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Abstract

When a colloidal particle has heterogeneity in their physical / chemical properties

on its surface, the surface-surface interaction between particles or a particle and an

object becomes anisotropic. Such particles thus behave as “colloidal molecules” that

bind to each other only at specific sites on their surface, exhibiting various types

of condensed phases according to their anisotropy. These condensed phases are also

nano-microstructures composed of colloidal particles as building blocks, having been

utilized in nanotechnology as a novel pathway to design self-assembled structures.

There have been extensive theoretical and numerical studies to elucidate the relation-

ships between the anisotropy of colloidal molecules and their self-assembly or phase

behavior. However, parameters characterizing the particle, such as the number and

arrangements of the bonding sites and bonding energy, are enormous, and thus the

relationships are far from being thoroughly elucidated. In particular, it is difficult to

appropriately control the anisotropic structure and interaction of particles in experi-

ments. The experimental studies are therefore strongly required from both academic

and application fields. We therefore worked on experimentally controlling the inter-

action between one-patch particles by the anisotropy of the surface properties and

elucidating the self-assembled structures with the anisotropic structure of the par-

ticles. One-patch particles are simplest colloidal molecules, having one distinctive

region (patch) with different physical or chemical properties on its surface.

First, we used amphiphilic one-patch particles (Janus particle) having a hydrophilic

and a hydrophobic hemisphere and investigated the structures formed in the particle-

water-oil ternary system. The emulsification, i.e. stabilization of dispersed state of

water in oil or vice versa, with Janus particles as surfactants has been investigated in

several works. However, we observed and elucidated various self-assembled structures

depending on amphiphilicity for the first time by our one-particle-level observations.

When the volume of water was smaller than that of the particles, a capillary bridge

of water bonded between the hydrophilic hemispheres of the Janus particles, and the

particles formed rod-like micelle structures. When the volume of water was large,

spherical emulsion droplets formed, and the mechanism of the structure formation

was similar to that of Pickering emulsions by particles having a uniform surface prop-
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erties. These structures reflected the amphiphilic structure of the particles and were

found to be qualitatively similar to the micelles/emulsions of amphiphilic molecular

systems. Furthermore, characteristic behaviors of colloidal particle systems appeared;

the aggregation structures were solid-like in the sense that thermal fluctuation was

not effective, and “ideal surface active behavior” in which all particles are adsorbed

on the water-oil interface was observed.

Next, we aimed to control the anisotropy of DLVO interactions, which is the most

fundamental interaction working between colloidal particles, as a technique to intro-

duce anisotropy into various colloidal particle systems. DLVO interactions consists

of van der Waals attraction working between the same materials and electric double

layer repulsion derived from surface charge, and the attraction is very strong between

metal surfaces. Therefore, when dielectric particles with metal patches are used, it

is expected that selective adsorption will occur between the patches of particles and

between the patch and the surface of a metal object. In our experiments, the attrac-

tion and repulsion were independently controlled by the thickness of the metal patch

and by the surface electric potential of the patches, respectively. We succeeded in

realizing a high adsorption selectivity in the particle dispersion system; the patchy

particles were not adsorbed each other, and the metal patches were only adsorbed on

the surface of a metal object. This selectivity induced a monolayer of patchy particles

on the surface of large metal particles, which can be regarded as a solid dielectric

layer preventing large particles from aggregation between them.

Our study elucidated the self-assembled structures of amphiphilic colloidal

molecules by one-particle-level observation, and developed colloidal molecules whose

anisotropic interaction inducing unique self-assembly can be tuned by the most

typical and useful interaction in colloidal systems, i.e., DLVO interactions. The high

surface activity of amphiphilic patchy particles has a great potential for applications

and controlling DLVO interactions is useful for realizing experimental systems of

colloidal molecules.
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1 COLLOIDAL PARTICLES AND THEIR DISPERSIONS

ChapterI

General introduction

1 Colloidal particles and their dispersions

Colloidal particles are fine particles of ∼ 10 nm to µm in size. There are various

colloidal dispersion systems where colloidal particles are stably dispersed in gases,

liquids, or solids. In such systems, the dispersed particles are called dispersoids, and

the continuous phase is called dispersion medium. There are many colloidal dispersion

systems around us. For example, when colloidal particles are solid and the dispersion

medium is gas, liquid, and solid, the examples of the dispersions are smoke (aerosol),

ink (suspension), and colored glass (solid sol), respectively (Figure 1). In addition, it

is known that colloidal dispersions exhibit nonlinear responses to external stimuli since

they possess large internal degrees of freedom due to the enormous number of colloidal

particles. In other words, in a colloidal dispersion, not only the physical property and

functionality of colloidal particles, e.g. color, light scattering ability, and catalytic

ability, but also their dispersion states or self-assembled structures play important

roles in the behavior and properties of the system. For example, when particles form

a network structure and gel, the system exhibits elasticity, and when the particles

are conductive, the system becomes conductive. In addition to the academic interest

in the characteristic physical properties of colloidal dispersions around us, the study

of colloidal particles and their dispersions has also been carried out for developing

functional nano/microstructured materials.

