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A small-angle x-ray scattering (SAXS) study of dense AOT-water-decane microemulsions [AOT
denotes sodium bis(2-ethylhexyl) sulfosuccinate] was undertaken in order to delineate clearly the phase
behavior and corresponding structural transitions for AOT-plus-water volume fractions ranging from
/=0. 60 to 0.95. Spectra were collected for temperatures between T =3 and 65 'C. The resulting T-vs

phase diagram indicates three distinct structural domains when the water-to-AOT molar ratio is fixed at
8'=40. 8, namely, the previously investigated L2 droplet phase, a high-temperature L lamellar phase,
and a low-temperature L3 phase consisting of randomly connected lamellar sheets. A significantly wide

coexistence region accompanies the droplet-to-lamellar phase transition, which is demonstrated to be
first order. For %between 15 and 40, an analysis of the lamellar structure using a one-dimensional para-
crystal model produces a Hosemann g factor indicative of an approximately constant variation in the
lamellar spacing of about 8%. The SAXS study was supplemented by dielectric-relaxation, shear-

viscosity, and quasielastic light-scattering measurements in order to substantiate the observed phase
transitions and further our understanding of the structural and dynamical properties of the L3 phase. It
was found that the L3 phase exhibits Newtonian behavior up to a shear rate of 790 s, in contradiction
to previous theoretical considerations. The phase exhibits two distinct relaxation modes. A relaxation
time of —1 ms characterizes the Brownian motion of a single lamellar sheet, while the motion of the en-

tire interconnected sheet assembly has a relaxation time on the order of 1 s.

PACS number(s): 64.80.Gd, 82.70.Dd, 61.10.Lx, 61.30.Eb

I. INTRODUCTION

In recent years, the AOT-water-oil system [AOT
denotes sodium bis(2-ethylhexyl) sulfosuccinate] has been
a workhorse for the study of microemulsions [I]. Experi-
mental investigations into the properties of this system
have led to significant advances in understanding phase
transitions, critical phenomena, percolation theory, and
the role of interparticle interactions on the structure and
dynamics of colloidal and molecular fluids [2,3]. This
system presents a particularly useful model because the
AOT surfactant provides a high degree of solubilization
of oil and water without the addition of other surface ac-
tive components (or cosurfactants), thus leading to the
formation of thermodynamically stable single-phase
dispersions over a wide range of compositions and tem-
peratures. The detailed phase diagram for various values
of the water-to-AOT molar ratio ( S') has been construct-
ed for AOT-plus-water volume fractions (P) less than
-0.6. At W'=40. 8, scattering studies [4—6] near room
temperature have conclusively demonstrated that a po-
lydisperse ( -22%) L2 water-in-oil droplet phase persists
at all volume fractions. Here, the droplets assume a
mean radius of about 50 A, but the precise size and po-
lydispersity depends on the molar ratio 8'. For volume

fractions below about 0.4, a phase separation into two
coexisting droplet microemulsion phases occurs when the
temperature of the single-phase system is raised above a
certain temperature [7]. The two resulting phases con-
tain identical droplet structures, but different droplet
number densities. By viewing the droplets as playing the
same role as the individual molecules in a single-
component simple Quid, one can view the phase-
separation process as analogous to that of a liquid-gas-
type phase transition. Unlike the latter system, however,
the microemulsion coexistence curve exhibits a lower
consolute temperature. This is due to the increase in at-
tractive interactions between droplets as the temperature
is raised.

For volume fractions greater than about 0.6, however,
only limited phase information has been reported. For
example, at room temperature with 8'=40.8, it is known
that after passing through a glass transition point near a
volume fraction of 0.65, the L2 phase extends out to a
volume fraction of 0.75 [5,8]. At higher concentrations
and temperatures it is generally believed that the system
makes a liquid-solid-type transition into a smectic swol-
len lamallar L phase [5,9]. However, detailed phase and

structural data is absent from the literature.
In this study, we have collected a comprehensive set of

small-angle x-ray scattering (SAXS) spectra from the
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AOT-water-decane system with the aim of mapping out
the phase transitions and corresponding structural trans-
formations associated with the dense microemulsion
phases. The study covered the range 0.60~/~0. 95 for
temperatures between 3 and 65 C. The value of 8' was
maintained at 40.8 for most of the measurements, but
supplementary data at other 8 values were also collect-
ed. Figure 1 (to be more fully discussed in Sec. III) illus-
trates the previously unrealized rich phase structure of
this system at high concentrations, as determined by the
SAXS measurements at 8'=40.8.

