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We report for the first time a study of the specular reAectivity of neutrons by an oil-water interface.
We have overcome the problem of neutron absorption in the upper oil phase by using thin oil layers of
well controlled thickness. The study is performed on an oil-water interface covered by a surfactant layer
previously studied by light scattering and ellipsometry. The neutron study allows us to determine the
thickness of the surfactant layer and the oil-water interfacial roughness, which is large due to the ul-
tralow interfacial tension.

PACS numbers: 68.10.Cr, 68. 15.+e

Neutron reflectivity is a powerful technique for the in-
vestigation of interfacial structures (with a spatial resolu-
tion of a few angstroms). It has been successfully applied
to the study at liquid-air interfaces of surfactant mono-
layers [1] and of polymer solutions [2]. Studies of solid-
liquid interfaces have also been reported recently [3]. Be-
cause of the wide occurrence of liquid-liquid interfaces, it
seems of importance to extend the method to this case,
for which, to our knowledge, there has been no reported
data. In this paper, we present, for the first time, results
for an oil-water interface in the presence of a surfactant
layer.

In principle, x-ray reflectivity allows one to obtain the
same type of information on surface layers [4]. In prac-
tice, the two techniques are complementary because the
contrast conditions are diA'erent. X-ray sources are more
powerful and allow studies at angles further away from
the critical angle than neutrons. But, with x rays, one
cannot perform contrast variations by isotopic substitu-
tion. In the present study this is of importance, as will be
discussed later.

In the study of a liquid-liquid interface, the neutron
beam traverses an upper liquid phase. The absorption
coefficient of neutrons is small for most materials (about
0.14 cm for D2O including pure absorption and in-
coherent scattering). But in reAectivity experiments, the
grazing incidence angle 0 is of the order of milliradians,
and the distance traveled by neutrons in the upper phase
can be very large: d/0 for a layer thickness d. In the
present study, in order to limit the loss in intensity, we
have kept the thickness of the upper oil phase to ultrathin
dimensions.

Our aim is the structural characterization of surfactant
layers at oil-water interfaces. We have studied these in-
terfaces with optical techniques: surface light scattering
to measure their interfacial tension and ellipsometry to
measure their thickness [5]. In ellipsometry, one mea-
sures the ellipticity p of the light reAected at the Brewster
angle, which contains contributions of the surfactant lay-
er thickness d and of the oil-water roughness due to
thermal fluctuations. In the case of monolayers produc-
ing low interfacial tension at the oil-water interface, the
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the lower cutoA' being controlled by gravity; p[ and p2 are
the densities of the coexisting phases and g is the gravity
constant.

The data reported in this paper deal with the water-
octane interface in the presence of monodecyl tetraglycol
ether (C~pE4). The interfacial tension varies significantly
with temperature in the range 17'C & T & 34'C (Fig. 1)
[5]. When the measured ellipticity is plotted versus

y 't, one obtains a straight line as predicted by Eq. (1).
This allowed us to determine the bending elastic constant,
K =0.51kttT [5]. The remaining contributions to the el-
lipticity can be extracted from the intercept of the line of
Fig. 1 at the origin (limit of large y), which is
g= —0.045 A '. Assuming this to be the contribution
of the monolayer thickness, given by Drude's formula
tl=d(s —e~)(s —e2)/s [7], where e is the surfactant
dielectric constant, one gets a negative thickness: d
= —1.9 A. Clearly there is an inconsistency here, prob-
ably due to a contribution of optical anisotropy as ob-
served in other monolayers [8]. Neutron refiectivity, on
the other hand, is not aff'ected by anisotropy in the sur-
face layer.

The neutron reAectivity experiments were conducted on

roughness contribution to the ellipticity is dominant and
is given by (in reduced units) [6] by
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where c[ and e2 are the dielectric constants of the coexist-
ing phases, X the light wavelength, kq the Boltzmann con-
stant, T the absolute temperature, y the interfacial ten-
sion, and K the modulus of bending elasticity of the
monolayer. K controls the upper cutoA for the wave vec-
tors of thermally excited capillary waves, the mean-
square amplitude of which is given by

ktt Tq dq
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FIG. 2. Calculated neutron reflectivity curves of a thin film

of deuterated octane (D =2970 A) on deuterated water (curve
1); deuterated octane on deuterated water in the presence of
protonated C~OE4 using D =2970 A, d =20 A, and p, =0.8
(curve 2); and protonated C~OE4 (d =20 A, p, =0.8) on deu-
terated water in the absence of deuterated octane (crosses).
For all three curves, Eq. (3) was used and lg') =0.

FIG. l. Reduced ellipticity of the light reflected by the inter-
face between octane and water in the presence of ClpE4 at
diA'erent temperatures vs the corresponding reduced interfacial
tensions. Inset: Interfacial tension vs temperature for the same
system. Data from Ref. [5].

a prototype time-of-flight reflectometer DESIR in the Or-
phee reactor. A detailed description of the reflectometer
has been given elsewhere [9]. The neutron wavelengths
range from 3 to 15 A and the incident angle is about
1.0'. The angular resolution of the spectrometer (—5%)
is determined using high-purity solvents the refractive in-
dices of which are known.

The aluminum sample container (100x30X I mm) is
enclosed in a first cell with quartz windows to minimize
evaporation of the liquids. This first cell is equipped with
a thermocouple to control the sample temperature. This
ensemble is then enclosed in a second cell which helps
maintain the temperature of the air surrounding the first
cell constant. Such careful control is necessary to reduce

condensation of the liquid sample on the cell windows
and, more importantly for this experiment, to minimize
the variation of the thickness of the oil layer during data
acquisition. The temperature was kept constant at 17 C.
The acquisition time was 3 h.

