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Small-angle neutron scattering study of a pressure-induced phase transition in a ternary
microemulsion composed of AOT, D2O, and n-decane
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2Faculty of Integrated Arts and Sciences, Hiroshima University, 1-7-1 Kagamiyama, Higashihiroshima 739-8521, Japan

~Received 24 July 1998!

A small-angle neutron scattering experiment was carried out in order to investigate a pressure-induced phase
transition in an AOT~dioctyl sulfosuccinate sodium salt!/water/n-decane system. The samples, 20.9%, 22.4%,
and 23.0% of AOT, dissolved in an equal volume fraction of water and oil, are known to be a dense water-
in-oil droplet structure at ambient temperature and pressure. With increasing pressure, a structural phase
transition was observed. At higher pressure, the systems turned into two phases; a lamellar phase at the lower
part of the cell and a bicontinuous phase at the upper part. A pressure dependence of the mean repeat distance
for each structure was obtained. The disorder parameter both in the water-in-oil droplet structure at lower
pressure and in the bicontinuous structure at higher pressure followed a unique function.
@S1063-651X~99!04103-3#

PACS number~s!: 61.25.2f, 61.12.Ex, 62.50.1p, 87.16.2b
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I. INTRODUCTION

Complex fluid systems, such as polymers, biologi
membranes, micelles, and microemulsions, have been wi
investigated in order to clarify various structures they take
well as mechanisms of their self-organization. Microem
sions are typical of such systems, which are mainly co
posed of water, oil, and amphiphile, and in some cases a
hol or cosurfactant as a fourth or fifth component. They fo
various complex structures, such as water-in-oil or oil-
water droplet, bicontinuous, lamellar, hexagonal, etc.,
pending on their compositions and external conditions s
as temperature or pressure. Their characteristic length sc
range from tens to hundreds of angstroms, thus these
tures are generally transparent. Amphiphile molecules, be
located at the oil-water interface, decrease the interfacial
sion drastically, and stabilize their mesoscopic scale st
tures. In recent decades, microemulsion systems have
extensively investigated in view of structural formation
phase stability, self-organization processes, and interac
between ingredients@1–4#.

The main parameters that characterize their structures
the amount of interfaces and the spontaneous curvatur
membranes. When the concentration of amphiphiles is
creased, large amounts of interfaces are formed and m
emulsion structure becomes more ordered, such as hex
nal, cubic, or lamellar@5#. The concept of ‘‘spontaneou
curvature’’ was first proposed by de Gennes and Taupin
1982 @6#. A packing property of amphiphilic molecule
seems to determine the spontaneous curvature of the
phiphilic layer in the first approximation. When the size o
polar head is effectively smaller than that of a hydrocarb
chain, the amphiphile layer tends to curve toward the wa
region. In this case, the water-in-oil droplet structure is

*Electronic address: nagao@red.issp.u-tokyo.ac.jp
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vored. The packing property is defined not only by the ‘‘re
shape’’ of molecules, but also by the hydrophile-lipoph
balance~HLB! of membranes or the interaction between a
phiphile molecules. Therefore, this property could
changed with varying external conditions such as tempe
ture and/or a concentration of counterions, etc., and su
quently, a structural phase transition occurs. This hypoth
has been well confirmed by various experimental evidenc
phase transitions induced by varied temperature and con
tration of ingredients@7,8#. For example, a temperature
induced phase transition between bicontinuous and lame
structure in a nonionic surfactantCiEj /water/oil system was
investigated and its mean curvature of the amphiphile la
changed linearly from negative to positive with increasi
temperature@9,10#.