A portion of this paper describes our analysis of the
lamellar L phase from the x-ray intensity spectra.
Structural information is extracted both from a direct
analysis of the positions and heights of the observed
scattering peaks and by fitting the SAXS spectra to a
one-dimensional paracrystal model of randomly oriented
microdomains containing flat lamellar sheets.

Of special interest is the isotropic phase labeled L3,
which is newly observed in the dense region of this sys-
tem. It is characterized by noticeable streaming
birefring ence upon gentle shaking, and has become
known as the "anomalous isotropic phase" [10—12]. Like
the L3 phase studied in other systems, the one presently
observed occurs in the vicinity of a lamellar phase. How-
ever, unlike the situation in nonionic surfactant systems
[13]where the L3 phase forms at temperatures above that
of the L phase, the phase we encounter forms at temper-
atures below. Although scattering studies show that gen-
erally the L3 phase possesses a locally flat bilayer struc-
ture similar to that of the L phase, there is evidence for
the existence of a high density of interconnecting pas-
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U

sages between adjacent lamellar sheets [11,12,14]. The
resulting topology is a bicontinuous one. However, a
simple model of the L3 phase predicts that the rheology
of the phase should be largely governed by the time scale
for the breakage and restoration of the interconnecting
passages under shear [15—18]. Surprisingly, however, a
recent experimental study [19] of the L3-phase shear
viscosity shows that its behavior remains perfectly
Newtonian up to a shear rate of 200 s ', contrary to the
theoretical expectation of a shear-induced isotropic-to-
lamellar phase transition [16]. Conductivity measure-
ments on the L3 phase also exist [10,13,20], but generally
provide only qualitative information about the structure.

Our present investigation includes systematic measure-
ments of the dielectric-relaxation, shear-viscosity, and
quasielectric light-scattering characteristics of the ob-
served L3 phase. In addition to corroborating some of
the x-ray determined phase transitions, analysis of the
data elucidates a number of central features related to the
structural and dynamical properties of the L3 phase.

II. EXPERIMENTS

A. Samples

The AOT used in the experiments was obtained from
Fluka Chemical Co. with ) 99%%uo purity. The decane oil
was of high-pressure liquid chromatography grade and
the water was distilled and deionized (resistivity ) 18
MQ/cm ).

SAXS intensity spectra from samples containing
purified surfactant (following the procedure described in
Ref. [5]) were essentially indistinguishable from spectra
collected using samples prepared without surfactant
purification. %'e therefore used the unpurified form of
AOT to prepare all of the samples in this study, except
those investigated by the quasielastic light-scattering
technique.

The composition of each sample was specified by the
water-to-AOT molar ratio ( W) and the AOT-plus-water
volume fraction (P). When calculating these quantities,
the AOT molecular weight and volume were taken to be
444.5 g/mole and 612 A /molecule, respectively.

max B. Experimental techniques

oil

0.5 0.6 0.7 0.8 0.9

FIG. 1. Phase diagram of dense AOT-water-decane system
for a water-to-AOT molar ratio of 8'=40.8. The ordinate is the
temperature and the abscissa is the AOT-plus-water volume
fraction. SAXS measurements were performed at points
marked by circles: Oak Ridge National Laboratory measure-
ments (0), National Synchroton Light Source measurements
(~). Regions corresponding to the droplet (L2), lamellar (L ),
and randomly connected lamellar (L3 ) phases are indicated,
along with their basic SAXS spectral features. The dotted area
is the L2/L coexistence region. The phases within the dashed
boundaries are not yet identified.

1. Small-angle x-ray scattering

SAXS spectra were collected on the 10-m small-angle
scattering spectrometer at the Oak Ridge National Labo-
ratory (ORNL) and on the X12B beam line of the Na-
tional Synchrotron Light Source (NSLS) at the
Brookhaven National Laboratory. For the ORNL exper-
iments, the x-ray generator used a Rigaku-Denki rotating
anode with a copper target operating at 4.8 kW. A pyro-
lytic graphite moderator was used to select the K wave-

0
length of 1.54 A. A series of pinhole collimators pro-
duced a 1-mm beam spot at the sample position and the
sample-to-detector distance was fixed at 216 cm. The in-
cident beam flux was of order 10 photons/s at the sam-
ple position. A 20X20 cm two-dimensional position-
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sensitive proportional counter with 64X64 pixels was
used for x-ray detection. The beam stop was 1 cm in di-
ameter. With this configuration, the instrument covers a
range of scattering vectors (Q) with magnitudes between
0.01 and 0.25 A, and a resolution b, Q of about 0.005
A . [In a small-angle scattering experiment, Q is equal
to (4'/A, )sin(0/2), where A, is the wavelength of incident
x rays and 8 is the scattering angle. ] The ORNL mea-
surements were performed for a range of microemulsion
volume fractions between /=0. 60 and 0.95, at a range of
temperatures between T=3 and 65'C.

