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ABSTRACT: Threadlike molecular assemblies are ex-
cluded from narrow pores unless attractive interactions
with the confining pore walls compensate for the loss of
configurational entropy. Here we show that wormlike
surfactant micelles can be assembled in the 8 nm tubular
nanopores of SBA-15 silica by adjusting the surfactant−
pore-wall interactions. The modulation of the interactions
was achieved by coadsorption of a surface modifier that
also provides control over the partitioning of wormlike
aggregates between the bulk solution and the pore space.
We anticipate that the concept of tuning the interactions
with the pore wall will be applicable to a wide variety of
self-assembling molecules and pores.

Molecular assemblies are strongly influenced by confine-
ment in space. The constraints imposed by the

bounding surfaces can induce new structures and open
pathways to materials with unique properties.1 This concept
has been demonstrated for diblock copolymers (formed by two
chemically different polymers joined together on one end), for
which the microphase separation in cylindrical pores can lead to
cylindrical or helical structures or concentric layers, depending
on the size ratio of the two blocks and the repeat period of the
block copolymer in relation to the pore size.2−4 Confinement-
induced self-organization of block copolymers has been
observed in pores with typical diameters of 100 nm, but
simulation studies have reported similar phenomena for short-
chain amphiphiles in systems with nanotubes having diameters
of less than 10 nm.5,6 A cornucopia of polymorphic surfactant
assembly structures, including single- and double-stranded
wormlike or spiral micelles, was presented in a study by Arai et
al.7 However, this study was focused on the self-assembly in an
isolated pore and could not tell whether the confinement-
induced aggregates also existed in equilibrium with a bulk
solution.
It is well-established that wormlike micelles in many ways

behave as living polymers.8 For a flexible or semiflexible chain,
the number of possible configurations in confined space is
smaller than in dilute solutions, resulting in a loss of
configurational entropy. Accordingly, polymers avoid entering
into pores with sizes less than their effective molecular
diameter9 unless this entropy loss is balanced by attractive
interactions with the pore walls. The influence of attractive and
repulsive polymer−surface interactions on the partitioning of
polymer chains between a pore and a reservoir has been

highlighted in a theoretical study by Freed et al.10 Experimental
verification of these predictions is difficult because of notorious
problems related to the equilibration of polymer configurations
at interfaces. These problems can be avoided in studies of the
partitioning of living polymers that are assembled from
monomeric units inside the pores. Results for the partition
coefficient of wormlike micelles may be pertinent for classical
polymers because the partitioning equilibrium should be
independent of the mechanism of transport between the
reservoir and the pore space. With this motivation, we studied
self-assembed structures of a surfactant in cylindrical pores with
diameters of less than 10 nm. The surfactant in the pore space
is in equilibrium with a bulk solution, where it forms extended
wormlike micelles. We aimed to find out whether the formation
of wormlike micelles in the pores, although entropically
disfavored, could be induced by adjusting the interactions
with the pore wall. As a sensitive and precise in situ method for
modulating the interaction of the surfactant with the pore walls,
we adopted coadsorption of a low-molecular-weight substance
that competes with the surfactant for the same adsorption sites
at the surface.
Micellar aggregates of the nonionic surfactant pentaethylene

glycol monododecyl ether (C12E5) formed by adsorption from
solution into the cylindrical pores of SBA-15 silica were
examined in situ by small-angle neutron scattering (SANS).
SBA-15 constitutes two-dimensionally (2D) ordered arrays of
cylindrical pores of uniform size disposed parallel to each other
and separated by thin silica walls.11,12 The pore size of SBA-15
(ca. 8 nm) is distinctly larger than the cross-sectional diameter
of wormlike micelles of the surfactant C12E5 (ca. 5 nm). In
preceding studies,13,14 it was found that this surfactant forms
adsorbed patchy bilayers, indicating relatively strong inter-
actions with the pore walls. To modulate this interaction and
induce the formation of cylindrical micelles, a strongly adsorbed
amino acid (lysine) was used as the surface modifier in the
present work.15 Slurry samples of SBA-15 with the surfactant
and lysine were studied by SANS using a H2O/D2O solvent
mixture that matches the scattering length density of the silica
matrix (see Experimental Details). Scattering from the slurry
samples represents a sum of two contributions:13,14 Bragg
scattering (IBragg) from the pore lattice, which provides
information about the averaged radial concentration profile of
surfactant in a pore, and diffuse scattering (Idiff), which depends
on how the surfactant aggregates are distributed in the matrix.
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Here we focused on the Bragg scattering term, which enabled
us to discriminate between different structural scenarios of the
radial distribution of surfactant in a pore. For an array of long
cylindrical objects, IBragg is given by13

