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Surface-specific ordering of reverse micelles in confinement

Kim Nygard,** Dillip K. Satapathy,” Edith Perret,” Celestino Padeste,” Oliver Bunk,’ Christian David®

and J. Friso van der Veen®

We have applied holographic X-ray diffraction from fluid-filled channel arrays for model-independent
density reconstruction of spherical AOT/water/isooctane reverse micelles (average diameter o=12-13
nm) confined between planar surfaces. We find the confinement-induced ordering of the reverse micelles
to strongly depend on the surface potential of the confining surfaces: for hydrophilic surfaces we find
diffuse monolayers centered at 13 + 3 nm away from the solid—fluid interface, while for hydrophobic
surfaces we observe close-packed monolayers at the solid—fluid interface.

1 Introduction

Confined complex fluids are abundant in nature, such as blood in
capillary vessels and proteins in narrow pores. In terms of
possible applications, the examples range from micelle-based
drug delivery to food technology. The confinement is known to
induce ordering of the fluid along the confining direction, which
in turn affects other properties such as the diffusion of the fluid
constituents.! Consequently, a deep understanding of confine-
ment-induced ordering of complex fluids is crucial. However,
theoretical work is challenging, since the behavior of complex
fluids in confinement is governed not only by excluded volume,?
but also by more subtle interactions, such as electrostatic and
hydrophobic forces, and a large disparity in size and charge
between macroions and solvated ions. Hence, experimental
studies are needed to guide theoretical work.

Traditionally confinement-induced ordering of complex fluids
has been studied by surface-force experiments,® although such
experiments do not directly reveal the density profile of the
confined fluid.* Alternative approaches are provided by reflec-
tivity> or small-angle scattering®’ using X-rays or neutrons,
which can yield the fluid’s structure with sub-nanometer reso-
lution. However, since the phase information is (generally) lost in
such experiments, the real-space structure has to be determined
by modeling the reciprocal-space reflectivity or scattering curve,
and is therefore not unambiguous; this is demonstrated, for
example, by the conflicting interpretations either in favor of or
against a vaporlike depletion region - the so-called hydrophobic
gap - between water and hydrophobic surfaces.?®

Here we apply a different approach to address the ordering of
reverse micelles of AOT [also known as sodium bis(2-ethylhexyl)
sulfosuccinate], water, and isooctane confined between planar
surfaces, which is based on X-ray diffraction (XRD) from fluid-
filled channel arrays combined with phase-retrieval methods. For
phase retrieval we use a recently developed grating-based holo-
graphic XRD technique,'™'" which allows us to reconstruct the
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confined fluid’s density profile in a model-independent manner by
direct Fourier inversion. In contrast to surface-force experiments,
we apply no external force on the confined fluid within this
approach. We obtain unambiguous experimental evidence for
surface-specific ordering of confined reverse micelles: for hydro-
philic confining surfaces, we observe ordering into diffuse layers of
reverse micelles centered at 13 + 3 nm away from the solid—fluid
interfaces, while for hydrophobic confining surfaces, we observe
monolayers of close-packed reverse micelles at the solid—fluid
interfaces. In both cases, we observe no ordering beyond
a monolayer close to the solid—fluid interface, an effect which we
primarily attribute to a large polydispersity of the reverse micelles.

2 Experimental

The sample consisted of spherical AOT/water/isooctane reverse
micelles (Fig. 1) in the so-called water-in-oil microemulsion or L,
phase,’? ie., spherical water droplets (Milli-Q) covered by
a monolayer of AOT (Cy0H37NaO5S, Sigma-Aldrich, purity =
99%) dispersed in isooctane (Fluka, purity = 99.5%). At the
temperature and low water concentrations of the present study,
the surfactant AOT forms spherical reverse micelles, with the
droplet size depending on the molar ratio wy = [H,OJ/[AOT] of
water and AOT. We used two different reverse micelles with
molar ratios wy = 48 (henceforth denoted #1) and wy = 37
(denoted #2) [see below for the small-angle X-ray scattering
(SAXS) characterization of the bulk reverse micelles].

AOT hydrophilic head

isooctane
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Fig. 1 Schematic of AOT/water/isooctane reverse micelles confined
between hydrophilic or hydrophobic planar surfaces (not drawn to scale).
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For confinement we used silicon channel arrays, i.e., linear
diffraction gratings, with the following parameters: a period of
p = 400 nm, channel width in the range w=120-170 nm, and
a depth of =2 um. The confining surfaces are structureless on
the length scale of the AOT/water droplets, which is a prerequi-
site for observing confinement-induced fluid ordering. Moreover,
the channel arrays serve as momentum-transfer calibration
standards for the SAXS characterization.'® The reader is referred
to ref. 11 for details about the fabrication of the channel arrays.
In order to study the effect of the surface potential, we used
channel arrays with two different surface terminations: (i) one set
of channel arrays was used without further preparation. Since
these channel arrays were covered by a natural oxide layer, they
had a hydrophilic termination (contact angle of water ¢ =60°).
(i) Another set of channel arrays was coated by fluorinated
silanes,™ leading to a hydrophobic termination (¥ =95°).