The structural behavior of mixtures of AOT~dioctyl sul-
fosuccinate sodium salt!, water, andn-alkane has been inten
sively studied by many researchers, because it leads to
formation of stable one-phase dispersions over a wide ra
of compositions at ambient temperature and pressure with
any additives. When about 20 vol % of AOT is dissolved
a mixture of water and oil at the same volume fraction,
structure at ambient temperature and pressure was verifie
be a dense water-in-oil droplet by the experimental e
dences of the electric conductivity and the freeze fract
electron microscopy@11,12#. Adding a small amount of sal
makes the amphiphile property balanced and induces a
continuous structure around the HLB temperature@13#. Al-
though small-angle x-ray~SAXS! and neutron scattering
~SANS! techniques are usually suitable to find structures
microemulsions, it is not easy to distinguish from the sc
tering profiles whether the system takes the dense dro
structure or the bicontinuous, because the scattering pro
from the two structures are characterized only by a bro
single peak. Therefore, we called the structure with a br
single peak the ‘‘microemulsion structure’’ hereafter. Deta
will be expressed in Sec. II.

With increasing temperature, a phase transition from
3169 ©1999 The American Physical Society
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3170 PRE 59M. NAGAO AND H. SETO
droplet phase to the ordered lamellar structure has been
served in the same system@13,14#. A small-angle scattering
profile from the lamellar structure is characterized by t
features; one is a sharp Bragg peak originated from the st
ing of membranes accompanied with some higher or
peaks, and the other is a small-angle diffuse scattering o
nated from the concentration fluctuation of amphiphile m
ecules and an undulation of the lamellar membranes. Ko
chyk et al. performed a SAXS measurement from t
lamellar structure in the AOT system and introduced
paracrystal model@14# to interpret the observed scatterin
profiles; they assumed that the lamellar structure contain
randomly oriented assembly of lamellar microdomains
stacks. Although their model could explain the SAXS pr
files from samples with small water-to-surfactant ratio, t
scattering profile with large water-to-surfactant ratio w
poorly explained. A more convincing model proposed
Nallet et al. @15# will be explained in Sec. II.

Although pressure is an important physical parameter
structural formation of various systems, few experime
have been done because the experimental technique is r
difficult compared with other techniques, for example, te
perature variation. Eastoeet al. investigated pressure effec
on phase behavior of various droplet microemulsion syste
by means of SANS and dynamical light scattering~DLS!
@16#. For AOT systems, the effect of pressure depends on
kind of n-alkane; for alkanes whose carbon numberC>6,
phase boundaries on theP-T phase diagram have a negati
slope, while for C,6, phase boundaries have a positi
slope. This means that increasing pressure plays the s
role as increasing temperature for the case ofC>6, however
the effect is opposite forC,6. They also reported a pressu
dependence of the size of droplets for various water-in
droplet microemulsion systems@17#. It tends to increase with
increasing pressure for nonionic surfactant systems, whi
is independent of pressure for ionic surfactant systems
similar experiment was done by Fulton and Smith for
AOT/water/supercritical propane@18#. They showed that the
different compressibilities of water, oil, and amphiphiles a
an origin of the structural changes under pressure varia
experiments. Saı¨di et al. investigated a pressure-induced pe
colation phenomenon in an AOT/water/undecane system
means of an electrical conductivity measurement and a c
point method@19#. They claimed that the feature of th
pressure-induced percolation is quite similar to t
temperature-induced percolation@11#. They determined a
P-f phase diagram, which was essentially the same as
T-f phase diagram given by Camettiet al. @11#, wheref is
the volume fraction of water and surfactant against the wh
volume and corresponds to the number density of dropl
Therefore, they suggested that the high-pressure phase
ordered lamellar as the case of the high-temperature p
@19#. Recently, Nagaoet al. have shown experimental ev
dence of SANS that the dense water-in-oil droplet phase
an AOT/water/n-decane system transformed to the orde
lamellar structure by applying pressure@20#. They confirmed
that pressure induces the same phase transition as tem
ture, however they indicated that the pressure dependen
the characteristic repeat distance was different from the t
perature dependence.