A parallel series of SAXS measurements performed on
the NSLS small-angle scattering spectrometer were used
to fill in more completely the picture of the phase dia-
gram in the region corresponding to 0.75 ~/ ~0.95 and
3 ~ T~ 35'C (see Fig. 1). At the X12B beam line, a pho-
ton wavelength of 1.38 A was selected from the synchrot-
ron radiation by using a double crystal Si(111)monochro-
mator. Collimation was provided by a defining-slit block
and an x,y guard-slit array positioned 4 m downstream.
The resulting beam was doubly focused to a spot size of
0.5X0.5 mm full width at half maximum. The flux in-
cident on the sample was of order 10" photons/s. The
scattered x rays were detected using a 10-cm linear
delay-line position-sensitive detector (vertical acceptance
of 2 cm) and a sample-to-detector distance of 93 cm.
Data were collected on a pulse-height analyzer capable of
handling an acquisition rate of 5X10 events/s. The
spectrometer configuration covered a Q range of
0.008 —0.25 A

For both sets of experiments, samples were contained
in 1-mm-path-length vacuum-tight aluminum cells with
two 0.0005-in. -thick Kapton sheets as windows. During
SAXS measurements, temperature was controlled to
within +0.1'C with a water-bath-temperature controller.
Each spectrum was corrected for transmission, dark
current, empty-cell scattering, and spatial nonuniformity
of detector sensitivity. The ORNL data arrays were radi-
ally averaged, and a calibrated polyethylene standard of
known cross section at the scattering peak position was
used for absolute intensity calibration.

2. Dielectric-relaxation measurements

The dielectric-relaxation measurements were per-
formed using an HP4192A low-frequency impedance
analyzer with frequency ranging from 5 to 13 MHz, in
conjunction with an immersion-type cell from
Rosemount Analytical. The cell consists of four elec-
trodes coated with platinum black for the prevention of
electron polarization near the plate surfaces. A Haake
F3 water-bath-temperature controller with +0. 1 'C accu-
racy was used.

3. Viscosity measurements

The viscosity was measured as a function of shear rate
using a Rheometrics Fluids Spectrometer with a torque
range of 0.002—100 g cm, in conjunction with a Couette
cell. By proper adjustment and calibration of the bob
length, the viscosity was measured at shear rates up to

about 1500 s '. A programmable water-bath-
temperature controller with +0.05'C accuracy was used.
Samples were allowed to stabilize for 30 min after each
temperature ramping to insure system equilibration. A
cover was used for the Couette cell to prevent sample
evaporation.

4. Quasielastic light scattering

In order to characterize the dynamic relaxation within
the L~ phase, dynamic light-scattering measurements
were performed. A vertically polarized 15 mW He-Ne
laser (A, =6328 A) was used with a Brookhaven Instru-
ments model BI-200SM goniometer system and a model
BI-2030AT digital correlator having 128 channels. The
scattering angle was fixed at 90'. By varying the sam-

pling time per channel, both fast and slow relaxation
modes could be detected. Samples were contained in
round quartz cells and immersed in toluene index-
matching fluid. A water-bath-temperature controller
with +0.1'C accuracy was used.

III. BASIC FEATURES
AND INTERPRETATION OF SAXS SPECTRA

SAXS intensity spectra obtained at ORNL are
displayed in Fig. 2 for microemulsions with 8'=40.8. An
examination of the evolution of the spectra as the temper-
ature is varied at each volume fraction indicates the ex-
istence of three distinct phases, each with its own charac-
teristic scattering features, as typified by the inset
sketches drawn in the Fig. 1 phase diagram. First, there
is an L2 droplet phase characterized by a spectrum with

a single pronounced peak at position Q,„. This phase is

composed of polydisperse water-in-oil droplets (mean di-
ameter —100 A) coated with AOT surfactant [5]. A
second phase exhibits two scattering peaks, i.e., a first-
and second-order peak, at Q, and Q2, respectively, with

Q2=2Q, . This signals the lamellar structure of the L
phase. The third phase produces a broad diffused peak
covering the entire Q range of the experiment. It is
dificult to characterize the structure of this phase based
on the SAXS spectra alone, but the results of the relaxa-
tion studies described in Sec. V seem to confirm the hy-
pothesis that this is the so-called L& phase, containing
randomly connected lameller sheets.