We carried out the experiment at the cSAXS beamline
(X12SA) of the Swiss Light Source, Paul Scherrer Institut. A
schematic of the experimental setup is shown in Fig. 2. The
incident X-rays impinged perpendicular to the channel array and
we detected the scattered X-rays in transmission geometry 7 m
behind the sample using the Pilatus 2M pixel detector.'® The
incident X-ray beam had a wavelength of A = 0.10 nm and
a beam size of 0.2 x 0.1 mm? (horizontal x vertical) at the
sample position, and it was focused onto the detector plane in
order to maximize the angular resolution. We placed an evacu-
ated flight tube between the sample and the detector, in order to
minimize parasitic scattering. We ruled out radiation-damage
effects by collecting the diffraction data in sets of 10 x 1 and 10
x 10 s exposures and verifying that the individual diffraction
patterns were consistent within the statistical accuracy. With this
setup and channel arrays, we could reliably determine the
diffraction efficiencies up to M = 50 diffraction orders, allowing
a reconstruction of the density profile with a real-space sampling
interval of Ax = p/2M + 1) = 4.0 nm. We carried out the
experiment at room temperature, 7 = 297 K.

For characterization of the reverse micelles, we carried out
SAXS experiments on the bulk fluids. Following ref. 16, we
modeled the particle form factor using polydisperse, spherical
water droplets (electron density p,, = 334 nm~?) surrounded by
a monolayer of polar AOT headgroups (p, = 850 nm™) of
thickness ¢}, = 0.2 nm. Since the AOT hydrocarbon tails have
a density p, close to that of isooctane (p; = 241 nm?), they do not

Detector

Diffracted x-ray beam

Fluid-filled

channel array

Incident x-ray beam

Fig. 2 Schematic of the experimental setup.
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Fig. 3 SAXS characterization of the bulk AOT/water/isooctane reverse
micelles (vertically offset for clarity). The circles denote the experimental
data (only every tenth data point shown for clarity), while the solid lines
depict a model of polydisperse spherical shells with sticky hard-sphere
interparticle interactions (see text for details and Table 1 for the
parameters of the model).

Table 1 Best-fit parameters for the bulk SAXS data: volume fraction ¢
of the spherical AOT/water droplets as well as average radius R and
polydispersity AR/R of the water droplets (see text for details about the
modeling)

# ¢ R [nm] AR/R
1 0.32 6.2 0.21
2 0.35 5.0 0.21

contribute to the form factor. We accounted for the poly-
dispersity of the water droplets using the normalised Schulz
distribution within the local monodisperse approximation.'” We
included the interparticle interactions using a sticky hard-sphere
model,"® which accounts for the surface adhesion of the particles.
However, the data are well described by a fixed stickiness
parameter T = 100, implying hard-sphere-like interparticle inter-
actions. In determining the structure factor, we also included the
length of the hydrocarbon tail, d; = 0.4 nm, which increases both
the particle size and the volume fraction. With this simple model,
we can reasonably reproduce the SAXS data (see Fig. 3). We have
verified that the contributions of cylindrical and dry spherical
reverse micelles are negligible. Table 1 summarises the parameters
of the modeling.

The ensemble-averaged electron density modulation Ap(x) =
p(x) — p, with p(x) denoting the electron density profile across the
confining channel and p its average, can be quantitatively
reconstructed from the XRD data in a model-independent
manner using the grating-based holographic XRD technique:'*!

(nm B 7721)

Ap(x)=(2hre)™" Y 2OR[F,]

m=—M

cos(2mmx/p) (nH

Here 7,, and 7,,° denote the diffraction efficiencies for diffraction
order m of the fluid-filled channel array and a reference array,
respectively, F,, the theoretical form factor of the known channel
array, ® the average phase shift of the exit wave field across the
solid—fluid interface, r, the classical electron radius, and %
the real part of a complex quantity. It should be noted that the
present XRD study of confined reverse micelles is more chal-
lenging, compared to our previous experiments on confined
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colloids,'”* due to the following reasons: (i) The average particle
diameter is smaller by a factor of ten (¢ = 12-13nm for the reverse
micelles compared to ¢=120 nm for the colloidal particles).
(ii) The contrast in the refractive index (for the used wavelengths)
between water and isooctane (Aé = 0.43 x 107°) is a factor of
three smaller than between silica and a solution of 55% benzyl
alcohol and 45% ethanol (A6 = 1.37 x 107°). (iii) The poly-
dispersity of the water droplets (AR/R=0.2) is a factor of five
larger than for the colloids (AR/R < 0.04).

