethylene slab calibrated with
the incoherent scattering intensity of vanadium�.

IV. RESULTS

The observed SANS profiles from the bulk contrast, Ib�q�,
and the film contrast, If�q�, are shown in Figs. 1�a� and 1�b�,
respectively. From the bulk contrast samples, a gradual de-
crease of the scattering intensity with q is obtained in the
low-� regime, and with increasing � a scattering peak due to
the correlation between the water droplets appears at q
�0.04 Å−1 for �=0.3 and shifts toward higher q �see Fig.
1�a��. From the film contrast samples, the scattering intensity
decreases with q and shows a dip at around q�0.05 Å−1.
The peak position at around q�0.07 Å−1 does not change,
while the peak intensity gradually increases with increasing
�. In this case, the correlation peak due to the inter-droplet
structure is not so remarkable in the SANS profile �see Fig.
1�b��.

The incoherent scattering intensity from the ingredients is
known to be an obstruction for the analysis of the coherent
SANS data �29�. Moreover, the relative form factor will have
a distortion if the incoherent scattering intensity cannot be
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negligibly small. In the low-q region, for both the contrast
cases, it is expected that the coherent scattering intensity,
Icoh, is much higher than the incoherent scattering intensity,
Iinc. When Icoh is two orders of magnitude larger than Iinc, the
distortion of R�q� due to the incoherent background is ex-
pected to be less than 1% after the subtraction of Iinc. On the
other hand, in the low concentration and at high q, there are
possibilities of Icoh� Iinc. In this case, even after the subtrac-
tion of Iinc from the observed scattering intensities, R�q� may
have a considerable distortion due to the incoherent back-
ground. For example, if Iinc is estimated within the accuracy
of 90%, the distortion of R�q� is expected to be about 10%.
The important message here is that it is necessary to subtract
the contribution of Iinc from the scattering intensity as pre-

cisely as possible, if the contribution of Iinc is expected to be
above 10% of the scattering intensity.

In our experiment and data analysis, the sample thickness
dependence of the SANS intensity from D2O, protonated and
deuterated decane were measured to estimate the incoherent
scattering intensity of the mixtures. The estimated values of
the incoherent scattering intensities, which are obtained tak-
ing the contributions from the sample thickness and the com-
position into account, are subtracted from the scattering in-
tensities of the microemulsions. In our case, the maximum
distortion of R�q� by the incoherent scattering intensity is
calculated to be about 5% at q�0.08 Å−1 for �=0.05. This
value of the distortion is the largest influence in the present
result and we neglect the distortion of R�q� due to the inco-
herent scattering intensity in this paper.

A. Form factor

The obtained R�q�s for various � in the whole-q range are
shown in Fig. 2. It is clear that R�q�s below ��0.6 have
almost the same profile. Since R�q� is sensitive to the change
of the form factor, this result indicates that the droplet shape
is unchanged below ��0.6. The profile change of R�q� at
��0.6 indicates the deformation of the droplet structure of
the unit particle.

In the present analysis the Gaussian distribution function,

h�r� =
1

�2��r
exp− � r − r0

�2�r
�2� , �17�

is used as the size distribution function in Eq. �9� for sim-
plicity instead of the Schultz size distribution function,
which has been generally used in AOT microemulsion sys-
tems �22�. r0 is the mean radius of the water droplets and �r
the root mean square deviation from the mean of droplets as
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FIG. 1. � dependence of the SANS profiles from �a� the bulk
contrast and �b� the film contrast. The scattering intensity from �
=0.05 is shown in absolute units, and the others are shifted as
shown in the legend for better visualization. The error bars shown
in this text indicate ±1 standard deviation.
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FIG. 2. � dependence of R�q�s. R�q� for �=0.05 is shown as it
is and the others are shifted as shown in the legend for better
visualization.
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�r2 = �r0
2� − �r0�2. �18�

The calculation was performed in the case only for r�0. The
polydispersity index pexp is expressed as pexp=�r /r0. It is
known that the differences between the Gaussian and the
Schultz size distribution functions are small in low polydis-
persity cases.

The solid lines in Fig. 2 are fit results according to Eq.
�11�. Fit parameters are r0, �r, and the membrane thickness
of droplets, �. The polydispersity index, p, is calculated as
p2= pexp

2 − pres
2 , where pexp is obtained from the fit parameters.

