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ABSTRACT The aggregative adsorption of a nonionic surfactant (C;,E5) in the
cylindrical pores of SBA-15 ordered mesoporous silica (pore diameter 8 nm) was
studied by small-angle neutron scattering (SANS). Scattering profiles obtained at
contrast-matching conditions between the aqueous solvent and the silica matrix
can be represented quantitatively by an analytical scattering function for the
diffuse small-angle scattering superimposed with Bragg reflections from the pore
lattice. These two contributions provide complementary information about the
self-assembly of the surfactant in the pores: diffuse scattering indicates the
formation of surfactant aggregates at preferred distances from each other, and
analysis of the Bragg peaks shows that a layer of surfactant is formed at the pore
walls. These findings suggest that adsorption of the surfactant starts by formation
of discrete surface aggregates, which increase in number and later merge to
interconnected patches as the plateau of the adsorption isotherm is approached.
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SECTION Surfactants, Membranes

he adsorption of surfactants in narrow slits or channels self-assembly of surfactants, but only few experimental stu-
I plays a key role in diverse situations of technical rele- dies so far have specifically addressed these effects.' ™ In a
vance. For example, surfactants are strongly affecting recent SANS study'' it was found that the nonionic surfactant
the stability of colloids in aqueous media, and confinement- n-dodecyl-penta(ethylene glycol) (C,E5) forms globular sur-
induced structural changes of adsorbed surfactant layers in a slit face micelles on silica nanoparticles, although laterally homo-
geometry have been studied both experimentally' and theore- geneous bilayers are reported for flat hydrophilic silica
tically® to better understand the origin of this stabilization. substrates.® This was attributed to the convex surface curva-
Surfactant adsorption in nanoporous materials is of importance ture of the silica nanoparticles, which prevents an effective
in membrane separation processes such as micellar-enhanced packing of the surfactant molecules in a bilayer film. Confine-
ultrafiltration.” It has also been recognized that the ability to ment effects were reported to have a strong influence on the
control the morphologies of surfactant assemblies in nanoscale self-assembly of surfactant in pores when the pore radius
confinement can be relevant for applications in nanofluidics approaches the width of a surfactant bilayer.'*'> However, to
and nanomedical devices, including patterning the inner our knowledge no direct structural studies have been performed
surface of nanochannels,* surfactant-modulated switching of until now for well-defined pore geometries. Two scenarios are
molecular transport in nanometer-sized pores,” or the fabrica- envisaged when the surfactant concentration in the pores is
tion of asymmetric nanopores by track-etching techniques.® gradually increased: either formation of surface micelles of
Adsorption of surfactants onto hydrophilic surfaces repre- distinct size and increasing number,” or nucleation and growth
sents a surface-aggregation process, driven by hydrophobic of a fragmented bilayer.” The aim of this work has been to find
interactions similar to micellar aggregation in bulk solution.” out which of these possibilities applies to the case of a nonionic
Surface aggregation may lead either to surface micelles or surfactant in cylindrical pores with hydrophilic walls.
extended bilayers, depending on the headgroup size and tail Here we report a SANS study of the self-assembled struc-
length of the surfactant and the density of adsorbing sites at tures of the surfactant C,,E5 in SBA-15 ordered mesoporous
the surface. Structural information about adsorbed surfactant silica. SBA-15 particles constitute an array of cylindrical

layers at flat solid surfaces has been gained mainly by atomic
force microscopy (AFM).® neutron reflectometry,” and graz-
ing incidence small-angle neutron scattering (GISANS).'° Received Date: March 2, 2010
Curvature of the solid surface and confinement of the adsorp- Accepted Date: April 9, 2010
tion space in pores or channels may further affect the surface
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Figure 1. (a) Experimental adsorption isotherm of the surfactant
Ci2Es5 in SBA-15 plotted as relative loading f = nin,, vs relative
concentration c¢/cmc. (b) SANS curves from SBA-15 immersed in
D,O and in the contrast-matching H,O/D,O mixture. The posi-
tions of the four leading Bragg reflections are indicated by vertical
lines.