The characteristic features of SAXS spectra from both
the ORNL and NSLS experiments were used to map out
the Fig. 1 phase diagram. The phases within the dashed
boundaries are not yet identified. At /=0. 60, a pure L2
droplet structure persists over the entire measured tem-
perature range. For higher volume fractions, a coex-
istence region appears between the L2 and L phases.
This region is absent from the previously reported phase
diagram [5]. Its existence is illustrated, for example, by
sequentially following the changes in the /=0. 76 intensi-

ty spectra as the temperature is increased. The rni-

croemulsion exhibits a droplet structure up to about
35 C, at which point the lamellar structure begins to de-

velop and coexist with the droplet phase, as evidenced by
the competition between the droplet peak and the two
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emerging lamellar peaks. This coexistence region extends
up to near 50'C, above which only the lamellar structure
is observed. A similar structural evolution is observed
for /=0. 80, except the coexistence region at this volume
fraction spans a narrower temperature range, i.e., about

27.5 to 35 C. Figure 3 shows both the position of the
droplet peak (Q,„)and the corresponding peak intensity
II(Q,„)]as a function of temperature for /=0. 76.
discontinuity in both these quantities at about 36'C
clearly illustrates that the transition between the droplet
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FIG. 2. Temperature evolution of the W=40.8 SAXS intensity spectra collected at the ORNL 10-m spectrometer for various

volume fractions in the range 0.60—0.90. (The various spectra are offset vertically for display purposes. )
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and lamellar phases is a first-order one. For $~0.80, a
broad L3 peak spanning a wide Q range is observed at the
low temperatures. The /=0. 80 spectra show that in-
creasing the temperature above about 20 C causes a tran-
sition between the L3 phase and the droplet phase. How-
ever, microemulsions at the higher concentrations trans-
form directly into the lamellar phase without the inter-
vening droplet phase.

Further evidence for the lamellar L structure is the
Fig. 4 plot of Q, against the surfactant volume fraction

The data are based on the first-order peak positions
for both a range of volume fractions with 8'fixed at 40.8
and for a range of W's with /=0. 80. Assuming a repeat
distance of 2a/Q„an alternating arrangement of water
and oil lamellar domains separated by AOT monolayers
predicts that
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where 5 is the thickness of the surfactant layer. The
slope of the fitted line in Fig. 4 yields a thickness of
5=9.4+0.5 A, which is consistent with the value mea-
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FIG. 4. Position of the first-order lamellar peak Q~ as a func-
tion of surfactant volume fraction P, for spectra collected at a
temperature of 50'C.

sured by neutron scattering for the length of the AOT tail
[7].

It appears that information regarding the fluctuations
of a surfactant layer in the lamellar phase can be extract-
ed from the first- and second-order peak intensities,
I(Q, ) and I(gz). At a given temperature, the SAXS
spectrum can be represented as

I(Q, T)=e-~'"""I„„,(g) . (2)

E
C3 0.02

0.0'

0.00

(a)

15 20 25 30 35 40 45 50 55

The exponential factor is the standard Debye-Wailer fac-
tor [21,22], where ( u ( T) ) is the mean-square fluctuation
amplitude of the layer at temperature T. I„s;d(Q) is the
expected spectrum for a perfectly rigid lamellar struc-
ture. (u (T)) can be extracted by calculating the ratio
of the measured L peak intensities. More specifically,

T ('c)
I(Q„T)

(u (T)) =ln I q, T
3Q2 (3)

15
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FIG. 3. Temperature dependence of (a) Q,„, the scattering
vector of the Lz droplet peak, and (b) I(Q,„), the correspond-
ing peak intensity, from SAXS spectra at a volume fraction of
P =0.76.

