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Directed self-assembly can produce ordered or organized superstructures from pre-existing building 

blocks through pre-programmed interactions. Encoding desired information into building blocks with 

specific directionality and strength, however, poses a significant challenge for the development of self-

assembled superstructures. Here, we demonstrate that controlling the shape and patchiness of particles 

trapped at the air-water interface can represent a powerful approach for forming ordered macroscopic 

complex structures through capillary interactions. We designed hexagram particles using a 

micromolding method that allowed for precise control over the shape and, more importantly, the 

chemical patchiness of the particles. The assembly behaviors of these hexagram particles at the air-

water interface were strongly affected by chemical patchiness. In particular, two-dimensional 

millimeter-scale ordered structures could be formed by varying the patchiness of the hexagram particles, 

and we attribute this effect to the delicate balance between the attractive and repulsive interactions 

among the patchy hexagram particles. Our results provide important clues for encoding information 

into patchy particles to achieve macroscopic assemblies via a simple molding technique and potentially 

pave a new pathway for the programmable assembly of particles at the air-water interface.

Introduction 

 Self-assembly is a process that lowers the Gibbs free energy 

of a system, leading to the spontaneous organization of matter 

to attain an equilibrium state.1-4 Self-assembly is a promising 

route for the fabrication of novel functional materials and 

architectures across multiple length scales. There has been 

substantial progress in the development of approaches to self-

assemble micro and nanoscale materials into macroscopic 

suprastructures.5-7 The self-assembly of colloidal particles, for 

example, has led to the formation of suprastructures that exhibit 

unique organization and functionality.8-11 Examples include 

photonic materials generated via the self-assembly of micron-

sized colloidal particles and binary nanoparticle superlattices 

(BNSL) assembled with nanoparticles of different chemical 

compositions and geometries.12-15 Patchy spherical colloids 

have also been used as elementary building blocks to induce the 

formation of two-dimensional Kagome lattices.16 Particle 

assemblies serve as excellent model systems to analyze and 

understand the organization and behavior (e.g., crystals, 

glasses, coordination compounds, proteins, and nucleic acids) 

of atomic and molecular systems.17-21 

 Despite significant developments in this area of research, 

many conceptual and technical limitations in controlling the 

directionality and/or programmability of assemblies persist.22 In 

particular, instructions and guidance enabling the reproducible 

formation of designed suprastructures from basic building 

blocks remain lacking. The information about a desired 

assembly must specify the directionality of the interactions and 

the strength of the building blocks. In fact, one of the key 

features enabling atomic and molecular assemblies is the 

ubiquity of anisotropic and directional bonding between atoms 

and molecules allowing for the formation of complex structures 

with useful functionalities.23-28 Directional bonding among 

“simple” carbon atoms, for example, leads to well-ordered 

structures, such as diamond and graphite.29-31 The two-

dimensional confinement of carbon atoms, in particular, leads 

to the formation of graphene, which has remarkable properties 

that are being exploited for advanced applications in 

electronics, composite materials and separation processes.32-35 

The directional interaction of carbon atoms and their 

organization into two-dimensional crystalline structures, such 

as graphene, in particular, serves as a basis for devising 

approaches to harness the directional bonding of colloidal 

systems to attain analogous two-dimensional assemblies. 

 Interfaces between two immiscible fluids, such as air and 

water or oil and water, represent ubiquitous platforms to induce 

the two-dimensional directed assembly of particles of various 

shapes and functionalities.36-41 In particular, the assembly of 

particles driven by interface deformation and the resulting 

capillarity demonstrates the enormous potential for achieving 

unique two-dimensional particle assemblies.42-46 The interface 

deformation around particles confined at a fluid-fluid interface 

induces capillary interactions between the particles, reducing 

the excess surface area and, thus, the total free energy of the 

system. For example, it has been demonstrated that the 

curvature of an interface can direct the assembly of particles to 

specific locations over large length scales (i.e., typically a few 

Page 1 of 7 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Soft Matter 

2 | Soft Matter, 2016, 00, 1-6 This journal is © The Royal Society of Chemistry 2016 

orders of magnitude larger than the size of the particles).47-52 

Despite recent progress in this area, few reports have provided 

convincing evidence of the use of capillarity to direct the 

assembly of interface-trapped particles into macroscopic two-

dimensional regular arrays. This difficulty partly lies in the fact 

that only particles with relatively simple shapes and chemical 

heterogeneity have been explored for directed assembly to date. 

