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Introduction

Surface properties often play a central role in the design of

advanced materials for demanding applications. Although

the design goalsmay often bemet through surface chemistry,

recent discoveries suggest that greater gains may be made

through control of topology. Nowhere can this better be seen

than in nature. The microscopic structure of shark skin

has been shown to play a critical role in reducing frictional

drag.[1,2] One may also look to the iridescent patterns on

butterfly wings, which result not from pigmentation, but

from the interference and diffraction of light from the nano-

structured ridges on their surfaces.[3]

As seen above, different length scales are optimal for

different applications. In many cases the size scale is set by

tradeoffs between competing properties. When tradeoffs

occur, nature overcomes this limitation by creating a hier-

archy of surface structures over multiple length scales. Such

hierarchically rough surfaces are responsible for both the

superhydrophobicity of lotus leaves[4–7] and the unmatched

adhesive properties of gecko feet.[8–10] When properly

applied, this strategymakes it possible to optimize the desired

properties while minimizing any unwanted side effects.

The main lesson to be learnt from nature is that extra-

ordinary properties can be achieved with ordinary materials.

Observe that none of the starting materials are particularly

exotic (e.g., keratin, wax, chitin). Instead, we see that the

choice of material appears to depend less on properties than

on availability. In this respect, nature makes a strong case for

Summary: We describe a way to obtain biomimetic, hier-
archical surface morphologies. In order to mimic natural sur-
faces more accurately such as lotus leaves and gecko feet, we
employ a strategy that bears many of the attractive character-
istics of natural materials synthesis. The system in question
consists of a photocurable monomer and water. To this quasi-
two-component system we add polymer latex spheres. The
monomer–water interface is then manipulated according to
the well-established science of complex fluids. Drawing from
the rich phase behavior of particle-stabilized emulsions, we
demonstrate the creation of complex biomimeticmorphologies
over many length scales. The resulting structures are then
solidified by crosslinking the monomer with UV light.

Comparison of an AFM image of a PMMA colloidosome
assembly with that of the textured surface of a superhydro-
phobic Hygoryza aristata leaf (inset).
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focusing on advanced processing rather than advanced

chemistry.We, therefore, present a platform that can create a

hierarchy of well-defined surface features at multiple length

scales.

In order to match nature’s control over topology, we will

employ a system that bears many of the attractive features of

natural materials synthesis: an aqueous environment, mini-

mal waste, low energy, and low cost. The system in question

will consist of a photopolymerizable monomer and water.

Since the two liquids essentially form an oil–water interface,

the topology of the oil phase can be easily manipulated using

surface-active lipids or particles. By drawing from the rich

phase behavior of complex fluids, it will be possible to create

intricate morphologies from colloidal length scales down to

molecular dimensions.[11] In this communication, we focus

on theuse ofparticulate additives for controlling the topology.

Colloidal particles have already been successfully used to

generate topologically complex surfaces. Using layer-by-

layer deposition of polyelectrolytes and charged nanopar-

ticles, several groupshave fabricated stableorganic–inorganic

hybrid films with controlled roughness on both micron and

nanometer length scales.[12–14] Such structures exhibited

either excellent superhydrophobicity or superhydrophilicity

depending on the particle type. Particle-stabilized emulsions

are another example of synthetic structures possessing

hierarchical structure. In a manner similar to that described

above, Angelatos et al. have described the creation of

nanoparticle capsules by infiltrating gold nanoparticles into

the shell of polyelectrolyte multilayer capsules.[15] With

respect to the current study, our approach builds uponprevious

work in which nanoparticle-coated surfaces were formed by

creating particle-stabilized emulsions.[16–20] Although the

fabrication of robust nanoparticle colloidosomes has been

achieved by direct particle binding or gelation of the aqueous

phase,[21–24] the current platform is unique in that it performs

irreversible fixation through the oil phase. The platform is

also unique for the fact that the colloidosomes, once

crosslinked, can be used to stabilize even larger emulsion

droplets and form the basis for ‘‘supracolloidosomes,’’ thus

building up many generations of hierarchical topology.

Experimental Part

Samples were prepared in the configuration shown in Figure 1.
It is a quasi-two component system made up of an oil and a
water phase. The oil phase consisted of 1,12-dodecane-diol-
dimethacrylate (DDMA) and 2% by mass fraction Irgacure
819 (bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide, Ciba
Specialty Chemicalsa). Irgacure 819 is a particularly efficient

photoinitiator, which is designed for the radical polymerization
of acrylate monomers upon UV light exposure. When exposed
to a 365 nm high pressure mercury lamp at an intensity of
8mW � cm�2, solidification of the resinwas achievedwithin 1 to
5 s. The aqueous phase was buffered using 10 mmol �L�1 N-(2-
hydroxyethyl)piperazine-N0-2-ethanesulfonic acid (HEPES),
100 mmol �L�1 NaCl, and it was adjusted to a pH of 8.