In this paper we describe further SANS results on
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pressure-induced phase transition, from the dense wate
oil droplet to the lamellar structure. We have found that
higher pressure, the system is in a two-phase with a lame
structure at the lower part of the cell and a bicontinuo
structure at the upper part. Pressure dependences of
characteristic length scales, the mean repeat distanced and
the correlation lengthj, were obtained from the measure
scattering profiles. The pressure dependence of a diso
parameterD(}d/j), of both the lower and the higher pres
sure phases, could be normalized to fall into a unique fu
tion for all the samples investigated.

II. THEORY

In order to explain the broad single peak profile of sma
angle scattering from the ‘‘microemulsion structure,’’ Teu
ner and Strey proposed a simple function derived from
expansion of a phenomenological Ginzburg-Landau free
ergy @21#. The microemulsion structure is characterized
an alternative distribution of water and oil domains, f
which they introduced the following spatial correlation fun
tion:

g~r !5
dm

2pr
expF2

r

jm
GsinS 2pr

dm
D , ~1!

where the parametersdm andjm are the mean repeat distanc
between water~oil! domains and the correlation length, r
spectively. The suffix ‘‘m’’ means a value characterizing th
microemulsion structure. From the Fourier transformation
the correlation function, a scattering function was calcula
as

I ~Q!5
1

A1BQ21CQ4 . ~2!

In their model, thedm and jm are obtained from the fitting
parametersA, B, andC using the formulas

dm52pH 1

2 F S A

CD 1/2

2
B

2CG J 21/2

, ~3!

jm5H 1

2 F S A

CD 1/2

1
B

2CG J 21/2

. ~4!

Although the scattering function is quite simple, it could e
plain many experimental results successfully@3,13,22#. Chen
et al. proposed a disorder parameterDm5dm/2pjm in order
to estimate the degree of polydispersity in the size of oil
water domains. They predicted that the droplet structure
be identified if the parameterDm is less thanD050.446 in
distinction from that of the bicontinuous structure, empi
cally @22#.

There are some other models that take the place of Te
ner and Strey’s models, for example, Gompper and Schic
theory@23# and the modified Berk random wave model@24#.
The former is based on a lattice model of microemulsion a
explained in SANS profiles at a higher-Q region better than
Teubner and Strey’s model, because the higher order of
free energy functional is included@23#. In their model, the
two characteristic length scalesdm andjm are obtained as in
the case of Teubner and Strey. The latter model, propose
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PRE 59 3171SMALL-ANGLE NEUTRON SCATTERING STUDY OFA . . .
Choi and Chen@24#, extended Teubner and Strey’s model
including a third characteristic length scale. This mod
could explain the SANS profile from the bicontinuous stru
ture in better fashion, incorporating the average mean cu
ture and the Gaussian curvature of the interface. In th
model, however, the Gaussian curvature was determine
be always negative, therefore it cannot be applied to
droplet structure. Because Teubner and Strey’s mode
more general to explain both the bicontinuous and the dr
let structure, we find that it is more appropriate to use t
model to analyze the present successive structural chan

A model proposed by Nalletet al. is useful to explain
SANS profiles from the lamellar structure@15#. In their
theory, the scattering from the lamellar structure consists
two parts: one is the quasi-Bragg peak due to the stackin
the lamellar membranes and the other is small-angle diff
scattering originating from the concentration fluctuation
amphiphile molecules as described in Sec. I. They assu
that the lamellar structure is stabilized by the short-ran
~hydration and screened electrostatic! interactions as well as
the long-range~van der Waals and electrostatic! interactions.
The lamellar membranes are assumed to be characterize
the Helfrich elastic energy density@25#. Their theory is ap-
plicable to perfectly oriented dilute lamellar structures.
their model, many physical constants can be calculated f
the scattering profiles by fitting to their equation, although
requires high-resolution spectroscopy. Unfortunately, theQ
resolution of neutron scattering experiments is not alw
sufficient for this purpose. Therefore they simplified the th
oretical description using a Lorentzian form@15# for the z
direction which is perpendicular to amphiphile layers,