Basically the instrumental resolution affects the value of p,
and this part, pres, is subtracted from pexp, as mentioned
above. The value of pres=0.13 is assumed according to the
measurement of the q resolution of the SANS-U spectrom-
eter �30�. The fit result shown in Fig. 2 explains the experi-
mental spectra well at least in the range of q�0.08 Å−1.

The � dependence of the obtained fit parameters are
shown in Fig. 3. The mean radius of the droplet shell, rs, is
calculated from rs=r0+�. r0 and rs are almost constant below
�*�0.62, and they decrease above �*. The mean values of
r0 and rs at ��0.6 are �43.6±0.6� Å and �59.7±0.5� Å, re-
spectively. The value of p decreases monotonically below
�*, and then it increases with �. The slope at ��0.6 is
dp /d��−0.12 and it is close to the result obtained by Kot-
larchyk et al. �9� at W=40.8, 0.04���0.21, and T
�295 K. These results indicate that the size of the water
droplets does not change, while the polydispersity decreases
with increasing � below �=�*. The size distribution of
droplets becomes minimum at �=�*, and at ���* it tends
to increase. The value of �* is close to the value of the
glasslike transition concentration �c�0.65 obtained by Sheu
et al. �19�, where the macroscopic viscosity tends to diverge.
The concentration dependence of the macroscopic viscosity
is explained by the structure change of the droplets described
here.

Above �=0.65, the value of p increased drastically. In
this � region, the Gaussian distribution function may not be
appropriate to explain the experimental result, since this
function is valid only for the small polydispersity case. In
order to check the validity of the Gaussian distribution func-
tion in this � region, we analyzed the data using the log-
normal distribution function instead of the Gaussian func-
tion. In our calculation, the � dependence of the structure
parameters showed almost the same tendency for both distri-
bution functions. Thus the data points shown at �
0.65
have few meanings, while those points remind us of the idea
of the deformation of the sphere in the high concentration
region.

As explained in Sec. II, the size polydispersity affects the
profile of R�q�, and thus the estimated structure parameters
may be changed when we consider the effect of ��q�. In
order to estimate the effect of ��q� on the structure param-
eters of the form factor, we reanalyzed R�q� taking ��q� into
account. According to our calculation, the effect of ��q� ap-
pears at low-q region as a distortion of R�q�. Due to the
distortion of R�q�, p decreased about 10%, while r0 and �
remained almost the same values. This result indicated the
profile of the form factor is almost the same even when the
effect of polydispersity is taken into account.

In the present paper, only a slight deviation is obtained
between the experimental observation and the fit result with-
out the consideration of ��q�. The origin of the deviation
comes from the limitation of the model form factor, such as
distribution of the membrane thickness, as well as the effect
of ��q�. Our result shows that the relative form factor can be
applied when the polydispersity is less than p=0.15. How-
ever, it should be noted that the larger value of p originates
the large discrepancy between S�q� and Seff�q� according to
the relation of Eq. �7�.

The form factors, Fb�q� and Ff�q�, are reproduced from
the estimated structure parameters without taking the effect
of ��q� into account. In order to compare the results of the
reproduced form factors with the observed SANS profiles,
the number density n was multiplied to Fb�q� and Ff�q�. The
value of n was estimated from both the experimental result,
so as to get S�q��1 in the high-q region, and the calculation.
For example, the value of n for �=0.05 of the bulk contrast
sample is estimated to be n�4	1016 cm−3. This value is
consistent with the calculated value of the number density,
ncalc=� / �4�r0

3 /3��5	1016 cm−3 for �=0.05.
In Fig. 4, the reproduced Fb�q� and Ff�q� are shown for

�=0.05 with the observed SANS profile. This figure clearly
indicates that the obtained SANS profile and the reproduced
form factor are different in the low-q region. The origin of
the deviation is ascribed to the contribution from the struc-
ture factor. This fact implies that the structure factor of the
droplet microemulsion systems cannot be unity even when
the concentration of the water droplets is low at room tem-
perature.

B. Structure factor

Following the successful estimation of F�q�s, we calcu-
lated the concentration dependence of Seff�q� as a ratio of
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FIG. 3. � dependence of the structural parameters of the droplet
shape. r0 and rs are indicated with the left vertical axis unit, and p
with the right vertical axis unit. The vertical dotted line indicates
the concentration of �*. The solid, dotted, and dashed lines are
guides for the eyes.
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I�q� and nF�q� according to Eq. �6�. In Fig. 5, the concen-
tration dependence of Seff�q� with � between 0.05 and 0.75 is
shown below q=0.08 Å−1 for the bulk contrast sample. The
evaluated Seff

b �q� is almost the same as Seff
f �q� in this q range.

