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We report an approach for the fabrication of periodic molecular nanostructures on surfaces. The approach
involves biomimetic self-organization of synthetic wedge-shaped amphiphilic molecules into multilayer
arrays of cylindrical reverse micelles. The films were characterized by atomic force microscopy and X-ray
reflectivity. These nanostructured films self-assemble in solution but remain stable upon removal and
exposure to ambient conditions, making them potentially suitable for a variety of dry pattern transfer
methods. We illustrate the generality of this approach by using two distinct molecular systems that vary
in size by a factor of 2.

Introduction
Biomimetic molecular self-organization has become an

important and viable method for the creation of nanoscale
objects and materials as a result of the potential for
massively parallel fabrication of highly uniform (mono-
disperse) and organized assemblies. The self-organization
of natural and synthetic peptides,1-3 polynucleotides,4-6

diblock copolymers,7-10 lipids/surfactants,11-14 and com-
binations of these species15,16 has been widely exploited
in threedimensions forapplications includingnanoparticle
synthesis, nanocomposite and nanoporous materials,
biomaterials, and sensors. Similarly, the ability to control

two-dimensional nanoscale structure within thin molec-
ular films promises to create new opportunities for
tailoring the physicochemical properties of surfaces. Here
we report a strategy for the spontaneous formation of
extremely small (2-5 nm) periodic molecular nanostruc-
tures that self-organize in solution and remain stable
under ambient conditions (i.e., after removal from solu-
tion). The approach involves surface adsorption of wedge-
shaped amphiphiles from a nonpolar solvent onto a solid
substrate with which the adsorbate molecule has a specific
favorable interaction.

To date, a few approaches have been used to create
self-organized nanostructured molecular films: solution
casting of diblock copolymer thin films,7-10 adsorbed layers
of surfactants in aqueous solution (surface micelles),17-20

and adsorbed copolymer thin films.21,22 The principles
behind self-assembly in these systems have been thor-
oughly studied and are well-understood. For example,
copolymer pattern dimensions can be controlled by block
length, solvent, and polymer structure. Surface micelle
shape (spherical vs cylindrical) and dimension are influ-
enced by molecular geometry and size. Periodic structures
within diblock copolymer thin films have typical dimen-
sions in the range of 10-100 nm, comparable to the current
state-of-the-art for photo- or electron-beam lithography.
A very recent and innovative approach, involving cast
films of self-assembling dendrimers,23-26 results in surface
patterns with repeat distances of 5-10 nm.
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Surface micelles result in periodic arrays with a char-
acteristic length scale of approximately 5 nm. Surface
micelles also have the advantage of being an equilibrium
phase, so they can be annealed to improve long-range
order. However, surface micelles are stable only within
the aqueous environment and the structures typically do
not survive removal from solution. This limits their utility
in pattern transfer applications; for example, they are
incompatible with dry processes such as evaporative
deposition, chemical vapor deposition, and so forth. The
approach described here is closely related conceptually to
that of surface micelles and results in periodic nano-
structures with a similar characteristic size. The film
represents an equilibrium phase and is stable under
ambient conditions, making it suitable for a variety of
pattern amplification methods. Moreover, the size (and,
in principle, symmetry) of the surface patterns can be
varied by appropriate modification of molecular archi-
tecture.

Our approach exploits the fact that the shape of a
surfactant assembly is directly related to the architecture
of the constituent molecules.27 For example, single-chain
surfactants typically form spherical micelles, while double-
chain lipids form planar bilayers. Micelles and bilayers
also form on solid surfaces under appropriate conditions
in aqueous solution; however, these assemblies leave the
hydrophilic headgroups exposed, which is not thermody-
namically favorable in contact with a vapor phase, so
surface micelles are disrupted during removal from
aqueous solution. When the cross-sectional area of the
hydrophobic region is much greater than that of the
hydrophilic headgroup, reverse micelles are preferred (in
nonpolar solvent). Because the hydrophobic tails are
exposed in these structures, we hypothesized that surface
reverse micelles could remain stable upon removal from
solution. In the experiments we have performed to date,
this has been true only in cases where the molecular
headgroups have a specific and favorable interaction with
the solid substrate. For example, wedge-shaped phos-
phonate amphiphiles formed a stable reverse surface

micelle phase on mica but not on silicon oxide. This
behavior is consistent with observations that alkylphos-
phonates form planar self-assembled monolayers (SAMs)
on mica28,29 but no stable monolayer is formed on silicon
oxide. Similarly, a sulfonate-based surfactant formed a
stable reverse micelle film on sapphire, but not on silicon
oxide.

