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X-ray study of oil-microemulsion and oil-water interfaces in ternary amphiphilic systems

Dragoslav M. Mitrinović,* Scott M. Williams,† and Mark L. Schlossman‡

University of Illinois at Chicago, Department of Physics, 845 West Taylor Street, Chicago, Illinois 60607
~Received 21 August 2000; published 16 January 2001!

We present x-ray reflectivity and diffuse scattering measurements from the interfaces between oil-rich and
microemulsion bulk phases and between oil-rich and water-rich phases in three-component microemulsion
systems~consisting of water, alkane, and CiEj , where the last representsn-alkyl polyglycol ether withi
54,6,10 andj 51,2,4). The x-ray measurements are analyzed with a two-parameter fit that determines the
interfacial roughness, varying from 25 Å to 160 Å, and the interfacial tension, varying from 1.4 mN/m to
0.03 mN/m, for these samples. Although a nonmonotonic profile at the oil-microemulsion interface is not
observed, these measurements exclude the presence of oscillating profiles with repeat distances greater then
500 Å.
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I. INTRODUCTION

Amphiphilic molecules adsorb at water-oil interfaces,
ducing the interfacial tension by up to several orders of m
nitude. Under favorable conditions, thermodynamica
stable dispersions called microemulsions can be form
They are characterized by the absence of long range o
but presence of mesoscopic structure—water and oil
mains correlated over distances of hundreds or even th
sands of angstroms.

Considerable effort has been placed into studying
structure and behavior of these phases. On the theore
side the main approaches have been microscopic~often lat-
tice! models, Ginzburg-Landau theories, and membr
theories, and, more recently, density functional theory. Fo
review of the main results prior to 1994 the reader is refer
to Ref. @1#; some of the recent work is discussed in Re
@2–5#.

On the experimental side, it was shown that ternary m
tures of water, oil ~typically an alkane!, and the
nonionic amphiphile CiEj @n-alkyl polyglycol ether,
H(CH2) i(OCH2CH2) jOH# exhibit all the characteristic fea
tures of microemulsions@6#. For a certain range of surfactan
concentration~from a few up to 50%, depending upon th
amphiphile strength!, these systems exhibit a characteris
2-3-2 reentrant phase behavior, as a function of tempera
At low temperatures, the majority of surfactant is located
the lower, water-rich phase, which is in two-phase equi
rium with the upper, nearly pure oil phase. At high tempe
tures the picture is inverted; the majority of surfactant is
the upper, oil-rich phase, in two-phase equilibrium with t
lower, nearly pure water phase. At intermediate tempe
tures, the oil-rich and water-rich phases~both nearly pure!
are in equilibrium with the third phase, located in the midd
of the sample, where the majority of surfactant is intermix
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with comparable amounts of water and oil. This midd
phase is referred to as a microemulsion. The other
phases, oil-rich and water-rich phases, are throughout
paper occasionally referred to simply as oil and water.

The structure of the microemulsion phase has been ex
sively studied, as a function of temperature and amphiph
strength, using small angle neutron scattering~SANS! @7–9#,
nuclear magnetic resonance@10#, and freeze-fracture micros
copy @11,12#. SANS studies of microemulsions with stron
amphiphiles revealed a scattering peak at nonzero mom
tum transferq that is consistent with a real-space correlati
function of the form sin(kbr)exp(2r/jb)/(kbr), with kb
52p/db . This correlation function exhibits oscillations o
the scattering density corresponding to alternating region
water and oil separated by sheets of amphiphile, wheredb is
a measure of the repeat distance of these internal interfa
However, little is known about the structure of the extern
interfaces—those that separate the microemulsion ph
from the excess water and oil phases. One of the impor
predictions of Ginzburg-Landau theories is a quantitat
correspondence between structure in the bulk and structu
external interfaces. Layering is expected@13# to occur at
these external interfaces, with a repeat distanceds and cor-
relation lengthjs equal to the bulk valuesdb andjb .

Using neutron specular reflectivity, Zhouet al. @14# stud-
ied the vapor interface of a one-phase microemulsion c
sisting of C10E4, water, and octane. They observed surfa
induced layering with the repeat distance in good agreem
with the corresponding bulk length. Using the same syst
and experimental technique, but this time placing the o
phase microemulsion in contact with a silicon surface, D.
Leeet al. @15# measured a surface repeat distance and co
lation length significantly different from the bulk values.

Few direct measurements of the structure at the liqu
liquid interface have been made in these systems. Meu
used ellipsometry to study the structure at the o
microemulsion and microemulsion-water interfaces of a fi
component mixture@16#. He concluded that on the micro
emulsion side there was a perturbed zone, of thickn
comparable with the size of the structure in the bulk. L.
Lee et al. used neutron scattering to study a C10E4 mono-
layer at the interface between a thin layer of oil~octane! and
d-
©2001 The American Physical Society01-1
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water @17#. Their neutron reflectivity data were consiste
with an interfacial roughness of 90 Å. Finally, McCla
et al. @18# used x-ray scattering~reflectivity and diffuse scat-
tering! to study a C8E3 surfactant monolayer at the decan
water interface in equilibrium with a small reservoir
middle-phase microemulsion. They found that the x-ray sc
tering was dominated by capillary waves. The interface w
very rough, in agreement with capillary wave theory. Ho
ever, the water-oil interface is expected to behave differe
from the interface between the middle-phase microemuls
and either oil or water—the water-oil interface is predicted
have a simpler structure, with a monotonic density profi
while the other two interfaces are expected to have a st
ture that correlates with the bulk middle-phase structure.