I ~Q!5
E

Q2jr
211

1
F

~Q2Q0!2j l
211

, ~5!

whereQ0 , jr , andj l are the center of a first-order peak, th
correlation length of the concentration fluctuation of a
phiphilic molecules, and the spatial correlation length of
lamellar membranes, respectively. The first term repres
the small-angle diffuse scattering and the second repres
the quasi-Bragg scattering corresponding to the stackin
the lamellar membranes. The periodic repeat distance o
lamellar membranesdl can be given bydl52p/Q0 .

III. EXPERIMENT

The AOT used was purified before mixing by a meth
from Kunieda and Shinoda@26#; after removing excess oi
from 99% of AOT purchased from Sigma, the purified AO
was extracted with benzene. The 99% of D2O and 99.9% of
n-decane were purchased from Isotec Inc. and Kataya
Chemical Company, respectively, and used without furt
purification. An equal volume fraction of water and oil wa
mixed with AOT at volume fractionsfs50.209, 0.224, and
0.230. These mixtures were known to be dense water-in
droplet structures at ambient temperature and pressure.

The samples were contained in a high-pressure cell
SANS @27#. The main body of the cell was made of stainle
steel. Two 20-mm-thick truncated cone-shape sapphires w
used as windows in order to pass the neutron beam an
keep the sample inside against the pressure. The sapp
l
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were tightly held by stainless rings directly. Two copp
rings and one Teflon ring including powdered copper w
placed between a sapphire holder ring and the main bo
The sample thickness can be changed from 0.3 to 1.5
with a Cu metal spacer. In our experiments, 0.3 and 0.5
spacers were used to optimize the scattering intensity
pressure was applied to the sample through a 1:1 free pi
through a hand pump. Kerosene was used as the pressur
liquid. The pressure was measured with a 6 in. Heise gauge
with an accuracy of60.5 MPa. The high-pressure cell wa
covered with an aluminum thermal shield with a quartz w
dow in order to avoid temperature fluctuations. All the me
surements were performed under constant room tempera
of T5297.760.5 K.

SANS experiments were carried out at the SANS-U sp
trometer in JRR-3M of Japan Atomic Energy Research In
tute ~JAERI!, Tokai @28#. The 7 Å incident cold neutron
beam was mechanically selected with a resolution of 10%
two-dimensional position sensitive detector was placed 2
from the sample position in order to cover the moment
transfer range of 0.015<Q<0.144 Å21. All the measured
data were calibrated to an absolute intensity with a Lupo
standard.

IV. RESULTS

In Fig. 1, a typical pressure variation of SANS profiles f
a samplefs50.224 is shown. Two-dimensional data we
radially integrated to represent an average feature inde
dent of directions. The tendency of the change of the pro
with increasing pressure was qualitatively the same as w
Nagaoet al. have shown before@20#. At ambient pressure a
broad peak existed atQ;0.05 Å21. With increasing pres-
sure, this peak shifted a little to higherQ up to Ps
58.7 MPa (Ps is defined as the transition start pressure! and
moved to lowerQ abovePs and gradually vanished. At 45.
MPa, a new sharp peak appeared atQ;0.09 Å21 and it
successively grew with increasing pressure. AbovePf
550.5 MPa (Pf represents the transition finish pressure!, a

FIG. 1. SANS profiles for the samplefs50.224 at various pres-
sures. A peak at lowerQ corresponds to the dense water-in-o
droplet structure and the peak at higherQ represents the lamella
structure. The peak position of lowerQ shifted with increasing
pressure and the peak height decreased; subsequently the pe
the higherQ grew above 45 MPa. The lines are the results of fitti
~see text!.