Scheme 1. (a) Sketch of the Mesopore Lattice of SBA-15; (b,c)
Surface Aggregates of the Surfactant in the Cylindrical Pores in Top
View (Axial Direction) and Side View (Parallel to the Pore Axis); (d)
Radial Scattering Length Density Profile p(r) Adopted in the Data
Analysis

nanopores arranged side-by-side in a two-dimensional (2D)
hexagonal lattice (space group Pémm),'* as sketched in
Scheme 1. X-ray diffraction profiles from our SBA-15 sample
exhibit five well-resolved Bragg reflections from which we
derive a lattice parameter ao of 10.2 nm and a pore diameter
D = 8.1 nm, using the procedure described in ref 15, in
agreement with the pore size determined by nitrogen adsorp-
tion on the basis of the Kruk—Jaroniec—Sayari (KJS) prescrip-
tion.'® The adsorption isotherm of C,Es in this SBA-15
sample is shown in Figure 1a. It has a sigmoidal shape with
a sharply rising section at a concentration c/cmc 2 0.4, where
cmc =6 x 107> M is the critical micelle concentration. This
sharp increase in n(c) is a signature of a phase transition of
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Figure 2. Scattering profiles I(g) for SBA-15 with different surfac-
tant loadings [(a) 30%; (b) 60%; (c) 80%; (d) 100%] in contrast-
matching water (20 °C): scattering data (circles) and fit by the
present model (full line), with the contribution by diffuse scatter-
ing (dashed-dotted red lines) and of the three leading Bragg peaks
(blue areas). The positions of the Bragg reflections are marked by
vertical lines.

the surfactant in the pore.'” A limiting specific adsorption
nm=1.25mmol g~ ' is reached shortly above the cmc. From
the typical size of the SBA-15 particles (diameter 200 nm,
length 2 um), it is estimated that the ratio between inner and
outer surface area is about 10, which means that ca. 10 % of the
surfactant was adsorbed at the outer surface of the particles
and 90% in the cylindrical pores, corresponding to a maxi-
mum surfactant volume fraction ¢, ~ 0.45 in the pore space.

SANS measurements were made with a H,O/D,O solvent
mixture of H,O volume fraction 0.375, which has the same
scattering length density as the silica matrix (p = 3.7 X
10'° cm™?). When SBA-15 is immersed in this contrast-
matching water, the Bragg reflections from the pore lattice
are completely suppressed and only a constant background
remains, mostly due to incoherent scattering from the
protons of H,O (Figure 1b).'® Hence, in the presence of
the surfactant (o = 0.13 x 10'® cm™ for pure C,,Es),
scattering was due to the surfactant against a uniform
background of matrix and water. Scattering profiles I(g) of
samples with surfactant filling factors f = n/n,, correspond-
ing to 30, 60, 80, and 100 % of maximum loading are shown
in Figure 2, where a constant scattering background (Ig in
eq 1) is already subtracted. All SANS profiles exhibit a broad
diffuse-scattering peak superimposed with Bragg reflec-
tions, which are weak at low surfactant loadings but become
prominent at high loadings. The positions of the Bragg
reflections from the 2D hexagonal lattice at gpx, = (47/
aoy/3)(h* + R* + hk)''? (hk = 10, 11, 20) are indicated by
vertical lines. To describe the SANS profiles quantitatively,
we consider the total scattering amplitude as the sum of the
individual contributions from all the mesopores (assum-
ing that there is no correlation between the scattering
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Figure 3. Primary results of data analysis as a function of the
surfactant loading f: (a) position g, and intensity ratio Io/I,, of the
correlation peak in the diffuse scattering; (b) integral intensities I,
of the leading Bragg reflections.

amplitudes in the different pores), which can be written in a
compact way'’

1(q) = Ivg+lase(q) + S(q)|F(q)[° (1)

with Iy o< (@/g)[{|AI%) — KA)|?] and F(g) = (A), where (A) is
the 2D scattering amplitude from a circular pore averaged
spatially over all pores as well as circularly for a rotation
around the pore axis. (A|?) is the analogous average of the
amplitude squared, and the factor 7t/q is due to the spherical
average of the cylindrical structures.