In this paper, we present direct measurements of the st
ture of interfaces between a middle-phase microemuls
and the upper oil-rich phase. We used x-ray reflectivity a
diffuse scattering to study three different system
C4E1/decane/water, C6E2/hexadecane/water, and C10E4/
tetradecane/water. The three surfactants used have very
ferent amphiphilic strengths, leading to different structu
of the microemulsion phases and different wetting prop
ties. The C4E1 microemulsion completely wets the oil-wate
interface and is weakly structured—SANS measureme
show no peak forq.0. The C4E1 oil-microemulsion inter-
face is expected to have a simple monotonic profile@13#. The
C6E2 system has more developed structure in the bulk
croemulsion phase, with SANS measurements displayin
weak peak forq.0, but the middle phase still complete
wets the oil-water interface. Finally, in the C10E4 system, the
middle phase does not wet the interface between the
excess phases, and SANS measurements show a strong
at nonzero wave vectorq, corresponding to a bulk correla
tion function dominated by oscillatory behavior. In this ca
the oil-microemulsion interface is expected to exhibit lay
ing, consistent with its more developed bulk structure@13#.

For each of the three systems we performed x-ray m
surements in both two-phase and three-phase regions o
phase diagram. In two-phase samples we studied the in
face between the upper, oil-rich phase and the lower, wa
rich phase, which we refer to as the oil-water interface.
three-phase samples we studied the interface between
top, oil-rich phase and the middle-phase microemulsi
which we refer to as the oil-microemulsion interface. W
demonstrate that in all cases the data are dominated by
tering from capillary waves, and provide values of interfac
tensiong and rms interfacial roughnesss obtained from fits
to the data. Our data demonstrate the validity of the capill
wave theory, when combined with the distorted wave Bo
approximation, for interpreting the x-ray scattering f

FIG. 1. Experimental geometry.
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roughnesses ranging from 25 Å to 165 Å. However, t
wave-vector transfer range probed by our experiment w
not sufficient to allow definitive conclusions regarding t
existence and form of the oscillatory profile at the o
microemulsion interface.

II. EXPERIMENTAL DETAILS

A. Sample cell and experimental geometry

Figure 1 illustrates the experimental geometry, while t
kinematics of surface scattering are illustrated in Fig. 2. T
liquids were contained in polycarbonate sample cells w
Mylar windows for the x rays@19#, sealed with Kalrez O
rings from DuPont. The sample cell was placed in a tw
stage cylindrical aluminum thermostat with x-ray window
made of Kapton. The thermostat was temperature contro
to 60.003 °C using Minco adhesive heaters, control th
mistors, and Lakeshore 340 temperature controller~the abso-
lute accuracy of the temperature measurement
60.3 °C).

X rays were incident on the interface at an anglea ~note
that a590° is normal to the interface!. For arbitrarya, b,
andf, the three components of the wave-vector transfer
the scattered radiationQ5kscat2k in are

Qx5~2p/l!cosb sinf,

Qy5~2p/l!~cosb cosf2cosa!, ~1!

Qz5~2p/l!~sina1sinb!,

wherel50.82560.002 Å is the x-ray wavelength for thes
measurements. Specular reflection occurs forb5a and f
50 @Qx5Qy50,Qz5(4p/l)sina#, while for diffuse scat-
tering measurements the outgoing angleb was tuned off the
specular condition, but the anglef was kept at the zero
value.

The thickness of the upper liquid phase was typically s
eral millimeters and, as indicated in Fig. 1, the primary pa
of x rays is through the upper liquid phase. The length of t
path is a function of the incident and outgoing angle
Lupper5

1
2 L(1/cosa11/cosb), where L is the length of the

interface in the direction of the beam~see Fig. 1!. For the
small anglesa and b that were probed in these measur
ments~all angles<0.3°), the corresponding variation of th
absorption attenuation is less then 1%, and was there
neglected in the analyses. Most of the measurements w

FIG. 2. X-ray scattering kinematics.
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TABLE I. Sample nomenclature, temperature, number of phases at the given temperature, in
studied~om, oil-microemulsion; ow, oil-water!, and sample compositions are given.ns , no , and nw are
volume fractions~at 25 °C) of surfactant, oil, and water.

Sample System T ~°C! Phases Interface ns no nw

C4E1-35 C4E1-decane-water 35.0 3 om 0.178 0.661 0.16
C4E1-60 60.0 2 ow
C6E2-36 C6E2-hexadecane-water 36.0 3 om 0.142 0.484 0.37
C6E2-61 61.0 2 ow
C10E4-38-0 C10E4-tetradecane-water 38.0 3 om 0.048 0.476 0.47
C10E4-38-1 38.0 3 om
C10E4-38-3 38.0 3 om
C10E4-33 33.3 2 ow
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taken using a sample cell withL575 mm, although in sev-
eral cases a smaller cell, withL525 mm, was used. Using
shorter x-ray path length through the upper phase is ad
tageous due to reduced absorption and background bulk
tering, but places more stringent requirements on the ver
size of the incident x-ray beam. For accurate measureme
the x-ray beam’s footprintL f , which depends on the beam
vertical sizeD and incident anglea, L f5D/sina, must be
smaller then the size of the interfaceL. We found that in
most casesL575 mm was a more practical choice thanL
525 mm. However, due to high absorption in the low
phase, the smaller sample cell withL525 mm was used for
measuring the bulk scattering from the lower phase~see Sec.
II C!.