we used the facts that Qi=2Q~
I„, (Q, ) =I„,d(gz). Figure 5 is a graph of ( u ) vs T
for the volume fraction /=0. 76. The data seem to indi-
cate that ( u ~) o- T, which is consistent with equipartition
of energy [23]. At first glance the increase of (u ) with
T might seem marginal, however, the stated trend ap-
pears justified given the high precision of the peak posi-
tions and intensities used to obtain the Fig. 5 data points.
According to a model for the thermal undulations of the
lamellae [24], which predicts that the bilayers are flat on
length scales smaller than a characteristic persistence
length, the increased fluctuations we observe with in-

creasing temperature may be a result of the predicted
corresponding decrease in this persistence length. The
root-mean-square fluctuation u, , seems to be about the
same as the thickness of the surfactant layer. This may
reflect theoretical and experimental findings that systems
having fluid-type lamellae are characterized by substan-
tial repulsive layer-layer interactions due to out-of-plane
layer fluctuations [25—27].
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FIG. 5. Temperature dependence of the mean-square fluctua-

tion amplitude (u ) for the lamellar phase at /=0. 76. Each
datum is labeled with the corresponding root-mean-square fluc-

tuation amplitude u, , in angstroms.

FIG. 6. Profile of electron density p along the axis of a lamel-
lar stack. Only a single layer within the stack is shown. The
electron densities of water, decane, and an AOT head group are
denoted by p, po, and pi„respectively. l and lz represent the
thicknesses of the water and head-group regions, respectively.

IV. PARACRYSTAL ANALYSIS
OF THE L~ PHASE

layer is

l~ =25$ /$, =0.098 W5 . (4)

A detailed structural analysis of the L2 droplet phase
based on small-angle neutron scattering (SANS) has pre-
viously been reported in the literature [4—6]. Our SAXS
spectra for the L2 phase are qualitatively similar to the
SANS data, substantiating that the structure is that of
densely packed water-in-oil droplets arranged in a disor-
dered cubic lattice. In the present study, however, we
choose to concentrate on obtaining detailed structural in-
formation on the lame11ar phase. We realize that such a
structure cannot be perfectly periodic in three dimen-
sions, given samples of our size [28]. Therefore, we have
assumed that the spectra can be reasonably interpreted
using a variation on the one-dimensional paracrystal
model [29]. The basic ansatz of the paracrystal theory is
that the phase contains a Gaussian distribution of inter-
lamellar spacings. With some rearrangement, the theory
can be cast into the formalism based on an interparticle
structure factor, in conjunction with an intraparticle
form factor. The model appears to reliably fit the SAXS
data for Q R 0.06 A

The assumption of our model is that the L phase con-
tains a randomly oriented assembly of lamellar micro-
dornains, or stacks, having a paracrystalline distortion.
Each stack contains M correlated surfactant-
water —surfactant-oil structural units, or bilayers, having
a large lateral extent. The profile of the electron density
(p) along the z axis, which defines the microdomain
orientation, is depicted in Fig. 6. The electron densities
of the water, decane oil, and AOT head group are, re-
spectively, p =333 electrons/nm, p0= 253
electrons/nm, and p& =850 electrons/nms [30,31]. The
AOT tails have essentially the same electron density as
the oil and thus do not contribute to the scattering pat-
tern in a significant way. The head-group diameter is
given as 1» =1.8 A [30,31], and the thickness of a water

0

5, the thickness of the surfactant layer, is fixed at 9.4 A,
the value previously obtained from the analysis of Fig. 4.
Thus the parameters of each layer within a lamellar stack
are completely determined by 8'which, in turn, are fixed

by the known microemulsion composition.
We assume that any scattering features due to interac-

tions between different stacks do not appear in the Q
range of our experiments (i.e., 0.01—0.25 A '). As long
as a typical stack consists of at least ten or so bilayers,
prominent scattering features due to interplay between
one stack and another would appear in the Q range below
—Q, /10. Since the first-order maxima in our SAXS

0

spectra always appear in the neighborhood of -0.1 A
we do not expect to observe such features. Rather, the
scattering intensity from a sample containing a randomly
oriented assembly of stacks is due to inter- and intralayer
interference from within a stack. The scattering is thus
given by the ensemble average [32]

I(Q)=const X g f (Q,p)fk (Q,p)e '"" . (5)
j,k

Here zjk is the displacernent between the jth and kth
lamellae and p is the cosine of the angle between the
scattering vector Q and the z axis defined by the stack
orientation. The const is a proportionality constant relat-
ed to the number of stacks involved in scattering.
f (Q,p) is the form factor for a single layer within a stack
of orientation p and is computed by performing the fo1-
lowing integration over the layer

f (Q,p)= I [p(r) —po]e'O'dr . (6)
layer

For random stack orientation, Eq. (5) can be reexpressed
as the orientational average
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1I(g)=constX f P(Q, p)S(g, p)dp, (7)
0

by defining the structure factor for a given stack orienta-
tion as

when computing the orientational average of Eq. (7).
Following Ref. [33], we write the structure factor for a

one-dimensional paracrystal based on assuming a Gauss-
ian distribution of z & s in Eq. (8):