am
ng

b

b

.
d

th
ul

no
e
ig
s

th
th

om

ow

. At

ith
rew

ased

the
we

e

not
ro-
t for
ner

uc-
is

f
ar

the
gh
d

the
he

le
ea
ea
w

e

e

r

tor,

3172 PRE 59M. NAGAO AND H. SETO
slight increase of the lamellar peak was observed. The s
behavior was observed for all the samples. The broad si
peak from the low-pressure phase could be explained
Teubner and Strey’s formula@Eq. ~2!#. The SANS profile
from the high-pressure phase could be successfully fitted
the equation proposed by Nalletet al. @Eq. ~5!#. At a tran-
sient phase betweenPs andPf , a linear combination of Eqs
~2! and ~5! was utilized in order to explain the observe
profile which must contain both the microemulsion and
lamellar structure. Solid lines in Figs. 1 and 2 are the res
of fitting to these equations.

In order to check whether each phase was uniform or
lower and upper parts of the samples were irradiated by n
tron beams separately. Because the aperture of the h
pressure cell is 20 mm, and the neutron beam size was
lected to be 3 mm, we focused on a position 5 mm from
top of the window as the upper part, and on 5 mm from
bottom as the lower part.@See the insets in Figs. 2~a! and
2~b!.# The pressure dependences of the SANS profile fr
both the upper and the lower part for the sample offs
50.230 are shown in Figs. 2~a! and 2~b!, respectively. Be-
low Ps these profiles were essentially the same, i.e., the l

FIG. 2. ~a! SANS profiles from the upper part of the samp
fs50.230 at various pressures. There are no lamellar Bragg p
except for the slight shoulder at around 30 MPa. The main p
decreases a little below 30 MPa, on the other hand it increased
pressure above 30 MPa.~b! SANS profiles at the lower part. A
quasi-Bragg peak corresponding to the lamellar structure abov
MPa was observed aroundQ;0.09 Å21. The inset indicates the
cell window and the neutron beam position~full circle!.
e
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pressure phase is a single phase. AbovePs the scattering
profiles at the lower and the upper part became different
P544.5 MPa, a sharp peak aroundQ;0.09 Å21 was ob-
served from the lower part, while not from the upper. W
increasing pressure, the sharp peak at the lower part g
slightly above 44.5 MPa.@See Fig. 2~b!.# In this process, the
broad peak originated from the low-pressure phase decre
monotonously and vanished completely atPf
(548.8 MPa). On the other hand, at the upper part,
broad peak did not disappear up to the highest pressure
reached.@See Fig. 2~a!.# The peak position shifted a little to
lower Q up to P5Pf , at the same time a broadening of th
peak was observed. At 30.5 MPa~slightly abovePs). a small
shoulder appeared aroundQ50.09 Å21, which might corre-
spond to the lamellar structure, however the shoulder did
grow further and vanished above this pressure. All the p
files from the upper part seem essentially the same excep
the small shoulder, and they could be explained by Teub
and Strey’s formula@Eq. ~2!#.

The scattering pattern of the high-pressure lamellar str
ture obtained with the two-dimensional neutron counter
shown in Fig. 3. They direction is parallel to the direction o
gravity. It clearly shows that the intensity of the lamell
peak along they direction is higher than that along thex
direction. This tendency is the same for all the samples in
lamellar structure. In Fig. 4, intersections of Fig. 3 throu
the beam center along thex andy axes are shown. The soli
line indicates the fit result to Eq.~5!. In Table I the resultant
fit parameters are given. The Bragg peak positionQ0 was
almost the same, however the peak heightF along they
direction was larger than that along thex direction. On the
other hand, the low-Q diffuse scattering characterized byE
andjr was the same within error bars, both along thex and
y axes. This means that the concentration fluctuation of
amphiphile molecules did not depend on the direction. T
difference of the profiles between thex andy axes is only the

ks
k

ith

40

FIG. 3. A contour map of the SANS profile obtained from th
lamellar structure of the samplefs50.224 atP5100 MPa. They
axis is parallel to the gravity. The peak intensity in they direction
was higher than that in thex direction. This tendency is the same fo
all the samples of the lamellar structure. Units along thex and y
directions are the channel number of the two-dimensional detec
respectively.
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peak height of the Bragg peak of the lamellar membran
This means that the structure in the lamellar phase was
sentially the same for each direction except for the degre
stacking of the membranes. Therefore, all the data could
radially averaged to reveal an averaged structural feat
The reason for the anisotropy of the Bragg peak will
discussed in Sec. V.