=I q KS q P q( ) ( ) ( )Bragg (1)

where S(q) is the structure factor of the pore lattice, P(q) is the
form factor of a unit cell, and K is a constant. The spherically
averaged structure factor of a 2D hexagonal lattice is given by
S(q) = q−2∑hkmhkShk(q), in which mhk is the multiplicity factor
of a reflection with Miller indices hk [mhk = 6 for the (10), (11),
and (20) reflections]. The Bragg peaks Shk(q) were modeled by
Gaussian functions Shk(q) = ahk exp[−b(q − qhk)

2] located at
positions qhk = (4π/a0√3)(h2 + k2 + hk)1/2, where a0 is the
lattice parameter of SBA-15, ahk is the amplitude of peak (hk),
and b characterizes the width of the Gaussian peaks, which was
kept constant in the data analysis of all of the samples. The
form factor P(q) in eq 1 was modeled for different surfactant
aggregate morphologies. Simulated Bragg scattering profiles for
two different modes of surfactant self-assembly in the pore and
for the case of micelle formation outside the pore space are
shown in Figure 1. The simulations were based on the lattice

parameter (a0 = 11.6 nm) and pore diameter (D = 8.2 nm) of
the present SBA-15 sample, a layer thickness of 2.5 nm for the
adsorbed surfactant film, and a cross-sectional radius of 2.5 nm
for the cylindrical and wormlike geometries of the surfactant
aggregates.
(i) When the surfactant forms surface micelles or adsorbed

bilayer patches (Figure 1a), the volume-averaged configuration
represents a surfactant layer at the pore wall. In the chosen
silica contrast-match scenario, this geometry corresponds to a
cylindrical shell. Hence, the form factor of a hollow cylinder,
PHC(q), is used in eq 1. It causes changes in the individual
Bragg peak intensities from the original lattice structure factor
S(q) (dotted) to the peak intensities indicated by shaded
regions. Since the first minimum in PHC(q) is situated at a q
value near the (10) Bragg reflection, the intensity of this peak is
strongly reduced.
(ii) When the surfactant forms cylindrical micelles or related

structures in the center of the pores (Figure 1b), this can be
simulated by using the form factor of a cylindrical rod, Prod(q),
in eq 1. As Prod(q) is a monotonically decreasing function in the

relevant q range, the intensity of the (10) Bragg peak is
enhanced relative to the (11) and (20) peaks in this scattering
geometry.
(iii) When the surfactant is excluded from the pore space and

forms wormlike micelles in the extrapore liquid volume, no
Bragg scattering occurs in the chosen contrast scenario. Figure
1c shows the scattering profile for wormlike micelles of the
surfactant based on the form factor for semiflexible worms,
Pworm(q).

16

In the experiments, the influence of surface modification on
the morphology of the surfactant aggregates in the pores was
studied by coadsorption of the amino acid lysine. The level of
surface modification can be expressed by the relative adsorption
level of lysine, θ = nL/nm

L , where nL is the amount of lysine
adsorbed and nm

L is the maximum adsorbed amount
(corresponding to a surface density of lysine molecules of
0.45 nm−2). Scattering curves for a fixed surfactant loading
(95% of maximum adsorption, corresponding to φ ≈ 0.4, where
φ is the surfactant volume fraction in the pore space14) at
different lysine adsorption levels (θ = 0.1, 0.7, and 0.9) are
shown in Figure 2. At the chosen lysine concentrations, the

scattering originated almost entirely from the surfactant
aggregates, while lysine made no detectable contribution. The
scattering curves for θ = 0.1 and 0.7 represent a superposition
of Bragg scattering and diffuse scattering. These could be
separated by modeling the diffuse scattering using the
Teubner−Strey relation,17 which applies to microphase-
separated systems with correlations among the domains. The
resulting contributions IBragg(q) and Idiff(q) are also shown in
the graphs. The results for the sample with the lowest lysine
adsorption (θ = 0.1; Figure 2a) are in close agreement with
earlier results for a sample without lysine.13 As the lysine
adsorption level was increased, the (10) Bragg peak strongly
increased, as shown for the θ = 0.7 sample (Figure 2b).
However, as the lysine adsorption level was further increased to
θ = 0.9, the Bragg scattering vanished, and the profile could be
modeled using Pworm(q)