This result is one of the most important results in the present
paper, that is, the structure factor is evaluated without any
assumptions on the spatial distribution of droplets or the in-
teraction between droplets except for the assumption of the
shape of the droplets.

In general, the structure factor is determined by the dis-
position of the unit particles or the inter-particle interaction.
This means that determining the model free structure factor
is essential for the understanding the physical properties of
the system. From this point of view, we explain what kind of

information is obtained from the estimated Seff�q�s, since no
model structure factor, unfortunately, can explain the profile
of the present result.

In the low-� region ���0.25�, Seff�q� tends to increase
with decreasing q below q�0.03 Å−1. This behavior is ob-
served when the concentration fluctuations are essential for
the structure formation. In the case of the AOT microemul-
sion system, a phase separation from one-phase droplets to
two-phase droplets associated with a critical phenomenon
has been discussed with increasing temperature �9–14�. The
origin of the phase separation at high temperature is the in-
crease of the interdroplet attractive interaction with tempera-
ture. The increase of Seff�q� in the low-q region with decreas-
ing q is due to the large concentration fluctuations.

In the medium-q range from �0.02 to 0.04� Å−1, a broad
peak is observed at q�0.03 Å−1. As shown in Fig. 6, the
peak position, q0, seems to be independent of the concentra-
tion of the droplets at ��0.4, although the error is very
large. The peak intensity seems to change with increasing �.
This tendency of the peak is similar to the characteristic fea-
ture of the so-called “cluster peak,” recently observed in the
lysozyme aqueous solution �31–35�. According to the discus-
sion in the literature, the characteristic features of the cluster
peak are that the peak position is independent of the concen-
tration of the sample, while the peak intensity depends on the
concentration. The cluster peak appears when the short-range
attraction and the long-range repulsion are competing in the
system. In the AOT microemulsion system, the cluster for-
mation of the system has been established experimentally
before �16�. Although the physical properties of the cluster
peak are not completely clarified yet, the present result sug-
gests the existence of the long-range repulsion in this system.
So far, the hard-sphere repulsion and the short-range attrac-
tion have been employed to explain the phase behavior and
the scattering profiles in the AOT microemulsion systems.
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However, in some cases, the assumption of the long-range
attraction was necessary to explain the experimental result
�14�. These complexities of the interaction among droplets
could be the essential features of the colloidal systems and
be one of future problems.

In the higher-� region above �=0.3, Seff�q� shows the
characteristic feature of the hard-sphere model structure fac-
tor, which has a small osmotic compressibility and a peak at
finite q with oscillation of Seff�q� around unity. In this case,
the peak position shifts toward higher q with �. Figure 6
shows a clear peak shift with increasing � above ��0.4.
The lines in the figure show the peak position if the random
closed packing is assumed for the sphere with its radius of
60 Å �dashed line� and 51 Å �solid line�, respectively. The
shell radius of the droplet was estimated to be about 60 Å in
the present microemulsion. However, the estimated peak po-
sition seems to follow the case of 51 Å at 0.4���0.6. This
length scale is corresponding to the core size plus half the
membrane thickness. This coincidence occurs due to the
overlapping of the surfactant tails of the neighboring drop-
lets. At �
0.65, the estimated peak position is larger than
the calculated one with the radius of 51 Å. This fact implies
again that the droplet shape is changed at �
0.65.

So far, Bagger-Jörgensen et al. showed a broad profile of
the structure factor in a microemulsion system composed of
pentaethylene glycol dodecyl ether �C12E5�, decane, and
D2O �36�. They claimed that the experimentally obtained
S�q� in the whole-q range at small-angle region is not so
simply explained by the model structure factor of the hard-
sphere potential, although the concentration dependence of
S�q=0� is relatively simple �36�. The present result indicates
that any model structure factor cannot explain the structure
factor of the microemulsion system in the whole-q range as
well. The origin of the broadness of the structure factor is
ascribed to the fact that the system has size polydispersity
and also that the unit particle is a soft-sphere droplet. The
modification of the model structure factor for the soft-sphere
case rather than the hard-sphere will help to understand the
profile of the present structure factor.