3 Results and discussion

First, we consider the ordering of reverse micelles between
hydrophilic confining surfaces. The reconstructed Ap(x) pre-
sented in Fig. 4 illustrates the ordering for selected channel
widths. The most prominent features are a depletion of electron
density close to the solid surface and a peak in the electron-
density profile at a distance of 13 £+ 3 nm from the solid—fluid
interface. Within the accuracy of the present experiment, we
observe no effect of the confining channel width on the above
findings. We note that AOT/water/heptane reverse micelles
confined between strongly hydrophilic mica surfaces in a surface-
force apparatus have previously been found to exhibit a deple-
tion region of several nanometers, which was attributed to the
forming of layers of water and AOT at the mica surfaces.*!
However, considering the electron densities of isooctane, water,
and AOT (p; < pw < paot), the present observation necessarily
implies an excess of isooctane rather than water and AOT at the
hydrophilic surface. We therefore interpret the data of Fig. 4 as
an ordering of the reverse micelles into diffuse monolayers
centered at 13 + 3 nm away from the confining surfaces. This, in
turn, suggests a soft repulsive term in the effective particle-wall
interaction potential, as previously observed in computational
work on model oil/water/surfactant systems.?

For comparison, we also study the ordering of reverse micelles
confined between hydrophobic surfaces (shown in Fig. 5). Most
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Fig. 4 Electron density modulation Ap(x) of spherical AOT/water/
isooctane reverse micelles #1 confined between hydrophilic planar
surfaces. The density modulations for different channel widths are
vertically offset by 25 nm~? for clarity. The channel widths are given next
to the density modulations.
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Fig. 5 As 4, except for hydrophobic confining surfaces and reverse
micelle #2. The density modulations are vertically offset by 40 nm~* for
clarity.

notably, we observe a large electron density excess at the solid—
fluid interface. We emphasize that this observation does not
conform with the archetypical system of a hard-sphere fluid at
a hard surface,”® which has previously been used, e.g., to
successfully model neutron reflectivity data from triblock
copolymer micelles at hydrophilic surfaces.** Rather, the density
excess indicates an attractive particle-wall interaction.?® Integra-
tion of the density excess peak gives an areal electron density
excess of Apop = 230 4 40 nm 2, implying a local volume fraction
¢op = 0.56 £+ 0.04 of spherical AOT/water droplets at the solid—
fluid interface. This value is significantly larger than ¢ = 0.35
obtained from the bulk. For comparison, the corresponding
values assuming close-packed monolayers of hexagonal and
square symmetry and the average particle diameter 0 = 2(R + d),
+ d) are ¢ = 0.60 and ¢ = 0.52, respectively. The good
agreement between the latter values and the experimental result
implies an ordering of the reverse micelles into close-packed
monolayers at the solid—fluid interfaces. We expect the ordering
into close-packed monolayers to strongly affect, for example, the
diffusive properties of the confined fluid.

The reconstructed electron density modulations presented here
for hydrophilic versus hydrophobic confining surfaces exhibit
systematic differences close to the solid—fluid interface. This
observation, which we have verified for two sets of both hydro-
philic and hydrophobic channel arrays, provides indisputable
experimental evidence for surface-specific ordering of reverse
micelles in confinement. Moreover, we note that these findings
are irrespective of the confining channel width, implying that the
confining surfaces act independently of each other in inducing
the ordering.

Within the accuracy of the present study, we observe no
confinement-induced fluid ordering beyond a monolayer close to
the solid—fluid interface. This observation, which we predomi-
nantly attribute to a large polydispersity of the reverse micelles,
can be rationalised as follows. For large confining channel
widths, for which the fluid’s density in the centre of the channel
approaches the bulk value p,, the asymptotic decay of the density
profile p(x) is given by?¢2”

p(x) — po = A, cos(xlE — 6,) exp(—x/n) @)
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Here £ and 7 denote a characteristic wavelength and a correlation
length, respectively, which are determined by the bulk structure
of the fluid, while the amplitude 4, and phase 6, depend on the
particle-wall interaction. Following the model of Tarazona and
Vicente,?® the correlation length n, which governs the asymptotic
decay, can be given in a particularly useful form as

7 =/=S(40)/5"(40) (3)

Here S(g) denotes the bulk structure factor, S"(g) its second
derivative, and ¢o the position of the first maximum of S(g).
Using eqn (3), the model of Fig. 3 gives n = 5.4 nm and n = 4.7
nm for reverse micelles #1 and #2, respectively. Hence, the
amplitude of the density oscillations at a distance of one particle
diameter is expected to decay rapidly, since exp(— a/n) < 0.1.

4 Concluding remarks

Finally, we comment on possible future applications of the
grating-based holographic X-ray diffraction technique. The elec-
tron density contrast and particle size of the present study are close
to those found in, for example, protein solutions. Moreover, the
wettability of the confining surfaces can be modified. Hence, we
foresee model-independent density profile reconstructions of
various biologically relevant fluids confined between either
hydrophobic or hydrophilic surfaces.
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