Experimental Details
Sodium bis-2-ethylhexylsulfosuccinate (98% purity), or AOT,30

was obtained through Aldrich (Milwaukee, WI). The amphiphile
disodium-3,4,5-tris(dodecyloxy)phenylmethylphosphonate, or
TDPMP, was synthesized and purified as described elsewhere.31

Isooctane (99.9%; Fischer Scientific, Fair Lawn, NJ) was used
as the solvent for self-assembly. Methanol (99.9% purity), sulfuric
acid, and hydrogen peroxide were also purchased from Fischer
Scientific. Water was purified with a Milli-Q UV+ purification
system (Millipore, Bedford, MA). Polished sapphire wafers
(diameter 2 in., thickness 0.013 in.) of R-plane sapphire (R-Al2O3)
were purchased from Bicron (Washougal, WA). The wafers were
cut into smaller pieces with a diamond scribe, cleaned in a piranha
solution (∼3:1 concentrated H2SO4/30% H2O2) for 20-30 min at
80-90 °C, thoroughly rinsed in Millipore water, and blown dry
with nitrogen gas. The pieces were then annealed within 1 day
in a nitrogen-purged muffle furnace at 1300 °C for 2 h or 1100
°C for 30 h to obtain surfaces characterized by atomically flat
terraces (typically 100-300 nm wide) and steps <0.5 nm high.
Once the terraces had formed, a minimum of 500 °C for 2 h was
required to dehydrate the sapphire surface, enabling monolayer
formation. Just before immersion, these surfaces were UV oxygen
cleaned for 30 min to minimize the effect of the ambient
contamination. In all cases, the sapphire pieces were used for
solution adsorption within 3 days of annealing. Muscovite mica
(purchased from Ted Pella, Inc., Redding, CA) was cut into 12.7
mm diameter disks and then cleaved just before immersion.

Solutions of AOT/isooctane were prepared by dissolving excess
AOT (at least 100 mg) in methanol (20-30 mL) and heating the
solution in a vacuum oven for a minimum of 6 h to remove any
AOT-bound water. The dehydrated AOT (stored in a desiccator)
was then used to make the AOT/isooctane solutions within 77
days of dehydration. TDPMP was used as received. Sonication
of the TDPMP/isooctane solutions for 1 h was required for
complete dissolution. Substrates were immersed in surfactant/
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Figure 1. (a) Chemical structures of the two wedge-shaped surfactants. (b and c) Phase contrast AFM micrographs of adsorbate
films imaged in air, exhibiting characteristic surface patterns. (b) Surface of adsorbed AOT film on R-sapphire after 2 h of immersion
in 2.0 mM solution. The corresponding Fourier transform power spectrum is inset. Scale bar is 30 nm. (c) Surface of adsorbed
TDPMP film on mica after 1 h of immersion in 1.0 mM solution and corresponding Fourier transform power spectrum (inset). Scale
bar is 55 nm.
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isooctane solutions at room temperature for various times,
removed, and imaged. Upon removal from solution, the surfaces
were free of excess solvent.

Atomic force microscopy (AFM) imaging of adsorbed films was
performed with a Digital Instruments (Santa Barbara, CA)
Nanoscope III MMAFM instrument, equipped with an E scanner.
All images were obtained through the tapping mode using etched
silicon probes (NanoDevices, Inc., Santa Barbara, CA) with
fundamental resonance frequencies (f0) of 300 kHz. These
cantilevers are 125 µm in length and have a spring constant (k)
of 40 N/m, width of 45 µm, and thickness of 4 µm. Phase and
height (topographical) images were captured simultaneously at
scan rates 1.20-2.35 Hz. Images were acquired in at least three
macroscopically separated areas of each sample, and reported
surface coverage and height differences are the result of the
general trends found in these areas. Images were minimally
flattened. The bilayer heights and domain sizes were determined
from sectional analysis. The two-dimensional spectra were
obtained by a Fourier transform and used to determine the
spacing of the observed columnar structures.