 In this work, we demonstrate the directed self-assembly of 

patchy hexagram particles into a macroscopic array at an air-

water interface. Specifically, this study reveals that solely 

controlling the shape of the particles may not be sufficient to 

induce desired assemblies; instead, the precise control of both 

the shape and patchiness of the particles is necessary to achieve 

the large-scale assembly of particles at the fluid interface. We 

investigate the effects of geometric and chemical patchiness on 

the assembly behavior of hexagram particles at the interface. 

Shape and chemical anisotropy induce deformation of the air-

water interface, which results in orientation-dependent 

attractions and repulsions leading to the formation of 

macroscopic particle assemblies with preferred orientations. 

Our results provide important design criteria for directing and 

programming the assembly of particles at fluid interfaces to 

create suprastructures with desired properties and 

functionalities. 

 

Experimental section 

Preparation of hexagram particles 

 A basic protocol for the micromolding technique was used 

to synthesize anisotropic patchy hexagram particles from 

photocurable solutions with tunable patch sizes, following the 

particle replication in nonwetting templates (PRINT) method.53 

The detailed experimental procedure is described in Fig. S1, S2 

and S3. Briefly, a relatively weak hydrophobic prepolymer 

solution (trimethylolpropane triacrylate (TMPTA) in ethanol) 

for the patch region was loaded on a hexagram 

polydimethylsiloxane (PDMS) micromold fabricated by soft 

lithography.54 After removal of the excess prepolymer solution 

from the micromold, ethanol was allowed to evaporate at 80 °C 

in an oven for 3 min. Partial photopolymerization was 

performed via 365 nm UV exposure for 30 sec in a nitrogen 

chamber. After filling the remaining micromold cavities with a 

second prepolymer solution (poly(ethylene glycol)-diacrylate 

(PEG-DA)), thereby partitioning the stronger hydrophilic body 

region of the hexagram particle, complete polymerization was 

achieved by intense UV irradiation for 90 sec (approximately 

20 J/cm2 power) in a nitrogen chamber. Also, the homogeneous 

hexagram particle is fabricated in the same way without 

prepolymer dilution step. A hydrophilic and/or hydrophobic 

prepolymer solution was loaded on a hexagram micromold. 

After removal of the excess prepolymer solution, complete 

polymerization was performed by UV irradiation for 90 sec in 

nitrogen chamber. All of the resulting hexagram particles were 

sequentially harvested, washed, and dispersed in ethanol. 

 

Measurements of pair interactions 

 The attractive interactions between two hexagram patchy 

particles at the air-water interface were measured by analyzing 

their trajectories. A small number of particles dispersed in 

water were spread on an air-water interface. The sequential 

images were recorded using a high-speed camera (Phantom 

Miro eX2, Vision Research, USA) at a frame rate of 300 

frames/s as two adjacent particles approached each other and 

made contact at t = tmax. The particle trajectories, the 

corresponding center-to-center separation (r) values, and 

relative velocities were then calculated using ImageJ software 

and the particle-tracking method.55 Because the particle 

behaviors were in the low Reynolds number limit (NRe = 

(2Rvρ)/µ ≪ 1, where ρ and µ are the density and viscosity of 

the fluid, respectively), a linear relationship between the 

interaction force (F ∼ rβ−1) and the drift velocity (v = dr/dt) 

could be assumed. From the two relationships of log r ∼ α log 

t and log t ∼ (2 - β) log r, the power law exponent (β) of the 

interaction force could be related to the value of α, resulting in 

β = 2 − 1/α.56 

 

Analysis of interface deformation around particles 

 Optical profilometry (NanoFocus AG, Germany) was used 

to observe the configurations of the patchy hexagram particles 

and the profile of interface deformation around the patchy 

hexagram particles at the air-water interface. The profilometry 

was based on white light interferometry in which an 

interferometric objective was mounted on a scanning device 

that moved vertically. A 3D interferogram was rendered by the 

detection of interferogram intensities. 