To set the incident beam size and vertical divergence,
slits placed approximately 60 cm apart were used prior to
liquid sample. The slit gaps were typically 5 to 10mm in the
vertical, and 10 mm in the horizontal direction@the beam
size ~full width at half maximum! before the slits was ap
proximately 0.5 mm32 mm, vertical3 horizontal#. Follow-
ing these two slits, but prior to the sample, a scintilla
monitor was used to measure the incident beam flux.
sample was followed by a slit with a vertical gap of 0.1
0.5 mm, to reduce the background scattering~mainly para-
sitic scattering from the slit immediately preceding t
sample!, and the scintillator detector was preceded by a
with a vertical gap of 0.1 to 0.6 mm, which set the detec
resolution. Both slits that followed the sample had horizon
slit gaps of 20 mm.

B. Materials and procedures

Table I lists the sample nomenclature and compositio
C10E4 ~tetraethylene glycol monon-decyl ether! was pur-
chased from Nikko Chemicals~distributed by Barnet Prod
ucts!; C6E2 ~diethylene glycol monohexyl ether, 981%) and
C4E1 ~2-butoxyethanol, 99.81%) were purchased from
Fluka. Tetradecane (991%) and hexadecane (99%) we
obtained from Aldrich; decane (991%) was purchased from
Sigma. All these chemicals were used as received. High
rity water was produced from a Barnstead NanoPure sys

A teflon coated stir bar was used to stir the samples
speed up the thermal equilibration. After each change
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temperature samples were stirred vigorously for a brief
riod of time to intermix the materials, followed by a lon
period of very slow stirring to bring the sample to therm
equilibrium. The sample was judged to be in equilibrium
the bulk phases and interface were visually clear and if
x-ray scattering from the interface was stable over a per
of several hours. The total amount of time required to equ
brate the sample varied from a few hours for C4E1 up to 2
days for C10E4.

Once the sample equilibrated, x-ray scattering was m
sured. Two types of measurement, diffuse scattering and
flectivity, were made by fixing the incident anglea while
scanning the angleb. Theseb scans were repeated for
series of values of the incident anglea. The difference be-
tween the two types of measurement was in the range ob
motion. For the reflectivity, the width of theb scan was
typically a few times the width of the specular peak its
~which is primarily determined by the size of the detec
slits!. The diffuse scattering was taken using wide, high s
tisticsb scans, which included both the surface enhancem
peak, atb equal to the critical angleuc , and the specular
peak atb5a. This procedure differs somewhat from th
usually used at the liquid-vapor interface. There, reflec
intensity at the givenQz is determined by measuring th
scattered intensities atQ5(0,0,Qz), (0,1DQy ,Qz), and
(0,2DQy ,Qz). The average of the two off-specular me
surements then determines the background level, whic
subtracted from the measurement at the specular positio
determine the reflected intensity. While this method was s
cessfully used at liquid-vapor interfaces@20#, we found that
b scans were more convenient at liquid-liquid interfac
where the background is often dominated by bulk scatter
from the upper liquid phase. For fixeda and b, this back-
ground is roughly proportional to the incident beam’s pa
length through the upper phase, which depends on the
cise position where the x-ray beam hits the interface.
though we always try to position the x-ray beam at the cen
of the flat portion of the interface, some variations occur d
to limited accuracy of mechanical motions of the spectro
eter. Therefore, a more consistent measure of the backgro
is obtained inb scans, where the beam position at the int
face is fixed during the scan, than inQy scans, where both
input arm and sample must be moved during the scan@20#.
1-3
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A reflectivity close to 100% was measured below t
critical angleuc for the total reflection of x rays from the
interface. Asa was increased above the critical angle t
reflectivity dropped rapidly.

All x-ray measurements were conducted using the liq
surface spectrometer at the X19C beamline, at the Natio
Synchrotron Light Source, Brookhaven National Laborato
Beamline setup and experimental procedures are describ
more detail elsewhere@20#.

C. Background determination and subtraction

In addition to surface scattering~specular reflection and
diffuse scattering!, scattering from both bulk phases~sepa-
rated by the interface studied! was observed. For all the dif
fuse scattering data presented, this bulk scattering was m
sured, calculated, and subtracted before the data w
analyzed.

The relative intensities of the bulk scattering from t
upper and lower liquid phases depended upon the loca
within the phase diagram of the sample studied. For sam
in the three-phase region, backgrounds from the upper
the lower phases~oil-rich phase and middle-phase micr
emulsion! were of comparable intensity, and both were tak
into account. The exception is the C6E2 sample at 36 °C,
where, at the incident angles for which the diffuse scatter
data were taken, background was much smaller than the
face signal and was therefore not measured, but inste
small constant background was used in the data analy
The two-phase region samples of the C4E1 and C6E2 sys-
tems were studied at temperatures above the three-phas
gion, where most of the surfactant is located in the upp
oil-rich phase. For these samples, we found that backgro
scattering from the lower, water-rich phase is negligible
comparison with the scattering from the upper phase,
therefore only the latter was taken into account. Howev
the two-phase sample of the C10E4 system was studied at
temperature below the three-phase region where most o
surfactant is located in the lower, water-rich phase. Here,

FIG. 3. Two types of scattering from the lower phase are ill
trated. The magnitudes of all angles are greatly exagger
(a,a8,b,b8,0.15°). Interface has sizeL. Beam is assumed to hi
the interface at its center, at distanceL/2 from either of the two
edges. Only one-half of the interface is shown in the figure.
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bulk scattering backgrounds from the two liquid phases w
comparable and both were taken into account.