16 (Figure 2c). The pronounced
changes in scattering behavior induced by surface modification
can also be seen in the primary scattering patterns, which are
shown as insets in Figure 2. Results such as those in Figure 2

Figure 1. Simulated scattering profiles for three scenarios of surfactant
aggregation as sketched in the cartoons (insets): (a) surface micelles
adsorbed on the pore wall; (b) rodlike micelles in the core of the pore;
(c) wormlike micelles in the solution outside the pores. The form
factor of the aggregates is indicated by solid black lines, and the Bragg
peaks for empty pores are shown as dotted lines; net scattering profiles
for the three cases are indicated by the shaded areas.

Figure 2. SANS 1D profiles I(q) and (insets) 2D scattering patterns
for SBA-15 slurry samples prepared with a fixed amount of C12E5 ( f =
0.95) in contrast-matching H2O/D2O at different degrees of surface
modification with lysine: (a) θ = 0.1; (b) θ = 0.7; (c) θ = 0.9. Also
shown are fits to the scattering profiles (black lines) based on a
combination of a diffuse scattering term Idiff (green lines) and a Bragg
scattering term IBragg (contours of blue shaded areas). In (c), the data
were fitted by the form factor for wormlike micelles, Pworm(q),

16

without the Bragg scattering term.
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were obtained independent of whether lysine was added before
or after the surfactant, indicating that the morphology of the
surfactant aggregates depends solely on the level of surface
modification.
Further analysis of the data was performed on the basis of

integrated intensities.14 Individual integrated Bragg peak
intensities Ih̃k are shown in Figure 3a, and the overall

contributions from Bragg scattering (IB̃ragg) and diffuse
scattering (Id̃iff) are given in Figure 3b as functions of the
level of surface modification θ. The total integrated intensity,
It̃otal = IB̃ragg + Id̃iff, which is also shown in Figure 3b, is a
measure of the overall amount of surfactant in the samples.
From the evolution of the individual peak intensities Ih̃k and the
total intensity It̃otal shown in Figure 3, the following conclusions
can be drawn:
(1) As the lysine surface concentration θ was increased from

0.1 to 0.7, the intensity I1̃0 increased by a factor 3 while the
intensities I1̃1 and I2̃0 decreased. This change in the peak
intensities, combined with the fact that the amount of
surfactant in the sample (as indicated by It̃otal) remained
constant, is conclusive evidence for a change in the morphology
of the aggregates in the pores from a surfactant layer at the pore
walls (at θ = 0.1) to aggregates with cylindrical geometry in the
cores of the pores (at θ = 0.7). The mean diameter (d) of these
aggregates was estimated from the volume fraction of surfactant
in the pores as d = D√φ . With D = 8.2 nm and φ = 0.4, this
expression gives d = 5.2 nm, which is similar to the diameter of
wormlike micelles of C12E5 in solution.18 This simple estimate
implies that cylindrical micelles exist within the entire length of
the cylindrical pores.
(2) As the lysine surface concentration was further increased

from θ = 0.7 to θ = 0.9, all of the Bragg peaks vanished (IB̃ragg =
0), indicating that no surfactant was left in the pore space, while
It̃otal fell off to a low value, indicating that part of the surfactant
was present in the extrapore liquid of the slurry sample (see
Scheme 1), where the surfactant formed wormlike micelles, as
can be concluded from the fit of the scattering curve in Figure
2c.
For nonionic surfactants such as C12E5, the dominant

mechanism of binding to a silica surface is hydrogen bonding
of the silanol groups to oxygen atoms of the ethoxylate head
groups, either directly19 or mediated by water molecules.20

When lysine competes with the surfactant for the silanol
groups, the number of groups available for surfactant binding
decreases, and thus, its adsorptive binding to the surface
becomes weaker as θ increases. However, since lysine is
adsorbed on the silica surface via its terminal amino group,21

the zwitterionic α-amino acid moiety is exposed to the pore
space and may contribute to the binding of surfactant via N−
H···O hydrogen bonds from the α-amino group at high lysine
adsorption levels. Further studies to obtain a better under-
standing of the balance of attractive and repulsive interactions
of the surfactant with the pore walls are underway.
To our knowledge, this work is the first to show that the

partitioning of wormlike micelles between a bulk solution and
nanopores can be controlled by tuning the surfactant−wall
interactions. According to the seminal theoretical study on
chain partitioning between a pore and a reservoir by Freed et
al.,10 attractive polymer−surface interactions become decisive
in the regime of strong confinement, where Q ≡ (πRG/L)