X-ray reflectivity experiments were performed at Beamline
X22 of the National Synchrotron Light Source at Brookhaven
National Laboratory. Reflectivity spectra were obtained for both
the clean sapphire substrate (not shown) as well as the substrate
covered by TDPMP film. The reflectivity of the bare substrate
showed only a gradual decay from the calculated Fresnel
reflectivity, consistent with surface roughness.

Results and Discussion

Two wedge-shaped amphiphiles, AOT30 and TDPMP31

(Figure 1a), were studied to establish a general under-
standing of this self-assembly phenomenon. AOT is known
to form spherical reverse micelles in bulk solution.32,33

Parts b and c of Figure 1 show AFM images of typical
surface patterns produced from adsorbed layers of AOT
and TDPMP, respectively. In the case of AOT, surface
structures were observed on annealed R-sapphire,34

whereas TDPMP formed surface structures on mica. The
structural features observed were distinctly different for
each system. First of all, the repeat distances of the
patterned stripes differed, and each was directly related
to the molecular size of the respective amphiphile. The
repeat distance of the AOT structures, determined by
Fourier transform analysis (Figure 2b, inset), was 2.4 (
0.1 nm. The molecular length of AOT is ∼1.3 nm, so these
structures are approximately two molecular lengths in
size. However, they are significantly smaller than solution-
phase AOT spherical reverse micelles, which have a
diameter of 3.4 nm.32,33 It is possible that the size difference
may be connected to the difference in the shape of the
aggregates. The repeat distance of the TDPMP surface
structures was 4.45 ( 0.15 nm which is also consistent
with twice the molecular length of the molecule (∼2.3 nm).
For comparison, a sulfonic acid analogue of TDPDP has
been reported to form a hexagonal lyotropic liquid crystal
phase with a cylinder spacing of 4.2 nm.35

The general appearance/morphology of the patterns
differed for the two surfactants. The AOT surface showed
meandering stripes, which produced an overall fingerprint-
like texture, resembling a two-dimensional smectic liquid
crystal texture. In contrast, the TDPMP layers formed
relatively small crystalline domains with distinct grain
boundaries. The small grain size may be related to the
presence of impurities, or it may simply be a consequence

of the details of the film’s nucleation and growth process.
The structures within a particular domain had a large
degree of positional and orientation order. Analyzing the
Fourier transform of the TDPMP surface reveals that the
structures are oriented in three discrete directions (Figure
1c, inset), suggesting an orientational epitaxy with the
hexagonal symmetry of the underlying mica surface.

Some AFM images showed the presence of surface steps
with a height equal to the in-plane repeat distance (2.4
nm for AOT, 4.5 nm for TDPMP). This suggests that the
films consist of stacked layers with a spacing equal to two
molecular lengths. The representative image of such a
step in an AOT film shown in Figure 2a also indicates
that the periodic structures in adjacent layers are in
register with each other. Synchrotron X-ray reflectivity
experiments were performed to unambiguously determine
the buried structure of the AOT film. X-ray reflectivity
data (Figure 2b) showed a Bragg peak at 0.266 Å-1,
corresponding to a repeat distance (unit cell) of 2.36 nm
in the surface normal direction, and Kiessig fringes
separated by approximately 0.060 Å-1, corresponding to
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Figure 2. (a) Phase contrast AFM micrograph of adsorbed
AOT film on R-sapphire after 2 h immersion in 2.0 mM isooctane
solution, showing coherent stacking of structures in a multi-
layered film. Scale bar is 20 nm. The corresponding height image
indicates that the height of the step in this image is ∼2.5 nm.
(b) X-ray reflectivity divided by the theoretical Fresnel reflec-
tivity. (c) Structure of a thin film of wedge-shaped molecules
consistent with X-ray results and AFM observations.
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an overall film thickness of 10.5 nm, or approximately 4.5
unit cells. The second harmonic of the Bragg peak was not
prominent in the data due to the details of the X-ray form
factor. (Raw X-ray data are provided as Figure S.1 in
Supporting Information.)