V. DISCUSSION

In this section, we discuss the � dependence of S�q=0�,
since the characteristic feature of the � dependence of the
inter-droplet interaction can be described in the long wave-
length limit of the structure factor. The inter-particle poten-
tial is estimated from two different types of models. One is
an aggregation model proposed by Koper et al. �15�, since
the obtained structure factor showed a cluster peak-like be-
havior as explained above. The other is the square well po-
tential model proposed by Baxter �16,37�, which has been
used as a model structure factor for the AOT microemulsion
system. The � dependence of Seff�0� is shown in Fig. 7. The
value of Seff�0� is obtained by the extrapolation of Seff�q�
toward q=0 according to a Lorentzian function.

Koper et al. �15� proposed an osmotic equation of state
within the consideration of the inter-droplet attractive inter-
action for a similar microemulsion system, composed of
AOT, water, and iso-octane. They assumed that the droplets

aggregate linearly so that the droplet clusters are formed. The
interaction between the droplets is assumed to be short
ranged. A linear k-cluster is formed by k droplets and has k
−1 bonds. The binding free energy per bond, B, is assumed
to be constant. Then they expressed the osmotic pressure, ,
of the droplets as follows �15�:

vd

kBT
= � + 4 − exp�−

B

kBT
���2 + ¯ , �19�

within the calculation of the virial expansion for the osmotic
pressure, where vd, kB, and T indicate the volume of the
droplets, the Boltzmann constant, and temperature, respec-
tively.

S�0� evaluated from the structure factor is inversely pro-
portional to the osmotic compressibility, d /d�, as �38�

S�0� =
kBT

vd
� �

��
�−1

. �20�

Combining Eqs. �19� and �20�, a relationship between B and
S�0� is derived as follows:

−
B

kBT
= ln4 −

S�0�−1 − 1

2�
� . �21�

Here, we used the value of Seff�0� as S�0� in Eq. �21�. Figure
8 shows the � dependence of the binding free energy per
bond, B �full square�. B increases with �, and this means that
the attractive interaction between droplets becomes weak
with increasing �. In the higher concentration region above
�=0.3, the model is not valid due to the many body prob-
lems. The extracted value of B is in the order of kBT, and,
unfortunately, does not validate the virial expansion like Eq.
�19�. Thus we conclude that the cluster formation mechanism
in this system is not as simple as that modeled by Koper et
al. �15�.

Another model to compare with the present experimental
result is that of the square well potential, originally proposed
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FIG. 7. � dependence of Seff
b �0� of the bulk contrast samples.
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by Baxter �37� and modified by Liu et al. �39�. This model
has been successfully used as a model structure factor for
SAXS or SANS data analyses �39–42�.

In this model the pairwise inter-particle interaction poten-
tial, VB�r�, is assumed as

VB�r�
kBT

= �+ � for 0 � r � R�,

� for R� � r � R ,

0 for R � 0,

�22�

where R indicates the droplet diameter and the attractive po-
tential with the potential depth of � is existing at the droplet
surface and its osmotic depth is expressed by R−R�. The
dimensionless parameter, �, which is called the stickiness
parameter, expresses the strength of the stickiness, and is
related to � as follows:

� = ln�12��� , �23�

where the fractional surface layer thickness, �, is �= �R
−R�� /R.

The expression of S�q� was derived within the treatment
of the Percus-Yevick approximation �43�, and is given, for
example, in Eq. �5� of Ref. �44�. The solution for q=0 is
expressed as a function of �:

S�0�−1 = X�2 + Y� + Z . �24�

The physical meaning of the parameter � is not clear but may
be thought of as an attractive energy scale �44�. The other
parameters in Eq. �24� are functions of � and � as

X =
�2

�1 − ��2 −
�2

6
�2, �25�

Y = �� −
2��2� + 1�

�1 − ��3 , �26�

Z =
�1 + 2��2

�1 − ��4 − 8���3 − 3�2 + 3�� , �27�

where � is the effective volume fraction and it is related to �
as

� =
�

�1 − ��3 �
�

1 − 3�
. �28�

The concentration dependence of � is expressed using S�0�
as

� =
− Y ± �Y2 − 4X�Z − S�0�−1�

2X
. �29�

From Eq. �8� in Ref. �44�, � is a function of �, �, and � as
follows:

� =
��

12
�1 +

3��

1 − �
� +

1

2��1 − ��2 �2 + � − 12���1 − ���

−
�

1 − �
�1 −

1 − 11�/4 + �2

1 − �
�� . �30�

The concentration dependence of � is estimated from S�0�
assuming the value of �=0.02 from the combination of Eqs.
�28�–�30�. This value of � is of the same order of magnitude
as the one reported in literature �16,39�. The value of Seff�0�
is used as S�0� in Eq. �29�.