The procedure for the measurement and determinatio
the background bulk scattering differed for the upper a
lower phases. Background from the upper phase was m
sured immediately after each of the diffuse scatteringb
scans by lowering the interface below the x-ray beam a
repeating the same scan. Scattering measured in that
was multiplied by1

2 to compensate for the fact that in th
case the path of the unscattered beam through the u
phase, and thus the bulk scattering which is proportiona
it, is twice as large as in the case when the beam hits
center of the interface. Here, only single scattering events
taken into account and we also assume that nearly all of
beam is transmitted through the interface, with only a sm
fraction being reflected. This is justified in all cases whe
background scattering from the upper phase was signific

Bulk scattering from the lower phase is more comp
cated, and cannot be measured in such a direct way. Figu
illustrates two kinds of scattering from the lower phase—r
a reenters the upper phase before leaving the sample, w
ray b is scattered from the lower phase straight into the
Scattering from the lower phase can be calculated in term
the experimentally measured scattering probability per u
length of the main beam path through the lower phase.
details of the calculation are given in the Appendix. Figure
shows an example of the background from the lower ph
for a C10E4 sample at 38 °C, together with the rawb scan
taken ata50.057°. The background from the upper pha
was negligible in this case. The sharp feature in the ba
ground near the critical angle is due to reentrant scatte
~e.g., raya in Fig. 3! being permitted only forb.uc .

III. SCATTERING THEORY

In the spirit of a hybrid model of capillary wave theor
@21#, we describe a liquid-liquid interface in terms of a

-
ed

FIG. 4. Raw data taken ata50.051° ~dots!, and calculated
background from the lower phase~line!, for the C10E4-38-1 sample.
Peak at lowerb is the surface enhancement, while that at higheb
is specular reflection.
1-4
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intrinsic electron density profile normal to the interfac
re(z), which is then roughened by capillary fluctuations.
describe the latter, we use the height-height correlation fu
tion, defined asC(r )5^h(0)h(r )&, whereh(r ) is the local
interfacial height above the mean interfacial plane, andr is
the distance between two points on the interface. The co
lation functionC(r ) is given by@18,22#

C~r !5
kBT

2pg
K0F S gDr

g
~r 21r 0

2! D 1/2G , ~2!

whereK0(x) is the modified Bessel function of the seco
kind, g is the gravitational acceleration,g is the interfacial
tension,Dr is the mass density difference between the t
phases, andr 0 is a small length scale cutoff introduced
ensure a finite value of the rms interfacial roughnesss
[AC(0). The origin of this cutoff is microscopic, and a
present there is neither theoretical nor experimental con
sus on the proper choice ofr 0.

Using the distorted wave Born approximation, interfac
x-ray scattering can be written as a sum of the specular
diffuse scattering@22#. The former is given by

I spec5I 0UQz2Qz
t

Qz1Qz
tU2

uF~AQzQz
t !u2 exp~2QzQz

t s2!. ~3!

Here,I 0 is the incident intensity,Qz
t is thez component of

the momentum transfer with respect to the lower pha
given in terms ofa andb as

Qz
t [

2p

l
~Aa22uc

21Ab22uc
2! ~4!

~at the specular condition,a5b), uc is the critical angle for
total reflection, andF(q) is the Fourier transform of the
derivative of the intrinsic electron density profile, normaliz
to the electron density differenceDre between the two bulk
phases (re, lower2re,upper),

F~q!5
1

Dre
E dz

dre~z!

dz
exp~ iqz!. ~5!

The diffuse scattering is given by

I diff5
I 0

sina

Qc
4

256p2E db dfuT~a!u2uT~b!u2uF~AQzQz
t !u2

3
exp@2Re~Qz

t !2s2#

uQz
t u2

E d2r ~euQz
t u2C(r )21!eiQxy•r.

~6!

Here,Qxy is the two-dimensional in-plane momentum tran
fer vector whose two componentsQx and Qy are given by
Eq. ~1!, Qc is the critical momentum transfer for total refle
tion, Qc5(4p/l)sinuc , andT(a) andT(b) are the Fresne
field ~amplitude! transmission coefficients for an ideal, sha
interface@23#.
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Integration overb and f corresponds to the angular a
ceptance range of the instrument~resolution volume! deter-
mined by the detector slits. For a coarse resolution in
horizontal direction, integration can be done analytica
over all anglesf, in which case the above expression sim
plifies to

I diff5
I 0l

sina

Qc
4

256p2E dbuT~a!u2uT~b!u2uF~AQzQz
t !u2

3
exp@2Re~Qz

t !2s2#

uQz
t u2

E dy~euQz
t u2C(uyu)21!eiQyy,

~7!