It is difficult to separate the scattering profiles of t
lamellar structure from that of the microemulsion in the tra
sient phase betweenPs and Pf , because the low-Q diffuse
scattering from the lamellar structure cannot easily be se
rated from the broad peak of the microemulsion structu
Therefore, we analyzed them by assuming that a ratio of
two terms in Eq.~5!, i.e., the ratio of the intensity of the
low-Q diffuse scattering~E! to that of the quasi-Bragg pea
~F!, was kept constant even in the transient phase.

From these procedures, the pressure dependences o
characteristic mean repeat distancesdm and dl for both the
microemulsion structure~subscriptm! and the lamellar struc
ture ~subscriptl! were obtained as shown in Fig. 5. Wit
increasing pressure, thedm gradually decreased belowPs ,
subsequently it increased betweenPs and Pf , and finally it
remained constant abovePf . Above Ps , the lamellar struc-
ture appeared and thedl was about 75 Å. It decrease
slightly with increasing pressure and arrived at a cons
value,dl f 569 Å atPf . In Fig. 6, thefs dependence ofdm0 ,
which is dm at ambient pressure,dl f abovePf , and in addi-
tion to thefs dependence ofPs are summarized. In order t
explain thefs dependence of thedm0 , a phenomenologica
explanation of the droplet structure was proposed by Kot
chyk et al. @29#. They assumed that water droplets coated

FIG. 4. Intersections of the profile given in Fig. 3 along thex
andy axes through the beam center are shown. Solid lines indi
the results of fitting to the formula proposed by Nalletet al. @Eq.
~5!#.
s.
s-
of
e
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an AOT monolayer dispersed in oil and formed a dens
packed structure like a cubic phase. They derived a rela
betweendm0 andfs as follows:

dm052p
D

2.25

~12fs!
2/3

fs
, ~6!

whereD is the molecular length of AOT defined by the rat
of the steric volume of an AOT molecule to the average he
group area. The solid line in Fig. 6 indicates the result
fitting. The obtained valueD513.760.1 Å was consistent
with the value in the literature@29#. Thedl f was independen
of the fs , and this behavior was completely different fro
the temperature-induced phase transition, in which the c
acteristic repeat distance of the lamellar structure decrea
with increasingfs @30#.

In order to clarify the structure of the microemulsio
which was found at low pressure and in the upper par
high pressure, the disorder parameterDm (5dm/2pjm) was
calculated. It is remarked that theDm at low pressure was
below D050.446, and atP.Ps the Dm went aboveD0 .
This result confirmed that the low-pressure phase is the d
let structure and in the upper part at high pressure it is
continuous. In Fig. 7, the pressure dependence ofDm is sum-
marized as a function of the biased pressureP-Ps . The
Dl(5dl /2pj l) for the lamellar is also shown. All the curve
seem to fall into a unique curve both for the microemulsi
and the lamellar structure.

From these results, the pressure-induced phase trans
is summarized as follows. With increasing pressure from a
bient pressure, the droplet structure becomes disorde

te

FIG. 5. The pressure dependence of both thedm and thedl for
all the samples measured. Thedm depends on both pressure an
fs , while thedl does not depend onfs . The lines are a guide for
the eyes.
TABLE I. Result of the fitting to Eq.~5! for the scattering profiles of the lamellar of thex andy directions
for the samplefs50.224 atP5100 MPa.