With respect to the self-assembly process, it was carried out
at room temperature by first dispersing uncharged, crosslinked
390 nm poly(methyl methacrylate) (PMMA) latex spheres
within 0.1 mL of DDMA. After adding the oil suspension to
4 mL of buffer, the system was vortexed in a glass vial until a
uniform suspension of colloidosomes were formed. The
suspension was then exposed to the UV source for 5 min. To
the solidified colloidosome suspension was added an addi-
tional 0.5 mL of liquified DDMA. The system was not shaken
in this case to allow the DDMA to form a continuous film
across the top of the aqueous suspension. Five min were then
allowed for colloidosomes to segregate to the liquid–liquid
interface, and afterwards the system was exposed to the UV
source a second time.

Also tested were dilute dispersions of the 390 nm PMMA
particles at a planar oil–water interface (no vortexing). These
experiments were performed to study only the interactions
between the particles themselves. The 390nmPMMAparticles
were dispersed in a continuous gradient from 5 vol.-% by bulk
to 0%. After 15 min at room temperature, the DDMA was
crosslinked to obtain a snapshot of the resulting particle
configurations. Images were then taken at several locations to
seewhether aggregation occurred above a critical areal density.
The majority of micrographs were obtained using either a
Digital Instrumentsa 3100 atomic force microscope (AFM) or
an Asylum Researcha MPF-3D AFM. Larger particulate
assemblies were inspected using a Nikona Optiphot-2 light
optical microscope (LOM).

Results and Discussion

As seen in Figure 2, dilute dispersions of the PMMA

particles at the planar DDMA–water interface (no vortex-

ing) exhibited no agglomeration. Even at a 25% area

fraction, the placement of particles still appeared to be

random. Only when the interface was saturated did the

particles exhibit random close packing. An example of such

packing can be seen in Figure 3, which shows a small

grouping of colloidosomes formed from an emulsion of

DDMA that was stabilized with 390 nm PMMA particles.

The inset shows the surface topology of a superhydrophobic

lotus leaf for comparison.[4] Figure 4 displays a light optical

micrograph of the colloidosome assemblies at low magni-

fication. At the largest size scale the organization is

characterized by the polydispersity of the colloidosomes

and the irregularity of their aggregates. Lower polydisper-

sity was attainable, and it could be achieved by increasing

the vortexing time during the second step of processing

(Figure 1).

Figure 3 hints at intriguing possibilities for the generation

of hierarchical organization. In addition to technological

a Certain commercial equipment, instruments, or materials are
identified in this paper in order to specify the experimental
procedure adequately. Such identification is not intended to
imply recommendation or endorsement by the National
Institute of Standards and Technology, nor is it intended to
imply that the materials or equipment identified are necessarily
the best available for the purpose.
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applications such as self-cleaning surfaces, the current

platform can serve as a model system for understanding

the fundamental physics behind the formation of hierarch-

ical topologies. We begin with the situation depicted in

Figure 2, where the 390 nm PMMA particles interact via

simple hard-core repulsion and no apparent long range

electrostatic interactions. The van der Waals interaction

energy[25] (EvdW) for two particles is given by

EvdW ¼ �AR=12D ð1Þ

where A is the Hamaker constant, R is the particle radius,D

is the separation distance, andD is small compared to R. To

a first approximation, D� 0.2 nm, R¼ 195 nm, and A�
1� 10�20 J for PMMA acting across water.[25] Since A is

much smaller for PMMA interacting across DDMA, we

can estimate the upper limit of EvdW to be no more than

�200 kBT. The complications of calculating the attractive

interactions along an interface and the uncertainty of A

for PMMA across DDMA make the lower limit more

difficult to evaluate. Nevertheless, the interaction between

identical particles is always attractive regardless of the

interveningmedium.We can therefore suggest a lower limit

of �100 kBT, which is half the value for PMMA spheres in

water.