whereQy is given by Eq.~1! with f50.
We would like to make a few comments regarding t

diffuse scattering formalism used in the analysis of the da
First, Eq.~6! was derived in Ref.@22# under the assumption
that Qcs is small. For the roughest of our samples,Qcs
reaches a value as high as 1.4, and it is possible that
corresponding error is non-negligible. Unfortunately, neith
the error estimate nor a better formalism is currently av
able in the literature. Second, several recent papers@24,25#
used the diffuse scattering formalism with the different
cross sectionds/dV}uT(a)u2uT(b)u2Qxy

h22 , whereh is a
dimensionless quantity defined ash5Qz

2kBT/(2pg). In this
approximation, true specular reflection does not exist,
instead the diffuse scattering has a cusp singularity atQxy
50. This is a consequence of a logarithmic approximat
for the height-height correlation function,C(r )'A
1B log(r), so thatC(r ) diverges logarithmically for larger
instead of having exponential decay as in Eq.~2!. This ap-
proximation fords/dV can be successfully used instead
Eq. ~7! provided that~a! the experimental resolutionDQy
'(2p/l)bDb is coarse enough,DQy@(Drmg/g)1/2, so
that the experiment is not sensitive to the form ofC(r ) for
large r, and ~b! at least one of the two anglesa and b is
always much greater thanuc , so that the distinction betwee
Qz andQz

t need not be made. Condition~a! is generally very
well satisfied in most measurements found in the literatu
In our experiment, due to small angles and low values
interfacial tension, values ofDQy and (Drmg/g)1/2 are com-
parable. More importantly, condition~b! is not satisfied in
our experiment. Therefore, Eq.~6! is more appropriate for
the analysis of our data than this logarithmic approximati

The approximation of infinitely coarse resolution in th
horizontal direction, made in deriving Eq.~7! from Eq. ~6!,
also deserves a brief discussion. Using theds/dV}Qxy

h22

result mentioned above~this is justified for the rough erro
estimate to be made! it can be shown@19#, for h,1, that the
relative error e of a diffuse scattering calculation, mad
when replacing a finite horizontal angular acceptanceDf by
an infinite value, is

e'
1

22h S Df/2

ucosb2cosau D
h21

. ~8!
1-5
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MITRINOVIĆ , WILLIAMS, AND SCHLOSSMAN PHYSICAL REVIEW E63 021601
For h.1, replacingDf by an infinite value is not accept
able. However, the presence of a small length scale cutor 0
in Eq. ~2! modifies the largeQxy behavior of the differential
cross section—forQxy.r 0

21, ds/dV decays much faste
thanQxy

h22 . The maximumQxy probed by the experiment i
set by Qx,max'(2p/l)sin(Df/2). Therefore, for Df
*l/(pr 0), the assumption of infinitely coarse resolution
valid regardless of the value ofh; otherwise Eq.~8! must be
used to estimate the error. In the data analysis presented
the relative error in the calculation of diffuse scattering,
sociated with settingDf51`, was always less than 1%.

IV. DATA AND ANALYSIS

For the angle of incidencea fixed at some value abov
the critical angleuc , diffuse scattering as a function ofb
exhibits two peaks—one, due to theuT(b)u2 term, at b
5uc , and another at the specular conditionb5a ~see, e.g.,
Fig. 6 below!. For a typical instrumental resolution, the latt
peak cannot be resolved from the true specular reflec
peak. Therefore the quantity of experimental interest is
effective reflectivity, defined here as the difference in sca
tered intensity between the specular condition and the b
ground level, determined by offsetting the angleb from the
specular position as discussed in Sec. II B. By repeating
measurement for a series of values ofa one obtains the
experimental effective reflectivity curve~see Fig. 9 below!.
This curve can then be compared with the calculated ef
tive reflectivity, which depends on boths andg.

One approach to calculation of the effective reflectivity
to use Eq.~3!, with s replaced byseff , the latter being a
function of instrumental resolution and angle of inciden
@24,26–28#. We use a slightly different approach. For eachb
scan representing a single effective reflectivity measurem
we calculate the sum of diffuse scattering and specular si
using Eqs.~3! and~7! over the same range ofb as the mea-
surement. Then, we determine and subtract the backgro
level in the same way as was done for the actual experim
tal data. This approach, although essentially equivalent to
aforementioned one, has the advantage that the some
arbitrary choice of the data points~in the wings of the peak a
the specular position! used to determine the backgroun
level does not influence the data analysis.

Data were analyzed using the following procedure. Fi
low Qz reflectivity data were analyzed using Eq.~3! to de-
termine the critical wave-vector transferQc . Then, an itera-
tive procedure was used to fit reflectivity and diffuse scat
ing, using interfacial tensiong and roughnesss as the only
two fitting parameters. Each iteration consisted of fitting
effective reflectivity data, usings as the fitting parameter
followed by fitting diffuse scatteringb scans, usingg as the
fitting parameter. After several iterations, values ofs andg
would stabilize. However, in the case of C10E4 data, due to
the very high roughness, the specular peak disappeare
rapidly as a function ofQz that measuring reflectivity and
diffuse scattering separately was not practical~see Fig. 8
below!. In this case all the data consist of fullb scans with
both the surface enhancement and specular peaks, and
fitted to boths and g simultaneously. The cutoffr 0 was
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calculated for each pair of valuesg ands by solving Eq.~2!
for r 0 and usings25C(0).

Data for all interfaces were analyzed using the sha
steplike intrinsic profilere(z), for which F(q)51. Data for
the oil-microemulsion interface for C10E4 microemulsions
were also analyzed using an oscillatory interfacial profi
calculated by Gompper and Schick@13,29#. This profile is
parametrized by four lengths—the repeat distanceds and the
exponential decay~correlation! lengthjs on the microemul-
sion side of the interface, and two correlation lengths on
oil side of the interface. The latter two do not influence t
profile significantly as long as they are much shorter than
characteristic microemulsion lengths~values of 4 Å and 6 Å
were used in the calculation!. The theory predicts that thes
interfacial lengths,ds and js , are equal to the bulk length
db and jb . The latter were measured by Sottmannet al.
using small angle neutron scattering@9#, db5191 Å andjb
597 Å. This oscillatory electron density profile is shown
Fig. 5, and the corresponding Fourier transformF(q) is
shown in the inset.