E (cm21) jr ~Å! F (31023 cm21) j l ~Å! Q0 (Å 21)

x axis 9.760.2 25.560.8 9.960.2 14564 0.091260.0001
y axis 9.660.7 26.362.5 39.660.5 13763 0.091060.0001
radially averaged 10.060.5 26.761.7 28.560.4 13963 0.091260.0001
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3174 PRE 59M. NAGAO AND H. SETO
When the pressure crosses thePs , the lamellar structure ap
pears and the rest of the sample becomes disordered b
tinuous. BetweenPs andPf , the lamellar structure grows a
the lower part. However, betweenPs andPf , the upper part
remains bicontinuous and becomes more disordered, an
nally abovePf , the system is stabilized as the coexistence
the lamellar and the bicontinuous structure.

V. DISCUSSION

Below Ps , the mean repeat distance between dropl
dm , decreases with increasing pressure. A similar beha
was observed with increasing temperature@30#, which could
be understood taking the experimental result in a dilute dr
let system presented by Kotlarchyket al. @31# into consider-
ation. They indicated that the radius of droplets decrea
with increasing temperature. Because the volumes of in
dients are conserved, a number of droplets increases

FIG. 6. Thefs dependence of thedm0 at ambient pressure an
dl f for the lamellar phase abovePf and Ps are shown. The solid
line indicates the result of fitting to Eq.~6!. The dashed lines are
guide for the eyes.

FIG. 7. The pressure dependence of the disorder parametD
for all the samples measured. TheDm’s are the disorder paramete
obtained from the microemulsion structure, and theDl ’s are from
the lamellar structure. The numbers at the legend mean the va
of fs . For fs50.230, the scattering from the lower part includ
both features of the lamellar and the ‘‘microemulsion’’ structur
even abovePf . All the data seem to fall into a unique curve~the
solid line is a guide for the eyes!. The horizontal axis indicates th
biased pressureP-Ps .
on-

fi-
f

s,
or

p-

d
e-
ith

increasing temperature, and thedm should decrease. There
fore, we argue that the same process occurred in the cas
the pressure variation. AtP5Ps , small domains of lamellar
structure appear everywhere in the low-pressure phase
trix, and it turns out to coexist with the microemulsion. Su
sequently betweenPs andPf , the lamellar domains grow in
size gradually with increasing pressure and fall down tow
the lower part of the cell because of gravity. The upper p
at high pressure loses amphiphile molecules in the transi
process; itsfs decreases effectively and thedm increases.
Above Pf , both thedm and thedl are kept constant. If the
mean distance between membranes in the lamellar struc
is determined by the thermodynamic condition of the H
frich repulsion~discussed below!, it remains almost the sam
independent offs .

The pressure dependence of the disorder parameterD is
quite impressive in the present results. Although the nam
D is ‘‘disorder parameter,’’ it is not an inverse of the ord
parameter, because the latter is a conserved quantity. I
select the surfactant concentrationfs as an order paramete
following some other previous works@32#, the phase separa
tion into the surfactant rich phase and the poor phase ca
explained. However, we believe that theD must express a
degree of ‘‘disorder’’ in some sense. Because theD is ex-
tracted from a profile of a correlation peak aroundQ
50.05 Å21, it must be reflected by a degree of ‘‘disorder
in this semimicroscopic length scale of about 100 Å. Th
we argue that the ‘‘disorder parameter’’Dm for the micro-
emulsion structure can be interpreted as an inverse o
‘‘semimicroscopic order parameter.’’ This is the reason w
the observedDm’s for all the samples could fall into a uniqu
function using only one parameterPs .