The last term in eq 1 is the Bragg diffraction and depends
on the structure factor S(g), which is the spherical average of
the Bragg rods from the 2D pore lattice. S(q) was modeled as a
sum of three Gauss peaks centered at the respective positions
gnx- The widths of the Gauss peaks were obtained by data
fitting, keeping them identical for all three peaks in a given
diffraction diagram and for all surfactant loadings. The for-
mation of a surfactant layer at the pore walls was modeled by
a step-density profile p(r) as indicated in Scheme 1d. This
model is equivalent to the form factor of a cylindrical shell
structure

Flg) = —— 2P

9(Ry? _ng)[RoJl (qRo)
where Ry = D/2 is the pore radius, R, is the inner radius of the
surfactant layer, Ap = pg — pr is the density increment of the
surfactant layer (mean scattering length density pf) against
matrix and water (pg), and J; is the Bessel function of first
order. The function |F(g)|* exhibits sharp minima, which
move to larger g as the shell thickness t = Ry — R; increases,
causing a modulation of the intensities of the individual Bragg
peaks with increasing t.'”

The second term in eq 1 represents the diffuse scattering
arising from surfactant aggregates in the silica matrix. We
found that this can be represented by a scattering function for
a disperse two-phase system with spatial correlations:

Io
Lae(q) = B(C])(l —Io/In) (G2 /G2 — 1)° +Io/Im

where I, and g, represent the coordinates of the respective
correlation peak. Equation 3 with B=1 (when I, is the limiting

RiJi(qR1)] (2)
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Figure 4. Length parameters that characterize the arrangement of
surface aggregates of the surfactant in the pores as a function of
the filling factor f: (a) interparticle distance of surfactant aggre-
gates d, correlation length &, and layer thickness ¢; (b) scaling of the
relative interparticle distance z = dldn, with the filling factor
f (see text).

value of Iy at g = 0) was originally proposed for microemul-
sion systems by Teubner and Strey,*® and similar expressions
have been widely used to describe the time evolution of phase
separating systems.”'*> We use the previously proposed
expression with B(q) = ¢*/(k + g*), where k is a constant.”’
However, since this expression describes a bulk system rather
than a fluid confined to cylindrical pores, eq 3 can only be
considered a rough approximation. Nevertheless, we believe
it captures the essence of the fluid inhomogeneities within the
pores.

Analysis of the experimental scattering profiles in terms of
egs 1—3 is shown in Figure 2. It yields the parameters g,
and Io/l,, of eq 3 and the integrated intensities 7B(qhk) =
[Te(gne)q°dq of the leading Bragg reflections. It is found that
the position of the peak maximum (g,,) in Iq4;(g) moves to
higher g, and the peak intensity parameter (Io/l;,) decreases
as the surfactant loading increases (Figure 3a). The Bragg
intensity I, exhibits a shallow minimum near f= 0.3 and is
the smallest of the three Bragg peaks at f > 0.15 (Figure 3b).
This is a signature of a shell structure, clearly indicating that
the surfactant forms a layer at the pore wall rather than
forming micelles in the core.

From the present analysis we derive three length para-
meters that characterize the self-assembly of the surfactant in
the pores: the average thickness ¢ of the surfactant layer, the
characteristic (quasi-periodic) distance d between surfactant
aggregates (equivalent to the domain size in microemulsion
systems), and the correlation length & of this quasi-periodic
arrangement of surface aggregates. The quantities d and & are
calculated from the parameters Iy/l,, and g, of eq 3.2 The
resulting dependency of the three length parameters on the
surfactant filling factor fis shown in Figure 4a. We first turn to
the observation that the distance d between surfactant agg-
regates decreases as f increases. The value at the lowest
surfactant loading (f=0.15), d & 10 nm, is close to the lattice
constant ao of the pore lattice and corresponds to one
surfactant aggregate per 10 nm along each pore. In this
regime of low surfactant loadings we expect isolated surfac-
tant aggregates. The observed decrease in d then implies that
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the number of surfactant aggregates increases with f. If the
mean aggregate size is independent of the amount of sur-
factant in the pores, the number of aggregates, N, will be
directly proportional to the filling factor. In nonconfined three-
dimensional (3D) systems, N scales with the aggregate dis-
tance as N o< d °, and we expect f o< 73, with z = dldmin.
However, if the system is confined to 2D or 1D, scaling as
f ez with n = 2 or 1, respectively, is expected. The
experimental data conform to a scaling with n = 2, for which
the standard deviation is nearly a factor 2 lower than for the
fits with n =3 and n = 1 (Figure 4b), indicating a significant
influence of the excluded volume on the arrangement of the
surfactant aggregates in the SBA-15 matrix. The correlation
length & of this quasi-periodic arrangement is quite small at
low filling fractions but increases with f (Figure 4a), and the
ratio §/d increases from 0.15 at f=0.15 to about 0.5 at f= 1.
Values of &/d in a range from 0.25 to 0.5 are reported for
microemulsion systems in the bulk phase.*°