Despite having such relatively large van der Waals

attractions, the particles did not agglomerate when

placed at a planar DDMA–water interface. Thermal

fluctuations caused random dispersion inwhat is essentially

a 2-D gas. The 390 nm PMMA particles, which were

synthesized via a standard emulsion polymerization,

possess no surface charge to our knowledge. We tested

the possibility of surface charge by preparing additional

planar samples (no vortexing) with various particle

concentrations in the presence of 1.5 mol �L�1 CaCl2
buffer. Even after 2 h, we observed no noticeable

agglomeration of the 390 nm PMMA particles for all

particle densities, from very dilute concentrations up to

25% areal coverage. Note that while CaCl2 will be

depleted near the interface due to repulsion from image

charges in the oil phase, the depletion zone will nonethe-

less be much smaller than the exposed hemisphere of

PMMA.[25]

Figure 2. Representative AFM micrographs of 390 nm PMMA
spheres taken after 15min for a buffer consisting of 10mmol �L�1

HEPES, 100 mmol �L�1 NaCl, and a pH of 8. No aggregation was
observed at any areal density. Neither was aggregation observed
for CaCl2 concentrations up to 1.5 mol �L�1 and times longer
than 2 h.

Figure 1. Schematic display of sample preparation. The first step is to add 0.1mLof
DDMA containing 5 vol.-% of 390 nm PMMA particles to 4 mL of buffer. Next, the
mixture is vortexed until particle-coated oil droplets are formed. The droplets are then
illuminatedwithUV light. Once the colloidosomes are fully crosslinked, a fresh layer
of DDMA is added to the top of the buffer, and the colloidosomes are allowed to
partition to the DDMA–water interface. Finally, the system is exposed to UV light a
second time to crosslink the newly added oil layer.
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Also notable is the fact that the 390 nm PMMA particles

are nearly centered at the interface. The average height of

the exposed hemispheres was approximately 200 nm,

indicating a three-phase contact angle of 908. Such a result
is surprising, for the PMMA particles disperse in DDMA

but not water. Though these data also seem to suggest that

some surface charge is present, the lower than expected

contact angle with water may also result from excess polar

groups on the surface, or unexpected contributions to the

interfacial tension from the photoinitiator.

Young’s law, for the case of a 908 contact angle, indicates
that the particle–water interfacial tension (gp–w) and

particle–oil interfacial tension (gp–o) are equal. The free

energy change for placing a single particle at the interface,

which is given by

DE ¼ � pR2

go�w

½go�w � ðgp�w � gp�oÞ�2 ð2Þ

then reduces to �pR2go–w, where go–w is the oil–water

interfacial tension. For go–w� 35 mJ �m�2, the free energy

change is over a million times greater than the thermal

energy at room temperature.[25]

The three main forces in this system are therefore (1)

hard-core repulsion, (2) van der Waals attraction, and (3)

surface tension. Perhaps most interesting is the fact that

different forces dominate at different length scales. At 1mm,

we see that the hard-core repulsion determines the local

packing of the PMMA particles (Figure 2). Increasing in

scale to 20 mm, we see that the interfacial tension pulls

the PMMA particles together and sets the colloidosome

diameter (Figure 3). Then at 50–100 mm the van der

Waals attraction between the colloidosomes is now

sufficiently large to overwhelm thermal fluctuations and

draw them into small clusters (Figure 4). Finally, the

morphology of the assemblies viewed beyond 100 mm is

dictated by the hard-core repulsion of the colloidosomes

insofar as the polydispersity causes inefficient packing

(Figure 4).

A key concept is the primacy of interactions at the smal-

lest length scale in setting the foundation for the assembly at

all larger length scales. Control of the macroscopic struc-

ture and properties can, in some sense, be coded directly

within the properties of the smallest building block. Taking

the current example, the morphology in Figure 3 is almost

completely controlled by the PMMAparticles. Larger scale

features such as colloidosome size, surface roughness, and

colloidosome packing do not escape the influence of the

particle diameter, surface energy, and concentration. While

such interdependency may simplify the surface modifica-

tion process, it may impose limitations when independent

control of the structure at each generation of the hierarchy

is desired. For the latter case, one must be able to isolate

these different influences through the processing condi-

tions. Fortunately, such control is afforded by the current

assembly platform through the ability to rapidly crosslink

nonequilibrium structures at discrete steps in the assembly

process. Though it is beyond the scope of the current com-

munication, studies are currently underway to resolve the

effects of processing conditions on the resulting hierarch-

ical morphologies.

We have demonstrated the use of a photocrosslinkable

oil–water interface as a convenient platform for generating

hierarchical topologies over multiple length scales. Due to

the simplicity of the interaction potentials, the PMMA latex

spheres serve as an excellent model system for under-

standing the controlling factors for organization at each

length scale. We find that the balance between interfacial

tension and hard-core repulsion dominates at small length

scales, whereas van der Waals interactions become a factor

at larger length scales.

Figure 3. Comparison of an AFM image of a PMMA colloido-
some assembly with that of the textured surface of a super-
hydrophobic Hygoryza aristata leaf (inset).[4]

Figure 4. Light optical micrograph of colloidosome super-
assemblies formed at the oil–water interface shown here after
crosslinking and drying.
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