2 > 1,
in which RG is the radius of gyration of the polymer and L is a
measure of the pore size. The surfactant studied here, C12E5,
forms semiflexible cylindrical micelles with a persistence length
(lp) of ca. 13 nm and a contour length (Lc) of 300 nm at 20
°C.18 Taking RG = (2lpLc) ≈ 35 nm and L = D = 8.2 nm, the
present system corresponds to a confinement parameter Q ≈
180. For such high values of Q, the theory10 predicts a strong
influence of the interaction parameter on the partition
coefficient, decreasing from a high value for weakly attractive
interactions to almost zero for weakly repulsive interactions
(see Figure 9 in ref 10). This agrees with the observed
transition in the partitioning of the cylindrical micelles of C12E5
when the level of surface modification increased from θ = 0.7 to
0.9. Further studies will show whether the coadsorption
method for controlling the partitioning of wormlike micelles
between pores and bulk phases can also be applied to classical
polymers with greater flexibility than the semiflexible micelles
considered here.
In conclusion, we have found that the self-assembly of a

common nonionic surfactant in tubular 8 nm nanopores can be
tuned by coadsorption of the amino acid lysine, which reduces
the adsorption affinity for the surfactant. An evolution of
equilibrium morphologies of the surfactant aggregates as a
function of the level of surface modification θ was found using
in situ SANS, which is free from artifacts that can arise during
the drying process for electron microscopy. At low lysine
adsorption levels, the surfactant formed patchy bilayer
aggregates at the pore walls, as observed in the absence of
lysine. At the highest degree of surface modification (θ = 0.9),
the surfactant was excluded from the pore space and formed
wormlike micelles in the aqueous bulk phase, reminiscent of
size exclusion of polymers from narrow pores with non-
adsorbing walls. Remarkably, between these two regimes of
weak and strong surface modification, we found a domain in
which the surfactant could enter the pores and form cylindrical
aggregates. We conjecture that this state of cylindrical micelles
in tubular nanopores is stabilized by weak adsorptive
interactions with the wall, which remain just strong enough
to balance the loss in configurational entropy relative to
wormlike micelles in the unconfined solution.
This work may trigger further in situ studies of

morphological transitions of surfactant and polymer aggregates
in nanoconfinement produced by precise tuning of their
interactions with the pore walls. The results will also contribute
to a fundamental understanding of the role of attractive and

Figure 3. Integrated scattering intensities for the surfactant C12E5 in
SBA-15 slurry samples as functions of θ: (a) individual integrated
intensities of the three leading Bragg peaks; (b) overall contributions
from Bragg and diffuse scattering and the total integral scattering
intensity.
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repulsive interactions in the partitioning of polymeric entities
between solution and nanopores.
Experimental Details. SBA-15 was synthesized as described
previously22 and characterized by nitrogen adsorption and
small-angle X-ray diffraction. The adsorption isotherm of lysine
on SBA-15 was determined at pH 7 as reported previously15

and represented by the Langmuir equation (maximum specific
adsorption nm

L = 0.57 mmol g−1, adsorption constant KL = 1.0
mM−1). The adsorption isotherm of the nonionic surfactant
C12E5 in SBA-15 exhibited a pronounced sigmoidal shape,
reaching a limiting adsorption nm

s shortly above the critical
micelle concentration (cmc = 6.5 × 10−5 M).13 For the present
SBA-15 material, nm

s = 1.15 mmol g−1. Samples for SANS
measurements were prepared as sketched in Scheme 1 using a

H2O/D2O solvent mixture that matched the scattering length
density of SBA-15 (ρsilica = 3.7 × 10−4 nm−2).14 Samples with
fixed surfactant loading (corresponding to a relative filling f =
ns/nm

s = 0.95) and a range of lysine surface concentrations θ
were prepared.
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Scheme 1. Sample Preparation for SANS Measurementsa

aSBA-15 was added to solutions of lysine in a H2O/D2O mixture that
matched the scattering length density of the silica. After surfactant
addition and equilibration (12 h), the supernatant was removed. The
resulting slurry samples consisted of SBA-15 powder containing most
of the surfactant and an approximately equal volume of solution.
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