 

Results and discussion 

Directed assembly of patchy hexagram particles 

 Each patchy hexagram particle, which was prepared by a 

micromolding technique,57-59 was made of a hydrophilic main 

body (polyethylene glycol-diacrylate (PEG-DA)) and six 

hydrophobic patches (trimethylolpropane triacrylate (TMPTA)) 

located at the vertices of the hexagram (see Experimental 

section and Supplementary information). Homogeneously 

hydrophilic or hydrophobic hexagram particles with uniform 

surface chemistries were also investigated. The hexagram shape 

was inspired by recent results that have demonstrated the 

spontaneous formation of one-dimensional chains from 

chemically homogeneous cylinders at fluid interfaces.36-38  

 

 
Fig. 1 Directed assembly of patchy hexagram particles at the air-water 

interface. (A) Hydrophobic homogeneous particles, (B) hydrophilic 

homogeneous particles, and (C) patchy hexagram particles containing 

hydrophobic vertices and hydrophilic main hexagram bodies. 
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 The interface deformation around these anisotropic particles 

was shown to lead to deterministic one-dimensional assembly. 

Thus, it seemed highly plausible that chemically homogenous 

hexagrams would self-assemble into a two-dimensional 

hexagonal lattice induced by interface deformation around the 

sharp tip of each vertex (i.e., hexagonal interface deformation 

around each particle). Interestingly, although smaller clusters of 

regular assemblies were observed, overall, the chemically 

uniform hexagram particles aggregated to form random arrays 

of particles, regardless of their surface wettability (Fig. 1A and 

B). Particle assembly at the interface was likely driven to 

minimize the interfacial free energy of the system, which could 

have been partially achieved by clustering the particles and 

reducing the interfacial area in the system. We note that the 

Bond number of these patchy hexagram particles is 

approximately ~10-2, which indicates that gravity-induced 

interface deformation is negligible.38,51,60 In stark contrast, we 

observed strong indications of directional interactions that led 

to the formation of a two-dimensional ordered superstructure 

when a particular set of patchy hexagram particles were spread 

across the air-water interface (Fig. 1C). We found that 

amphiphilic hexagram particles with hydrophilic main bodies 

and small hydrophobic patches at the tips of the hexagram 

vertices assembled into a macroscopic hexagonal lattice 

suprastructure. These results suggest the importance of 

controlling both the shape and chemical heterogeneity of 

particles to induce their ordered assembly at the fluid-fluid 

interface. 

Effect of patch size on the assembly structure 

 To better understand the effect of chemical heterogeneity on 

the assembly behavior of interface-trapped hexagrams, we 

investigated the effect of patch size on the assembly of 

hexagrams at the air-water interface. We prepared hexagram 

particles with varying hydrophobic patch sizes using the 

micromolding method (Fig. 2B and Fig. S2 and S3).  

 

 
Fig. 2 Effect of patch size on the assembly structure of particles at the 

air-water interface. (A) A typical feature of patchy hexagram particles 

is the ratio of hydrophobic patches and hydrophilic bodies, termed the 

patch ratios (PRs = D1/D2). (B) The control of PRs (D1/D2) in the patchy 

hexagram particles. (C) The assembly behavior of patchy hexagram 

particles and its dependence on the PRs (D1/D2) at the air-water 

interface. The scale bars are 100 μm.  

Inspired by the hydrophile-lipophile balance (HLB) that is 

widely used to quantify the amphiphilicity of molecular 

surfactants, we defined the balance between the hydrophobic 

and hydrophilic regions of patch hexagram particles using 

“patch ratios (PRs),” expressed as D1/D2 (Fig. 2A).61 As shown 

in Fig. 2C, hexagram particles with relatively small patches 

(D1/D2 = 0.14 and 0.18) organized into two-dimensional 

ordered arrays, in which the vertices of the hexagrams 

contacted those of other particles (Fig. 2C and Fig. S4). In 

contrast, the assembly of particles with larger patches (D1/D2 = 

0.32 and 0.43 made with 30% and 40% of TMPTA solutions, 

respectively) was found to be less organized and produced 

disordered or random assembly structures (Fig. 2C). These 

results illustrate that there is an optimal range of patch sizes 

that leads to the ordered assembly of hexagram particles at the 

air-water interface. Neither hexagrams with homogeneous 

surface chemistry nor those with large patches organized into 

long-range ordered structures. 