Figure 1. Examples of colloidal dispersions. From the left, smoke, ink, and colored glass.
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2 COLLOIDAL PARTICLES

2 Colloidal particles

2.1 Isotropic particles

Isotropic particles are those without anisotropy in e.g. shape and composition.

There are various kinds of isotropic particles including core-shell particles, gel balls,

even liquid droplets and more, but the most typical and widely used one is a hard

sphere of homogeneous material compositions. Isotropic and spherical particles are

also found in our daily life. For example, spherical colloidal particles are added to

a foundation of cosmetic products in order to impart light scattering/irregular re-

flection ability, and to a road sign, where the particles are used to make its surface

retroreflective (Figure 2). Isotropic monodisperse hard spheres have also been em-

ployed in theoretical and experimental studies. Colloidal dispersions are classified

into a complex system because of the numerous internal parameters such as physi-

cal and chemical properties, volume fraction, and spatial arrangements of particles.

Therefore, the use of the simplest colloidal particle, e.g. hard sphere, is useful for

elucidating the fundamental and essential features of colloidal dispersions.

Figure 2. Application of spherical isotropic colloidal particles. Left; foundation, right; road

sign.
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2 COLLOIDAL PARTICLES

2.2 Anisotropic particles

In nature, anisotropic colloidal particles and their dispersions are abundant (Figure

3). In recent years, studies on anisotropic particles have attracted attention of re-

searchers in soft matter [1–4]. In particular, experimental studies have become more

and more practical in this decade according to the development of particle fabrication

techniques.

(a) (b) (c)

2 µm

Figure 3. Examples of shape anisotropic particles. (a) A SEM image of a mineral dust

particle found in a soil sample collected in northern Sahara [5]. (b) A schematic image of red

blood cells. Their typical size is 7-8 µm. (c) A SEM image of halloysite clay particles [6].

The anisotropy of colloidal particles can be classified into two types; anisotropy in

shape and substance (Figure 4) [1]. Anisotropy in substance is that in the spatial

distribution of substance in one particle, and thereby such a particle has anisotropy

in physical and/or chemical properties. These anisotropic particles show not only

the anisotropy in the interaction but also active motion by consuming free energy

by themselves (Figure 5) [7]. As described above, anisotropic colloidal particles ex-

hibit essential difference from isotropic ones, and thus gain great attention from both

experimental and theoretical points of view.

Figure 6 shows examples of shape-anisotropic particles [8]. There are variety of

shapes from relatively simple ellipses and disk particles with different aspect ratios to

complex polyhedral and branched particles.

As shown in Figure 4, it is possible to impart various types of anisotropy in phys-

ical / chemical properties by the anisotropy in substance, such as catalytic ability,

amphiphilicity, conductivity, surface charge, color, etc.
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2 COLLOIDAL PARTICLES

Figure 4. Various anisotropies in particles [1].

Figure 5. Schematic drawing of a catalytic tube particle self-propelling while decomposing

H2O2 [7].
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2 COLLOIDAL PARTICLES

Figure 6. Various shape-anisotropic particles [8].

Patchy particles

Particles having distinctive regions (patches) with different physical / chemical

properties on the particle surface are called patchy particles [9, 10]. Since the inter-

action between colloidal particles strongly depends on the properties of the particle

surface, the anisotropy in the surface-surface interaction between patchy particles

can be tuned by the patch. Patchy particles have been utilized in many theoreti-

cal studies of condensed phases, and various patchy particles have been experimen-

tally realized. Various combinations of patchy anisotropic properties can be consid-

ered, such as hydrophilic-hydrophobic [11, 12], positive charge-negative charge [13],

transparent-opaque [14], metal-dielectric [15], etc., inducing various anisotropic in-

teractions depending on the properties of the patch and other surfaces. In addition,

particles composed of multiple materials are called hybrid particles, being studied as

functional nano particles for application [16].
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3 STRUCTURE FORMATION OF COLLOIDAL PARTICLES: EFFECT OF

ANISOTROPY BY PATCHES

3 Structure formation of colloidal particles: Effect of

anisotropy by patches

The structures of aggregates formed by colloidal particles naturally depend on the

interactions between them. Solid particles with shape anisotropy exhibit anisotropic

hard-body interaction. Anisotropy of surface properties induces anisotropic surface-

surface interaction in patchy particles. Due to these anisotropic interactions,

anisotropic particles are expected to form characteristic structures which cannot be

formed by isotropic particles. Therefore, by designing the anisotropic interaction

between the particles, it is possible to obtain desired aggregated structures [16]. For

example, attractively interacting patches, e.g. sticky patches [16], and the patches

that bond to each other only for particular combinations of multiple patches [17],

have been realized.