Taken together, the AFM and X-ray data are consistent
with each other and with the type of structure shown in
Figure 2c, with an adsorbed monolayer adjacent to the
substrate followed by stacked layers of cylindrical reverse
micelles. In particular, the layered nature of the structure
rules out the possibility of vertically oriented lamellae.

We cannot completely rule out the possibility that the
nanostructures actually represent solid crystalline films
of the surfactants. However, we feel that this possibility
is unlikely for several reasons. The meandering nature of
the AOT stripes strongly suggests liquid crystalline
behavior. Also, these wedge-shaped surfactants do not
crystallize readily because of their geometry. Finally, for
surfactants that do form solid crystals, the crystal
structure generally resembles a lamellar structure, where
only one lattice dimension is related to twice the molecular
length. However, the structures observed here display a
bilayer length scale in two dimensions, lateral and surface
normal, consistent with the hexagonal packing of cylin-
ders.

Observationsof film structureas a function of immersion
time provide interesting insight into the assembly mech-
anism. Figure 3 shows a TDPMP film resulting from a
very short immersion time. These patterns, indicative of
the early stage of growth, consist of a mixture of short
rodlike shapes and roughly circular features. Correlated
domains are very small, grain boundaries are not appar-
ent, and preferred alignment is lacking. The differences
in the surface morphology, between early growth and
prolonged growth (Figure 1c), suggest that a self-organiz-
ingprocessoccursonthesurfaceafter the initialadsorption
step. Figure 3 also depicts the presence of three different
layers (separated by a dark shadowing artifact). Region
1 is featureless, while regions 2 and 3 show periodic
nanostructures. This is consistent with the structure
shown in Figure 2c, where a flat monolayer forms the

basis for the subsequent deposition and organization of
cylindrical reverse micelles. Analogous stepped structures
are seen in the early stages of AOT film growth. These
observations are consistent with the hypothesis that an
initial strongly adsorbed, dense monolayer is necessary
for the subsequent formation of structured bilayers. This
would require an appropriate adsorbate-substrate in-
teraction. An appropriate criterion for the necessary
headgroup-substrate interaction appears to coincide with
that for the formation of a stable SAM of a single-chain
adsorbate with the same headgroup. For example, just as
stable alkylsulfonate SAMs form on sapphire but not mica,
stable nanostructured films of AOT form on sapphire but
not mica. (The details of the interaction between these
organic acid adsorbates and mica or alumina are not well
understood; we speculate that a Lewis acid/base interac-
tion with aluminum ions may be involved.) Neither AOT
nor TDPMP forms stable films on SiO2 substrates,
consistent with observations that stable SAMs of alkyl-
phosphonates or alkylsulfonates also do not form on this
substrate. However, it is notable that the mica and
sapphire substrates are essentially atomically flat, while
the silica surfaces used are amorphous. So we cannot rule
out the influence of roughness and/or crystallinity on the
formation of these stable nanostructured films.

Conclusions

We have demonstrated a new approach for preparing
nanostructured self-organized ultrathin molecular films
that remain stable under ambient conditions. The ap-
proach involves reverse micelle-forming amphiphiles
(wedge-shaped) with headgroups that have a specific and
favorable interaction with the chosen solid substrate. Two
examples were demonstrated, one with two branched tails
and one with three linear tails. In both cases, the repeat
distance of the periodic nanostructures was consistent
with twice the molecular length, suggesting a general
strategy for tailoring the periodicity of such structures.
In one case, a two-dimensional crystalline phase was
observed, with domain orientations that appeared to be
dictated by the crystalline axes of the underlying mica
substrate. In the other case, however, a meandering
“fingerprint” texture was observed, consistent with a two-
dimensional smectic liquid crystal phase. This liquid
crystalline phase may prove to be particularly amenable
to mesoscopic alignment via interaction with lithographi-
cally defined microstructures and/or external fields.
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Figure3. Phase contrast AFM micrograph of adsorbed TDPMP
film on mica after 1 min of immersion in 1.0 mM isooctane
solution, showing the presence of disorganized structures and
multiple layers. Scale bar is 30 nm. The corresponding height
image indicates that the height of the steps between distinct
regions in this image is ∼4.5 nm.
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