Our results are summarized in Table II, where values
Qc , g, s, andr 0 are given for each of the samples@30#. For
the C10E4 microemulsion at 38 °C, values of the fitting pa
rameters,g ands, are shown for both step-like and oscilla
tory profiles.

Figure 6 demonstrates the diffuse scattering data~dots!
and fits to the data~full lines! for the C4E1 system at~a!
35 °C ~oil-microemulsion interface! and~b! 60 °C ~oil-water
interface!. Each of the curves is labeled on the plot by t
value of the incident anglea. The peak to the left, known a

FIG. 5. Oscillatory electron density profile at the oi
microemulsion interface~full line! and step profile~dashed line!, as
a function of thez coordinate normal to the interface (z.0 corre-
sponds to oil phase!. Oscillatory profile is based on Refs.@13# and
@29#, and is calculated here using the microemulsion repeat dista
ds5191 Å and microemulsion correlation lengthjs597 Å. In the
inset, the properly normalized Fourier transform of the derivative
the electron density is shown for both the oscillatory~full line! and
the step function profile~dashed line!.
1-6
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TABLE II. Experimental results summarized. Interfacial tensiong and roughnesss are fitting parameters, while cutoffr 0 is calculated
from g ands as explained in the text. Also specified are the measured values of the critical wave-vector transferQc , type of interfacial
profile used in the fitting~oscillatory or step profile!, and interface studied@oil-microemulsion~om! or oil-water~ow!#. Where measured, the
absorption lengths for x rays in the upper (l u) and lower (l l) phases are also given.

Sample Interface Qc (Å 21) Profile g (mN/m) s (Å) r 0 (Å) l u ~mm! l l ~mm!

C10E4-38-0 om 0.008460.0004 step 0.03360.007 15063 5–200 18.8 8.6
osc 0.03460.007 15563 1–80

C10E4-38-1 om 0.008160.0004 step 0.03060.006 13962 90–1000 18.8 8.6
osc 0.03160.006 14462 30–500

C10E4-38-3 om 0.008260.0004 step 0.03460.007 16463 0.3–30 18.4 8.9
osc 0.03460.007 16863 0.1–13

C10E4-33 ow 0.009660.0004 step 0.05860.009 10861 25–300 17.2 6.9
C6E2-36 om 0.007960.0004 step 0.2760.03 54.860.7 5–150
C6E2-61 ow 0.008860.0004 step 1.060.1 29.160.1 25–600
C4E1-35 om 0.007860.0004 step 0.2260.03 61.760.9 3–150 14.9 9.3
C4E1-60 ow 0.011060.0004 step 1.460.2 26.060.2 4–80 18.5 6.4
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the surface enhancement or Yoneda peak, always occu
the sameb corresponding to the critical angleuc . The other
peak, which progressively shifts to the right, occurs at
specular positionb5a, and represents a combination of th
true specular reflection and the diffuse scattering peak at
specular position. The widths of both peaks are prima
determined by the size of the detector slits. For example
b scans shown in Fig. 6~a! were taken with the detector sl
gap of 0.2 mm. In Fig. 6~b!, scans ata50.078° anda
50.117° were taken with the slit gap of 0.1 mm, while t
scan ata50.097° was taken with the detector slit gap
0.16 mm.

Figure 7 demonstrates the diffuse scattering data and
for the C6E2 system at~a! 36 °C ~oil-microemulsion inter-
face! and ~b! 61 °C ~oil-water interface!. The data for the
C10E4 system at~a! 38 °C ~oil-microemulsion interface! and
~b! 33.3 °C~oil-water interface! are shown in Fig. 8.

The effective reflectivity from all the samples is show
together in Fig. 9, where calculated Fresnel reflectivities~for
ideal, smooth interfaces! are also shown~dashed curves!.

FIG. 6. Diffuse scattering for C4E1 microemulsion system. Fo
each of the diffuse scattering curves, also given is the incident a
a in degrees.~a! Oil-microemulsion interface at 35 °C.~b! Oil-
water interface at 60 °C.
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V. DISCUSSION

Scattering data of the type presented here can provid
measure of the interfacial tension and roughness, as we
the form of the intrinsic electron density profile normal to t
interface. In this section we discuss, in turn, each of th
aspects of the interface.

First, we note that good agreement between the data
the fits demonstrates that capillary wave theory, combin
with the distorted wave Born approximation, is sufficient
quantitatively describe the scattering from all the samp
studied. The discrepancies between the data and fits at
b, particularly visible in Figs. 6~b! and 7~b!, is believed to be
due to scattering from the curved part of the interface n
the downstream~with respect to the beam! edge of the
sample. The discrepancies at highb ~to the right of the
specular peak! in the top two curves in Fig. 8~b! are due to
underestimated background from the lower phase. Our ba
ground subtraction procedure, explained in Sec. II C, gen
ally worked well. However, in these two cases the calcula
background was too low.

These interfaces span a wide range of interfacial tens
from 0.03 mN/m to 1 mN/m. The tensions shown in Table

le
FIG. 7. Diffuse scattering for C6E2 microemulsion system. Fo

each of the diffuse scattering curves, also given is the incident a
a in degrees.~a! Oil-microemulsion interface at 36 °C.~b! Oil-
water interface at 61 °C.
1-7
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illustrate two trends. The C10E4-tetradecane-water syste
exhibits much lower tensions than the other two syste
consistent with the expectation that the longer chain C10E4 is
a much stronger amphiphile than either C6E2 or C4E1. Also,
the tensions for the oil-microemulsion interface in the thr
phase region are smaller than for the oil-water interface

FIG. 8. Diffuse scattering for C10E4 microemulsion system. Fo
each of the diffuse scattering curves, also given is the incident a
a in degrees.~a! C10E4-38-1 ~oil-microemulsion interface a
38 °C). ~b! C10E4-33 ~oil-water interface at 33 °C).