In the present study, the anisotropic quasi-Bragg scat
ing from the stack of membranes and the isotropic diffu
scattering from the concentration fluctuation were obser
from the lamellar structure. So far, the anisotropy of the d
fuse scattering has been discussed in connection with an
teraction between membranes that stabilize the lame
structure. In the binary AOT/water system, the lamel
structure is believed to be stabilized by electrostatic for
between membranes@33,34#. In such a case, anisotropi
small-angle diffuse scattering perpendicular to the me
branes was observed. This is because the electrostatic i
action tends for the membranes to be flat and the densit
amphiphile molecules can fluctuate within the membran
On the other hand, in the case where the Helfrich repuls
mainly stabilizes the lamellar structure, the concentrat
fluctuation of amphiphile molecules is governed by the fle
ibility of the membranes@15#. If membranes are flexible
enough, they undulate easily and the diffuse scattering
comes isotropic. In the present ternary microemulsion ca
the diffuse scattering is isotropic although the lamellar me
branes are oriented with its normal axis almost parallel
gravity. This result indicates that the Helfrich repulsion s
bilizes the lamellar stacking in this system.

In general, an isotropic quasi-Bragg scattering from
lamellar structure of the ternary microemulsion system is
served unless microdomains of the lamellar are oriented
some method, for example, using a sample holder full of t
quartz plates@15#. It is known that long molecules, for ex
ample liquid crystal, can be aligned to a surface of a gl
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plate. Therefore, we have checked the effect of the thickn
of a sample cell on the anisotropy of the quasi-Bragg s
tering by a temperature-induced lamellar structure, becau
was difficult to make the sample cell thicker than 1.5 m
using the high-pressure cell. We could observe a slight
isotropic quasi-Bragg scattering from the sample of 1 mt,
however an isotropic scattering was observed from
2 mmt sample. From these results, we can conclude that
anisotropic quasi-Bragg scattering from the high-press
lamellar phase was due to the interaction between sapp
windows and the sample inside.

As described in Sec. I, phase transitions among vari
semimicroscopic structures occur when the hydroph
lipophile balance~HLB! of amphiphile changes with varyin
external conditions. In the case of AOT, amphiphile me
branes favor to curve toward water, and the water-in
droplet structure is formed at ambient temperature and p
sure. Normally, the nature of an ionic amphiphile is chang
from lipophilic to hydrophilic by increasing temperature b
cause the dissociation of the counterion in the head gr
will increase. Thus the spontaneous curvature approa
zero, the amphiphile membrane favors to be flat, and
lamellar structure is stabilized. In the case of a pressu
induced phase transition, it is natural to interpret that pr
sure affects the HLB, the spontaneous curvature chan
and phase transition occurs. Actually, Eastoeet al. showed
that the effect of pressure on the phase behavior was
same as that of temperature in the case ofC510 ~n-decane!
@16#. However, the origin of the pressure effect on HLB mu
not be the same as that of temperature. As described in
I, the pressure dependence of phase behavior was no
same for the cases where the carbon number of alkane is
than 6 or above 6. This evidence showed that an interac
between lipophilic tails of AOT and oil molecules shou
also be considered in order to understand the effect of p
sure on the phase transition. This may be the reason why
fs dependence of thedl f was different from the case of th
temperature-induced lamellar. We believe that not only
le
ds
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interaction between water and amphiphile but also the in
action between amphiphile and oil molecules should be c
sidered to understand the pressure-induced phase trans
Because the difference between these two phase transitio
important, the details will be discussed in our following p
per @30#.

VI. CONCLUSION

In this work, pressure-induced phase transition from
dense water-in-oil droplet structure to the coexistence ph
of the bicontinuous and the lamellar was confirmed by me
of small-angle neutron scattering. The high-pressure lame
phase existed at the lower part, while the bicontinuous
croemulsion existed at the upper part. The pressure de
dences of the mean repeat distance in both the microem
sion phase (dm) and the lamellar phase (dl) were obtained.
The disorder parameterD’s for all the samples measured ca
fall into a unique function ofP-Ps . Below Ps , the system
formed a dense water-in-oil droplet microemulsion and
interdroplet distance decreased with increasing press
AbovePs , the lamellar structure appeared and the rest of
system became bicontinuous.
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