Using Eq. �23�, � was calculated as shown in Fig. 8 �full
circles�. As seen from the figure, the value of � tends to
increase in the low-� regime up to ��0.3. This means that
the stickiness decreases with increasing � below ��0.3.
This result is consistent with the � dependence of B shown
above. The � dependence of the value of � has been de-
scribed by Chen et al. �16� and by Robertus et al. �40� in the
low-� region, and their results are consistent with the present
results.

On the other hand, � decreases with increasing � above
��0.4. In the high-� region, Seto et al. estimated the �
dependence of � by SAXS, and they concluded that the
inter-droplet attraction increased with increasing � �20�. This
result is consistent with the present result. The increase of
the attractive interaction with � may originate from the in-
crease of the overlapping of the tails of surfactant in the
high-� region. As a matter of fact, from the result of the �
dependence of the peak position shown in Fig. 6, the over-
lapping of the surfactant tails of the neighboring droplets is
suggested.

It is noteworthy that the value of � is about 0.4 where the
phase behavior in the phase diagram changes. In the lower-�
region, a phase separation from the one-phase droplet to the
two-phase droplet occurs, while in the higher-� region, a
phase transition from the one-phase droplet to a lamellar
phase occurs with increasing temperature. �See Fig. 1 in Ref.
�17�.� The present result suggests that the change of the char-
acteristic feature of the droplet-droplet interaction leads to a
different structural formation and to the phase transitions.
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FIG. 8. Concentration dependence of the binding free energy, B,
and the depth of the inter-droplet potential, �. The vertical axis is
shown in units of kBT. Below ��0.4, both the values of B and �
tend to increase with �; on the other hand, above ��0.4 � tends
to decrease. The lines are guides for the eyes.
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A clear � dependence of the interaction parameter be-
tween droplets is extracted from both models applied in the
present paper. However, there is no reason to change the
strength of the attraction between the droplets with changing
the density of the droplets within the consideration of the
pair potential. This means that the inter-droplet interaction is
not expressed by the simple pair potential even in the long
wavelength limit. In reality, more complex interaction mod-
els, which are considering the many body problems, soft-
sphere interaction potential, and so on, would be necessary to
explain the present structure factor.

Here, we summarize the considerable problems for under-
standing the actual structure factor: The size polydispersity
of the system affects the profile of the effective structure
factor even in the long wavelength limit; the droplets do not
have the simple pair potential of the hard-sphere interaction;
the many body potential is effective even in the present con-
centration region, especially, if the interaction potential has a
directional inhomogeneity, then the potential depth would
depend on the concentration of the unit particles.

As demonstrated by the data displayed in Fig. 5, the drop-
lets are strongly interacting in the whole range of investi-
gated volume fractions. This might be accounted for by the
modified Baxter model �nonperturbative, though approxi-
mate�, if it were suitable to disregard the strange dependence
of � on �—an artifact of the Percus-Yevick treatment of a
too simple model, Eq. �22�, presumably.

The present result indicates a complicated picture for the
interaction between droplets depending on the concentration,
although the phase behavior has been well explained by
some simple models in the AOT microemulsion systems so
far. This complexity of the interaction between droplets
might be the reason why different phase transitions are ob-
served in the low-� region and in the high-� region.

VI. CONCLUSIONS

We discussed the droplet density dependence of the static
structure factor in a ternary microemulsion consisting of

AOT, water, and decane. By introducing the relative form
factor method, we obtained a droplet density dependence of
the form factor without any assumptions of the profile of the
structure factor. The evaluated droplet radius was almost
constant, while the polydispersity decreased with increasing
� below ��0.6. The shape change of the water droplets was
confirmed at ��0.6.

We also evaluated a droplet density dependence of the
structure factor for the whole droplet density range mea-
sured. At low concentration, ��0.25, an upturn of the struc-
ture factor in the low-q region was obtained, while above
�=0.25 such an upturn was not observed. A peak, whose
characteristic features are similar to the cluster peak �31–35�,
is obtained in the system. The structure factor cannot be
explained by any model structure factors at present. This fact
indicates that the interaction between droplets is not so
simple even in the AOT microemulsion system.

The advantage of the relative form factor method is that
the form factor and the structure factor can be extracted with-
out any assumptions on the structure factor even in the dense
droplet region.
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