To estimate the mean size of surfactant aggregates in the
pores (volume V,g5) we calculate the number of aggregates
per unit mass of silica as N = Viodd®, Where v, is the volume
per unit mass of the SBA-15 matrix, given by v, = [ps(1 — 2725%/
V37", with ps being the mass density of silica and S= Ro/ag.
From the known number of aggregates and the overall
volume v of surfactant per unit mass of silica (v = n/p, with
p being the mass density of the surfactant) we obtain Vigg = V/N.
The resulting values correspond to spherical particles of radius
Ragg = 2.6 & 0.2 nm, or oblate ellipsoids”'* of small semiaxis
¢= 1.3 nm (see below and Scheme 1c for justification), and large
semiaxis a =3.7 £ 0.3 nm, without systematic size dependence
with the filling factor. This picture of isolated surface micelles is
plausible at low surfactant loadings but is probably unrealistic at
high loadings, as discussed below.

The average thickness ¢ of the adsorbed surfactant layer
increases with f (Figure 4a), and a similar increase is found for
the density increment Ap (not shown). The reader is re-
minded that the values of ¢ result from angular averaging of
the inhomogeneous density distribution in the pore and
replacement of the resulting radial density profile p(r) by a
step profile. Due to this averaging, ¢ will be smaller than the
width of the surface aggregates as long as only part of the pore
wall is covered by surfactant. Accordingly, surface micelles of
some flattened geometry (such as the oblate ellipsoids men-
tioned above) and having a width of up to 3 nm are compa-
tible with the observed layer thickness ¢ at intermediate
loadings. At the highest loading the mean film thickness
reaches 2.6 nm. From the amount adsorbed and the volume
of a hydrated surfactant molecule (0.97 nm®)’? we estimate
that about 75% of the layer volume is occupied by surfactant
at maximum loading, which suggests a morphology of inter-
connected bilayer patches. This picture is consistent with the
pronounced increase in Bragg scattering intensity at high
values of f seen in Figures 2 and 3b. Note, however, that the
thickness of the surfactant layer at the pore walls remains
much smaller than that of a bilayer at flat silica surfaces
(4.2 nm for C;,Es),” indicating a highly distorted structure of
the layer.

In conclusion, by combining the information extracted
from diffuse scattering and Bragg scattering, we find that the
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highly cooperative adsorption of the surfactant in the pores
occurring at a bulk concentration ¢ & 0.4 cmc involves the
formation of isolated surfactant aggregates (surface micelles),
increasing in number with the filling factor f, until they merge
to interconnected patches at high surfactant loading. The
observed scaling of the relative interaggregate distance
7 = dldin With the surfactant filling factor ( fe< z %) indicates
that the quasi-periodic arrangement of the surfactant aggre-
gates in the SBA-15 particles is significantly affected by the
excluded volume of the silica matrix. Further work on the self-
assembly of different surfactants in the pores of SBA-15 is in
progress.

METHODS

The adsorption isotherm of C,E5 in the SBA-15 sample
was determined by equilibrating the silica powder with solu-
tions containing appropriate amounts of the surfactant, and
determining its concentration in the supernatant by surface
tension measurements."" SBA-15 samples with surfactant
filling factors f from 0.15 to 1 in contrast-matching H,O/
D,O were prepared and transferred to specially designed
slurry cells.'® SANS measurements were performed at the
small momentum transfer diffractometer D16 at Institut
Laue-Langevin (ILL, Grenoble). The range of scattering vectors
q=(4m/2) sin(@) was 0.4 < g < 4.5nm” ', with the scattering
angle 20 and the neutron wavelength 1 = 0.47 nm (AA/A =
0.01). Data acquisition times were between 2 and 3 h (total for
two detector angles).
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