S(g p)= geM
(8) S(g, p) =Z( g, p)+ (1/M)I, (Q p, ) . (9)

where P(Q, p)= ~f (Q,p)~ . The angular brackets in Eq.
(8) represent an average over the distribution of inter-
lamellar distances zj&. Since the mean orientation of each
bilayer is dictated by the orientation of the stack, one
cannot decouple the form factor and structure factor

Here Z is the lattice factor given by

1 F-
Z(Q, p)=

[1 2F c—os(gdp)+F ]

where we define the following terms:

(10)

F(g p) e &d Q P—/2

—2F [(1+F )cos(Qdp ) —2F —F cos[(M +1)gdp]+2F +'cos(Mgdp) —F + cos[(M —1)Qdp]]
[1 2F cos—(gdp)+F ]

(12)

In addition to M, the number of bilayers correlated in a
stack, the structure factor depends on the parameters d
and o.&, which represent the mean and standard deviation
of the interlamellar spacing, respectively. g is the so-
called Hosemann g factor defined as crd/d. In the limit

g ~0, Eq. (9) simply reduces to

S(Q, ) =(1/M) sin (Mgdp/2)
sin (Qdp/2)

(13)

which is the diffraction from M perfectly correlated
lamellae of spacing d, with z~k

= (j —k)d.
In the case where the lateral dimension of a bilayer is

much larger than the wavelength of the incident x rays,
the orientational average of Eq. (7) can be handled in a
much simpler, but exact, equivalent way [34] by replacing
that expression with

I(g)=g P(Q,p=l)S(g, p=l) . (14)

2

The factor Q is well known as the Lorentz factor.
Q I(Q) then represents the theoretical scattering pattern
that would result along the direction defined by the axis
of the stack if all stacks were perfectly aligned. The form
factor for a layer in such a stack is calculated as

sin( Ql /2)
P(Q, p, = 1)=A (p —po)l

W

sin( Qli, /2)
(pa po) h

tation was used to fit the various SAXS spectra. The cal-
culation of the scattered intensity from the model de-
pends on the four fitting parameters d, g, M, and a multi-
plicative normalization constant. Figure 7 shows
representative fittings for spectra corresponding to
/ =0.80 at T =50'C, with various values of W. Data for
Q 50.06 A ' are not incorporated into the fit because the
paracrystal model fails in the low-Q regime. However,
the fit to the rest of the data appears reasonable at this
concentration. The failure of the model at low Q may
originate from neglecting aspects of the previously dis-
cussed repulsive interactions caused by layer fluctuations
within a stack. One might expect the zero-order scatter-
ing to be suppressed more than the paracrystal model
predicts due to decreased compressibility arising from en-
tropic steric repulsion.

Table I lists the parameters obtained by fitting the
paracrystal model to the /=0. 80 L spectra as a function
of 8'. The mean lamellar spacing d obtained from the fits
is well represented by 2m. /Qi. The Hosemann g factor,
representing the variation of lamellar spacings, lies in the
range 0.07—0.10. These values are consistent with stan-
dard paracrystal theory [29], which predicts that the

TABLE I. Dependence of the extracted paracrystal parame-
ters on the molar ratio W. The volume fraction P was 0.80 and
the temperature was 50 C.

d (A)

Xcos[Q(l +lh )/2]

where 3 is the area of a layer. In our model, the form
factor parameters are not adjustable.

The above paracrystal model with random stack orien-

15
25
30
35
40

39.9
48.2
53.8
58.5
60.7

0.081
0.075
0.081
0.079
0.097

14
14
14
15
15



46 STRUCTURAL AND DYNAMICAL TRANSFORMATIONS BETWEEN. . . 935

second-order diffraction peak should be distinguishable
from the background scattering if g &0.18. M, the mean
number of layers correlated in a stack, is about 14 or 15.
In the paracrystal model, M is a parameter particularly

12

sensitive to the low-Q data. However, because the fittings
fail in this regime, the M values extracted were based on
the high-Q data, and thus may not accurately refiect the
true structure.