FIG. 9. Reflectivity for all the samples. Full lines are fits to t
data, while dashed lines are the calculated, zero roughness, Fr
reflectivity.
02160
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the two-phase region of the same system. This result is
sonable for the two wetting systems C4E1 and C6E2 in
which the microemulsion phase wets the oil-water interfa
for the following two reasons. First, for the wetting system
gom1gmw,gow ~wheregab stands for the interfacial tensio
of the a-b interface,o for oil, w for water, andm for micro-
emulsion!. Second, for these systems it is also known t
gow in the three-phase region is smaller thangow in the
nearby two-phase region@4#. For the C10E4 system our result
is consistent with the expectation that the structured mic
emulsion phase will reduce the tension with a neighbor
oil or water phase beyond the reduction expected from
simple monolayer present at the oil-water interface@1#.

The interfacial tensions can also be measured with m
roscopic techniques. The spinning drop technique is usu
required to measure the very low tensions of microemuls
systems. We did not make independent, macroscopic m
surements of the tensions. However, our values can be c
pared with macroscopic measurements available in the lit
ture. Here we list those measurements of which we
aware. For the C6E2-hexadecane-water system at 61 °
~two-phase region!, gow'1.3 mN/m @31#, comparable with
our value of 1.060.1 mN/m. For the same system at 36 °
~three-phase region!, two measurements yieldgom
'0.33 mN/m@31# and gom'0.39 mN/m@32#, also compa-
rable with our value of 0.2760.03 mN/m. For the
C10E4-tetradecane-water system at 33.3 °C~two-phase re-
gion!, gow'0.053 mN/m@33#, comparable with our value o
0.05860.009 mN/m. For the same system at 38 °C~three-
phase region! only the experimental value for the oil-wate
interface is available, measured by extracting the oil and
ter phases and placing them in contact with each other. T
value isgow'0.026 mN/m@33#. In comparing our value of
gom50.03360.007 mN/m to this last value ofgow , it
should be noted thatgom is expected to be lower thangow in
the three-phase region, although our value is slightly high
Our values of the interfacial tensiong ~see Table II!, ob-
tained from fits to the x-ray scattering data, agree reason
well with these literature values. Since our fitting procedu
was not constrained by the literature values, this agreem
gives us confidence in the reliability of our data analysis.

These interfaces also span a wide range of interfa
roughness from 25 Å to 165 Å. The relative values
roughness for the samples can be determined qualitativel
the deviation of the measurements from the zero roughn
Fresnel reflectivity~see Fig. 9!. For the roughest samples th
deviation is seen to be large even very close to the wa
vector transfer for total reflection. As expected from cap
lary wave theory the interfacial tension and roughness
inversely correlated; the lower the tension the higher
roughness. Since the measured values of roughness are
larger than the dimensions of any of the molecules, our d
cannot be explained by a simple molecular ordering at
essentially flat interface.

The differences in the values of roughness for differe
C10E4 samples at the same temperature of 38 °C are not f
understood. Since different thermistors were used with
ferent samples, the actual temperatures could differ by
much as 0.3 °C, which would lead to slightly different pha
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compositions and interfacial tensions. Also, as noted in S
II B, C10E4 microemulsions were substantially more difficu
to equilibrate then the other two microemulsions—perh
the C10E4 samples were not fully equilibrated. Note th
C4E1, which was the easiest to equilibrate of the three m
croemulsions studied, had very reproducible data. These
ferences, however, do not alter the main conclusions of
study.

One of the important predictions of the Ginzburg-Land
theories of microemulsions is the presence of an oscilla
interfacial profile on the microemulsion side of the o
microemulsion interface of the form sin(ksz)exp(2z/js), with
ks52p/ds @13#. This profile represents layering of micro
scopic oil and water regions separated by monolayers of
factant. This is essentially the result of the bicontinuo
structure within the bulk microemulsion being constrain
by the boundary condition of the interface. As discussed
the Introduction, the interfacial oscillatory profile is pr
dicted to have the same repeat distanceds and correlation
lengthjs as the structure within the bulk microemulsion. W
did not expect to detect this layering in the C4E1 and C6E2
systems because the structure within the bulk microemul
phases of these systems is weak. However, the C10E4 system
is known to have a well defined structure in the bulk, mak
it a good candidate to detect an oscillatory interfacial pro
@9#.

To test for the presence of this oscillatory profile we an
lyzed the data for the C10E4 system using both a nonoscilla
tory steplike intrinsic profile~also used for the C4E1 and
C6E2 systems! and an oscillatory profile~Fig. 5!. Compari-
son of results for these two profiles for the C10E4 system at
38 °C shows that the interfacial tensions are the same wi
error bars, while the roughness differs slightly. The cor
sponding fits are visually indistinguishable~only fits for the
steplike profile are shown in the figure!. This is easy to un-
derstand by noting that our data probe only the region to
left of the peak inuF(q)u shown in the inset of Fig. 5, an
that a corresponding increase in diffuse scattering withQz is
easily offset in the fits by increasings. Therefore, even
though the resultant fitting parameters are slightly differ
for the two intrinsic profiles considered, our data do not p
vide a basis for favoring one profile over the other.