After testing several diAerent contrast conditions, we
have chosen deuterated oil and water, keeping the surfac-
tant protonated. When no surfactant is added, the
reAectivity is only from the top oil surface since both the
deuterated oil and water have the same scattering length
density (Fig. 2, curve 1). When a protonated surfactant
layer is present, the reAectivity curve exhibits oscillations
(Fig. 2, curve 2) due to interferences between the beams
reAected at the oil-air, oil-surfactant, and surfactant-
water interfaces. The hypothetical case where the surfac-
tant layer is present but the octane is absent is also given
in Fig. 2 (crosses). Therefore, using this isotopic compo-
sition, the oscillations are attributed solely and unambi-
guously to the presence of the protonated surfactant layer

1

sandwiched between the deuterated octane and deuterat-
ed water. Indeed, the reflectance is given by [10]

rp~+r ~2exp(2i@)+r23exp[2i(@+p)] +rp~r ~2rq3exp(2ip)r=
I+rp~r]2exp(2i@)+r~2r23exp(2ip)+rp~r23exp[2i(@++)] ' (3)

where

n; sinO; —nj sinOj

nOi +nj sinOj

O; being the angle of incidence of the neutron beam with
the surface in medium i, and n; the neutron refractive in-
dex in medium i. The media are air (i =0), oil (i =1),
surfactant (i=2), and water (i=3). The phase shifts
are & =q, ,D =2xsin8~ n ~D/A, and p =q, ,d =2xsinOzn2d/

i k, where D and d are the thicknesses of the oil and sur-
factant layers, respectively, and q, . the normal component
of the incident neutron wave vector. To a first approxi-
mation, r

~ 2
= —r 23 (& r0[ and the reAectivity takes the

simple form
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I IG. 3. Experimental data of neutron reflectivity of deu-
terated octane-protonated C]OE4 deuterated water system at
17 'C (crosses). Calculated curve uses Eq. (3) and D =2970 A,
1=20 A, p, =0.8, (g l'~ =90 A as explained in the text (solid
curve).
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I IG. 4. Experimental data of neutron reflectivity from the
free surface of deuterated toluene (crosses); calculated reflec-
tivity curve with ((' ) =0 (curve 1); calculated reflectivity curve
with (& ) ~ =5 A (curve 2).

which shows that the oscillations are mainly due to the
variations of @. 'The theoretical curve calculated with

Eq. (3) is shown in Fig. 2, curve 2.
The oscillations observed experimentally have a smaller

amplitude (Fig. 3, crosses). For the range of wave vec-
tors studied in the present experiment, the roughness of
the oil surface has no inAuence on the data (see Fig. 4
and below). But the roughness of the oil-water interface
is large due to its low interfacial tension. In order to ac-
count for this roughness of magnitude (( )', r~q has to
be multiplied by exp( —q, (g )) [11]. The experimental
curve compares well with the theoretical curve (Fig. 3,
solid line) calculated by taking D =2970 A, d =20 A.,
and p, =0.8, where p, is the volume fraction of surfactant
in the monolayer region (this means that there is 20%
water and octane in this region). The periodicity of the
oscillations depends mainly on D, the determination of
which is very accurate: 2970+ 20 A. The accuracies on
1 and p, are, on the other hand, comparatively not as
good. Equally good fits are obtained with d =16 A and

P, =1 or d =30 A and p, =0.54, because the reAectivity
is only sensitive to the product dp, . But the couple d =20
A and p, =0.8 is the most probable: Indeed, the thick-
ness 20 A. compares well with the length of the surfactant
molecule [12], and the surfactant concentration (80%) in

the monolayer is such that it allows for some degree of oil
and water penetration into the layer, as is commonly the
case in these very flexible surfactant layers [13]. The fit
also incorporates a roughness of (g ) '~ =90 A for the
rnonolayer. The roughness therefore reduces the ampli-
tude of the oscillations as compared with curve 2 in Fig. 2
where roughness is ignored. The value of the roughness
used to fit the data in Fig. 3 is calculated from Eq. (2)
with y=0.08 dyn/cm, the interfacial tension at 17'C. At
higher temperatures, the roughness is larger and the os-
cillations are completely smoothed out.

Let us note that (g )'~ varies mainly as y
'~ . For the

free surface of pure water (y=72 dyn/cm), x-ray reAec-
tivity and scattering data give (g )'~ = 3 A [14]. Com-
paring our data with these values, the ratio of the ampli-
tudes of surface roughness is 30, and the ratio of interfa-
cial tensions is 900, as expected. It has been reported re-
cently that the amplitude of the roughness for the surface
of ethanol is 6.9 A [15], whereas y=22 dyn/cm; one
would have expected to find (( )'~ =5.4 A, . But our
neutron reAectivity data obtained on CRISP at the Ruth-
erford Appleton Laboratory on the free surface of toluene
(y=28. 5 dyn/cm) give (( )'~ =5 A (Fig. 4) in good
agreement with expectations. We can thus reasonably
conclude that in our case, the measured roughness of the
oil-water interface in the presence of the surfactant layer
is correct.

In conclusion, we have measured both the thickness
and the roughness of a surfactant layer at an oil-water in-

terface. The accuracy on the oil thickness is better al-
though this is not of direct interest for the experiment.
The measured thickness of the surfactant layer is an
equivalent thickness, dp, =16 A, because the surfactant
concentration in the layer p, cannot be determined accu-
rately. Reasonable expectations are 1=20 A and
=0.8. The roughness of the surfactant layer, 90 A, is

much larger than its thickness, and is in excellent agree-
rnent with the theoretical predictions for thermally excit-
ed surface waves. These preliminary results open a large
and promising field of investigation on the liquid-liquid
interfaces.
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