V. TRANSPORT PROPERTIES AND DYNAMICS
OF THE L3 PHASE

10

8

i

0 I

0.05 0.10

12

0.15 0.20

Q (~')

(a) W = 15

0.25 0.30

Attempting a structural analysis of the L3 phase poses
a difficult problem since the characteristics of this phase
are not yet well understood. In spite of the existence of
freeze-fracture electron micrographs [35] for this type of
phase that point to a structure resembling randomly con-
nected lamellar sheets, the needed correlation function
would be a difficult one to construct. Instead of attempt-
ing to model the detailed structure of the L3 phase, we
measured transport properties with the aim of character-
izing dynamics resulting from the structure. Information
was gained from dielectric-relaxation, shear-viscosity,
and dynamic light-scattering experiments. We will look
at the results of each type of measurement in turn.

Dielectric-relaxation measurements were performed at
l MHz for /=0. 80 and 0.85 microemulsions. Figure 8
shows the dielectric storage (E') as a function of tempera-
ture. For /=0. 80, a clear transition can be seen at about
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FICr. 7. SAXS spectra from the L phase at a volume frac-

tion of /=0. 80 and a temperature of 50'C for three different
water-to-AOT molar ratios. The solid curves are best fits to
data using the paracrystal model.

T ('c)
FIG. 8. Temperature dependence of the dielectric storage e'

at a frequency of 1 MHz for / =0.80 and 0.85.
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20 C, above which e' levels off. This transition point is
consistent with the SAXS data which show the existence
of the L3 phase at 20'C and below. For /=0. 85, a simi-
lar transition is observed at about 15 C, which again is
consistent with the SAXS measurements. These results
suggest that the e' measurement is a sensitive technique
for measuring phase transitions in microemulsions. It
also indicates that the lamellar phase has a higher dielec-
tric tolerance than that of the L3 phase, meaning that the
correlation length corresponding to the lamellar structure
is longer.

Figure 9(a) shows the viscosity (g) measured as a func-
tion of shear rate (y ) for /=0. 75 at various temperatures
between 12 and 25'C. For this entire temperature range,
the system exhibits Newtonian behavior. This indicates
that in the droplet phase, the system is a Newtonian Quid
for shear rates up to 1500 s '. For /=0. 85 [Fig. 9(b)],
however, three striking features appear. First, for shear
rates up to 790 s ', the system shows Newtonian behav-
ior when in the L3 phase (T=3.7, 10.5, and 15.7'C),
similar to the result reported for the cetylphridinium-
chloride —hexanol —brine (0.2M NaCl) system [19]. Both
results contradict the theoretical prediction of Cates
et al. [15], which is based on passage shrinking and
fusion processes. For shear rates above 790 s ', a drastic
shear thinning is observed, indicating that the L3 struc-

ture has ruptured. This also implies that the L3 structur-
al relaxation is on the order of 1 ms. Second, the zero-
shear viscosity increased from 3.7 to 10.5 C, but subse-
quently decreased toward the L3-L phase boundary at
18.4 C. This shows that the L3 structure is temperature
sensitive, and that the L3 phase is a metastable one, thus
functioning as a transition phase. Finally, the Newtonian
properties start to decline for temperatures above 15.7'C
(approximately at the L3 Lp-hase boundary), exhibiting
a strong shear thinning characteristic for T=21.1'C,
which is in the lamellar phase. In other words, the lamel-
lar phase has a longer average correlation length than the
L 3 phase, in agreement with our dielectric-relaxation re-
sults. Figure 10 shows the viscosity at /=0. 85 as a func-
tion of temperature for a shear rate of 10 s '. A transi-
tion appears between 10 and 15 C, again a result con-
sistent with the SAXS and dielectric-relaxation data.

Quasielastic-light-scattering (QELS) measurements
displayed two characteristic relaxation times for mi-
croemulsions in the L3 phase, a fast and slow mode of
about 1 ms and 1 s, respectively. These modes corre-
spond to the relaxations of two structures of different
length scales. Because the relaxation times are so
different, the correlator sampling time was tuned to mea-
sure each relaxation mode separately. Figure 11 shows
the intensity autocorrelation function versus the delay
time for the /=0. 85 microemulsion at T=10 C. By ap-
plying a first cumulant analysis [36] to the slow com-
ponent in Fig. 11(a), we obtain a relaxation time of about
1.5 s. We believe this corresponds to the Brownian
motion of the entire interconnected sheet assembly of the
L3 structure. Analysis of the spectrum in Fig. 11(b)
yields a relaxation time of about 780 ps. We believe this
mode corresponds to the Brownian motion of a single
lamellar sheet. Note that this relaxation time is similar
to the one obtained from the shear-viscosity measure-
ments.