Assembly configuration of patchy hexagram particles 

 To further probe the effects of patch ratios (PRs = D1/D2) on 

the assembly behavior of particles, we monitored the assembly 

of hexagram particle pairs at the air-water interface. 

Specifically, we analyzed the “bonding” configuration between 

two hexagrams using the following three categories: tip-to-tip, 

tip-to-side, and side-to-side. Notably, all of these bonds were 

made between hydrophobic patches of interacting hexagrams. 

When hexagrams with small patches (PRs = 0.14 and 0.18) 

were attracted to each other, the tips of vertices made contacts 

in most pairs; that is, most hexagrams form tip-to-tip bonds 

(Fig. 3A-C). While there may have been rotational 

rearrangements of particles to bring neighboring tips together to 

form additional tip-to-tip bonds, the tips that were in contact 

with other tips did not lose their tip-to-tip bonds, even after 24 

hours. Even the hexagram pairs that did not form tip-to-side 

bonds had their tips very close to each other. In contrast, when 

a pair of hexagrams with large patches (PRs = 0.32 and 0.43) 

approached each other, a large fraction of the particles 

primarily coordinated with other particles in the tip-to-side 

configuration. Some of these particles rotated and/or slid with 

each other to form side-to-side configurations (Fig. 3D-F). 

Most of the particles that originally formed tip-to-tip bonds 

underwent translational and rotational rearrangements to form 

side-to-side bonds, as shown by the data collected 24 hours 

after initial contact. Based on these results, we hypothesized 

that the effect of patch size on the assembly behavior of 

particles was closely related to the sharpness of local interface 

deformation around the vertices. Interface deformation caused 

by an interface-trapped particle is known to strongly depend on 

the geometry and surface wettability of the particle. For the 

patchy particles with PRs = 0.14 and 0.18, interface 

deformation was mainly focused on the vertices. The capillarity 

caused by such sharp interface deformation directed the 

particles to make contact predominantly in the tip-to-tip 

configuration, which significantly decreased the interfacial area 

and, thus, the surface free energy of the system (Fig. 3A and 

B); this led to the formation of a well-ordered assembly 

structure, as shown in Fig. 2C. In contrast, for the hexagrams 

with large patches, the absence of sharpness of the interface 

deformation around the vertices resulted in diverse and 

heterogeneous bond formation between the hexagrams. Similar 

random structures were also observed for the hexagram 

particles without patches at the air-water interface (Fig. 2C), 

suggesting that the interface deformation around these 
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chemically homogeneous particles may not have been sharp 

enough to induce the ordered assembly of particles (Fig. 1A 

and B). 

 

 
Fig. 3 Assembly configuration of patchy hexagram particles. (A) 

Schematic illustration and (B) bright-field micrograph of tip-to-tip 

interactions for PRs = 0.14. (C) Probabilities of pair interactions with 

PRs = 0.14. (D) Schematic illustration and (E) bright-field micrograph of 

side-to-side interactions for PRs = 0.32. (F) Probabilities of pair 

interactions with PRs = 0.32. The scale bars indicate 100 μm.  

 

Sharpness effect of interface deformation on assembly behaviors 

 To corroborate our hypotheses, we analyzed the interface 

profiles around hexagram patchy particles at the air-water 

interface using a gel-trapping method.62 Hexagram particles 

were spread at the air-water interface at 50 °C where the 

aqueous phase contained 2 wt % gellan. After cooling the 

sample under ambient conditions, gelation of the aqueous phase 

occurred such that the particles were immobilized on the gel 

surface. An optical profilometer was used to scan the height 

profile of the gelled sample. The profilometry results supported 

our hypotheses. The interface menisci around the patches, 

regardless of PRs (D1/D2), were found to be deflected 

downward around the vertex regions (negative deformation), 

whereas the interface formed raised menisci in the cleavage 

region between the patches (positive deformation) (Fig. 4). 