Although our analysis cannot either confirm or deny t
presence of an oscillatory profile with a repeat distance
correlation length similar to those of the bulk microemulsi
(db5191 Å andjb597 Å), our analysis rules out profile
with a repeat distanceds greater than about 500 Å. Thi
upper bound was obtained by repeating the fits to the d
while progressively increasing the value of repeat distancds
~each time, the correlation lengthjs was set tods/2, consis-
tent with Ref.@9#!. For values ofds less than about 400 Å
fits were visually indistinguishable, and thex2 value for the
fits was nearly constant. For larger values ofds , the fits
consistently underestimated the specular peak and the di
scattering at largerb, andx2 was rapidly increasing.

In order to make a more definitive statement about
existence and form of the oscillatory profile, it would b
necessary to extend theQz range of diffuse scattering an
reflectivity measurements. This could not be done in our
02160
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periments because the large interfacial roughness of
C10E4 samples leads to a surface signal that quickly dec
below the level of the background bulk scattering asQz in-
creases. Improvement in the signal to noise ratio could
made by reducing the sample size and therefore reducing
background bulk scattering. However, at the roughness le
of 160 Å, doubling theQz range of our measurements whi
preserving the same signal to noise ratio at the end of
range would require an impractical reduction of the ba
ground level by 8–9 orders of magnitude. Nevertheless,
upper bound that we were able to place on the profile os
latory lengthds demonstrates that if a system with signi
cantly smaller roughness~higher interfacial tension! and
similar characteristic microemulsion lengths could be fou
this experimental technique could be used to obtain deta
information on the interfacial structure.

VI. CONCLUSION

We used x-ray reflectivity and diffuse scattering to pro
the structure of interfaces between oil-rich and microem
sion bulk phases and between oil-rich and water-rich pha
in three-component microemulsion systems. Capillary wa
theory combined with the distorted wave Born approxim
tion was used to analyze the x-ray data and extract value
the two fit parameters, interfacial tensiong and roughnesss.
The agreement between the fits and the measurements
very good for the measured ranges ofg and s given by
0.03 dyn/cm,g,1.4 dyn/cm and 25 Å,s,165 Å.

For the strongest surfactant (C10E4) microemulsion, we
analyzed the data using both step function and oscillat
profiles for the oil-microemulsion interface. Due to the lim
ited range of the momentum transferQ of our measurements
we were not able to unambiguously distinguish between
step profile and the theoretical prediction for the oscillato
profile. However, we also considered oscillatory profil
with longer repeat distances and showed that our data
clude repeat distances greater then 500 Å. This demonst
that, if a system with lower roughness and/or longer rep
distance could be found, this experimental technique co
be used to obtain more detailed information on the mic
structure of these interfaces.
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APPENDIX: BACKGROUND SCATTERING
FROM LOWER PHASE

Figure 3 illustrates scattering from the lower phase. T
main beam is incident at the center of the interface, at po
O, at the distanceL/2 from the edge of the sample, an
1-9
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makes anglesa anda8 with the horizontal in the upper an
lower phase, respectively. The two scattered rays showa
andb, are measured by the detector at the same angleb with
respect to the horizontal. Raya is scattered from the re
fracted beam at the horizontal distanceja from point O and
reenters the upper phase before leaving the sample. Rayb is
scattered directly from the lower phase into the air, witho
reentering the upper phase. Anglesa8 andb8 are related to
anglesa andb through Snell’s law, which for small angle
can be written in the formu85(u22uc

2)1/2, with u5a,b. To
express the total scattered intensity, we denote byP(x)dx
the probability per unit length that an x ray in the low
phase will be scattered into angledx around the direction
making an anglex with the refracted beam (x equalsa8
1b8 anda81b for the raysa andb, respectively!. Then, if
I 0 is the intensity of the x-ray beam before entering t
sample, the total scattering from the lower phase intodb
aroundb can be written as a sum of contributions of typesa
andb,

I sc5I 0e2muL/2Tul~a!FTlu~b8!E
0

j1
djP~a81b8!db8

3e2m lj(11a8/b8)e2mu[L/22j(11a8/b8)]

1E
j2

L/2

djP~a81b!db e2m l L/2G . ~A1!

Here,mu andm l are the absorption coefficients in the upp
and the lower phase, related to the absorption lengthsl u and
l l , given in Table II, asmu5 l u

21 andm l5 l l
21 . Tul andTlu
ev

m

.

a

02160
t

r

are the Fresnel intensity transmission coefficients from up
to lower phase and vice versa, and anglesa,a8,b,b8 are
assumed to be small. Distancej1 is the largest value ofj for
which the scattering of typea can occur, whilej2 is the
smallestj for which scattering of typeb can occur. They are
given by

j15
L

2

b8

a81b8
,

j25
L

2

b

a81b
. ~A2!

Equation~A1! evaluates to

I sc5I 0e2muLTul~a!FTlu~b8!P~a81b8!
b db

a81b8

3
12exp@2~m l2mu!~11a8/b8!j1#

m l2mu

1S L

2
2j2D P~a81b!db exp@2~m l2mu!L/2#G .

~A3!

It should be noted that scattering of typea is possible only
for b.uc , since forb5uc , b850. We measure the sca
tering probabilityP(x)dx by raising the interface above th
beam, so that the unscattered beam passes through the
phase over the entire length of travel through the sample
A

ys.
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