Only one mode is observed for both the droplet and L
phases, and the relaxation times are quite different from
those in the L3 phase. Figure 12 shows the relaxation
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FIG. 9. Viscosity g as a function of shear rate y at various
temperatures for volume fractions (a) / =0.75 and (b) /=0. 85.

FIG. 10. Temperature dependence of the viscosity g at a
shear rate of 10 s ' for /=0. 85.
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at 10'C. (a) The slow mode has a relaxation time of approximately 1.5 s. (b) The fast mode has a relaxation time of approximately
780 ps.

0
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FKJ. 12. Volume-fraction dependence of the relaxation time

time as a function of volume fraction at T =10'C. A
marked discontinuity in the relaxation appears near
$-0.8, which is close to the L2 L3 phase bou-ndary. In
the figure, the data points above the transition corre-
spond to the fast mode. One can see that the Brownian
motion of a droplet is about two times slower than that of
the single sheet in the L3 structure. The L phase has a
relaxation time on the order of several seconds.

VI. CONCLUDING DISCUSSION

In this study, we have applied a variety of experimental
techniques toward the mapping of a detailed phase dia-
gram for the AOT-water-decane microemulsion system at
high AOT-plus-water volume fractions (0.60 $~0.95).
We have found that the previously reported phase dia-
gram [5] was not accurate for volume fractions in this
range. The previous determination relied on simple tech-
niques such as cloud-point observation, visualization
through cross polarizers, as well as evaluation of optical
and How birefringence. Although these simple tech-
niques may be quite adequate for some types of phase
transitions, in the present study we found it necessary to
irnplernent a microprobe, namely x-ray scattering, to del-
ineate the detailed structural transformations. Parts of
the resulting phase diagram were then confirmed by sup-
plementary measurements of the system's transport prop-
erties capable of providing information on dynamics.

The SAXS spectra clearly identify the droplet (L2),
latnellar (L ), and randomly-connected lamellar (L3)
phases. In addition, a previously unrealized L2-L coex-
istence region covering a wide range of temperatures has
been identified. The L2-to-L phase transition is found
to be a first-order one. An L3 phase was discovered in
our system, forming at temperatures below the region of
the L phase. It should be noted that an L3 phase has
also been reported as forming at temperatures below the
L phase in the water-rich region of the pseudoternary
AOT-brine-decane system [20]. Of course, unlike the
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dense L3 phase investigated in our present study, forma-
tion of the latter phase requires the addition of a substan-
tial amount of salt.

The structural characteristics of the lamellar L phase
have been analyzed using a one-dimensional paracrystal
model with random domain orientation. The lamellae
are less than 100 A apart, characterized by a spacing
variation in the neighborhood of 8%. An analysis based
solely on the positions and intensities of the first- and
second-order scattering peaks indicate that the lamellae
fluctuate with an amplitude comparable to the thickness
of an intervening surfactant layer.

Information about the transitions near and properties
of the L3 phase were obtained from measurements of the
dynamics. The dielectric-relaxation, shear-viscosity, and
quasielastic light-scattering measurements were all found
to be sensitive to the onset of structural transitions. This
made them useful as companion tools for supporting
parts of the phase diagram obtained from the SAXS data.
Both the dielectric relaxation and the shear-viscosity
measurements show that the correlation length of the L3
structure is shorter than that of the lamellar structure.
Our viscosity measurements are consistent with those of
Snabre and Porte [19], showing the Newtonian behavior
of the L3 phase. However, the latter group did not quan-
titatively characterize the relaxation time of their system
due to instrumentation limits on the shear rate. In our
study, we varied the bob length to reach a shear rate of
1500 s ' and found a relaxation time on the order of 1

ms, with no structural relaxation relevant in the range of
about 10 ms to 10 s. These results are in contradiction to
the non-Newtonian behavior expected in this range from

the model proposed by Cates et al. [15]. The rheological-
ly determined relaxation time is consistent with that ob-
tained by analyzing the fast component of QELS spectra
from the L3 phase. We interpret this mode as corre-
sponding to the Brownian motion of a single lamellar
sheet, while the slow mode signals the motion of the en-
tire interconnected sheet assembly.
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