 

 
Fig. 4 Interface deformation profiles around the patchy hexagram 

particles at the air-water interface. Optical profilometry images of PRs 

= (A) 0.14 and (C) 0.32. The scale bars indicate 100 μm. (B) and (D) The 

heights of the interface deformation were obtained from the dashed 

lines (a) and (b), respectively. 

 However, the negative deformation around a large patch 

was rather diffuse compared to that around a small patch (dark 

regions in Fig. 4). As hypothesized, the small patch at the tip of 

a vertex seemed to be a critical feature that focused and 

magnified the deformation of the negative interface and, in 

turn, enabled the assembly of the ordered array of patchy 

hexagrams. In addition, our results suggested that the shape of 

the particles themselves may not have been enough to direct the 

particles into two-dimensional ordered suprastructures, as 

evidenced by the failure of chemically homogeneous 

hexagrams to form regular arrays (Fig. S5). The random 

assembly behaviors of homogeneous particles have been 

attributed from an undulated contact line at the particle surface 

of each homogeneous particle, which can be described as 

capillary interaction between capillary multipoles in the 

presence of surface roughness (Fig. S6 and S7). The contact-

line undulations produce distortions in the surrounding liquid 

interface, whose overlap engenders capillary interaction 

between the particles.51,56,63,64 
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Pair interactions between patchy hexagram particles 

 The fact that hexagrams with small patches were able to 

arrange into long-range ordered suprastructures indicated that 

their interactions were highly directional. One way to probe 

such directionality was to probe the mode of the capillary 

attractions by determining the pair interactions (U) (Fig. 5A). 

The trajectories of hexagrams with small patches (i.e., the 

particles that arranged into ordered suprastructures) obtained 

from high-speed imaging were used to infer their pair potentials 

(U) using a previously reported approach.65 

 As shown in Fig. 5B, the center-to-center separation (r) as a 

function of time (tmax - t) consistently decayed with a power law 

exponent of α ≈ 0.07 in the far-field linear regimes of the log-

log plot where r = (tmax - t)α. The value of α is related to the 

scaling behavior of the capillary attraction via U ~ rβ in which β 

= 2-1/α ≈ -12.3.43, 44, 47-51 According to the results, we believe 

that the interaction range between the patchy hexagram 

particles does not depend on the patchy size of hexagram 

particles. 

 

 
Fig. 5 Capillary interactions between two patchy hexagram particles 

with PRs = 0.14 and 0.32 patches. (A) Experimental snapshots as the 

two particles approach one another. (B) Log-log plot for separation (r) 

as a function of tmax-t, where tmax is the time when the two particles 

make contact. 

 Interestingly, it has been reported that the value of β = 12 

corresponds to pair interactions between dodecapolar interface 

deformations around interface-trapped spherical particles.56 

More importantly, the dodecapolar interactions between 

particles were indeed consistent with the formation of ordered 

suprastructures because of the directionality of the interactions. 

The nonlinear behavior in the small separation regime likely 

resulted from the rotation of hexagram particles to form 

additional tip-to-tip bonds at small separations. 

 

Conclusions 

 In conclusion, we have successfully demonstrated the 

directed assembly of patchy hexagram particles at an air-water 

interface via directional interactions. Our results reveal that 

chemical heterogeneity, in addition to shape anisotropy, is a 

critical factor that must be pre-programmed to enable the 

directed self-assembly of interface-trapped particles into 

complex arrangements. We show that controlling the size of 

patches is critical for enabling the directed assembly of 

particles into ordered suprastructures because of the sharpness 

of the interface deformation around the patches. This sharp 

interface deformation around each patch coupled with the 

hexagram shapes leads to dodecapolar capillary attraction, 

enabling the directed self-assembly of patchy hexagram 

particles into hexagonal lattices. 
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