3.1 Phase behavior of isotropic particles

Colloidal particles exhibit thermal motion and thus can exhibit equilibrium phases

in their condensed systems. A condensed system of colloidal particles has actually

been used as a model experimental system to explore the phase behavior of general

condensed systems. In condensed systems of isotropic particles, it is known that

several phases appear depending on the interaction between particles, temperature,

and volume fraction of particles (Figure 7). For example, monodispersed spherical

particles only show face-centered-cubic and hexagonal close-packed structures as their

crystalline phases in three dimensions. In addition, the interaction between particles

is often sufficiently short-ranged (typically ≲ 10 nm) compared with the particle size.

When the interaction is short-ranged, no gas-liquid phase separation appears and

particles crystalize from the fluid phase [18]. In addition, it is known that a glassy state

appears in the condensed system when the particles are not monodisperse. Figure 7

shows the dependence of phase behavior on the volume fraction of particles [19].
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4 SURFACE-SURFACE INTERACTIONS

Figure 7. Phase behaviors of condensed systems of isotropic particles against particle den-

sity. ϕ is the volume fraction of particles. Solid green arrows indicate equilibrium states, and

dashed arrows indicate metastable non-equilibrium states. Images are confocal micrographs

of colloidal particle suspensions with 5% size dispersion [19].

3.2 Phase behavior of patchy particles

When a particle possesses sticky patches, number of binding sites (valence number),

arrangements of them, and directions of bonds are limited in comparison with isotropic

particles. Thus, such patchy particles are also called “colloidal molecules” [20,21]. In

condensed systems of particles with sticky patches, various phase behaviors different

from those of isotropic particles have been observed [22–28]. For example, as shown in

Figure 8 (a-d), when a particle having tetrahedrally-arranged four patches, diamond

crystal phase, body centered cubic phase, and gas-liquid phase separation appear,

exhibiting complicated phase diagrams depending on the strength of the interaction

and size of patches [29]. The phase diagram also depends on the valence number

(Figure 8 (i)). In a two-dimensional system, as shown in Figure 9, triblock particles

form a kagome lattice in the experiment [30].

4 Surface-surface interactions

Various interactions work between colloidal particles in a solvent depending on the

physical / chemical properties of the particles and the solvent. The magnitude of the

interaction is generally compared with thermal energy. Multiple types of interactions
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4 SURFACE-SURFACE INTERACTIONS

Figure 8. Phase diagrams of three- and four-patch particles, depending on the density,

temperature, binding energy, width of binding sites, and the valence number [29].

Figure 9. Fluorescence microscope image of a lattice formed by triblock (two-patches)

particles, with its Fourier transformation image and schematic diagram. The scale bar is 4

µm [30].
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4 SURFACE-SURFACE INTERACTIONS

often work between particles.

Derjaguin-Landau-Verwey-Overbeek （DLVO） interactions

DLVO interaction is one of the most typical interactions considered and actually

works in colloidal particles in an aqueous solution, and thus often used for discussing

the dispersion stability and aggregation behavior of colloidal particles [18]. DLVO

interaction is the sum of the repulsion by the electric double layer (EDL) produced

by surface charge and the van der Waals (vdW) attraction between materials. A

characteristic feature of DLVO interaction is that the potential profile against the

interparticle distance drastically changes by the properties of particles and solvent.

Figure 10 shows the scanning electron microscope and fluorescence microscope images

of gold-polystyrene patchy particles and their clusters irreversibly aggregated by the

vdW attraction between gold patches [31]. DLVO interaction is described in more

detail in Sec.1.1 of Chapter III..

Figure 10. Gold-polystyrene patchy particles and their clusters. Green and red regions in

(d-f) are gold patches and polystyrene surfaces, respectively [31].
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4 SURFACE-SURFACE INTERACTIONS

Electrostatic interaction

An electrostatic interaction can be introduced between particles by modifying their

surface by dissociable group. It is possible to impart not only positive or negative

charge to a particle but also both positive and negative charges, i.e. a particle can be

dipolar. Figure 11 shows the cluster formation of one-patch particles with a positively

charged and negatively charged hemisphere in phosphate-buffered saline (PBS) buffer

(pH: 6) with 1 mM ionic strength, together with the result of Monte Carlo simulations

[13]. The cluster structures in the experiments (Column A) and in the simulations

(Column B) agree, where the surfaces with the opposite sign, yellow hemisphere - red

hemisphere, are adsorbed.

Figure 11. Clusters formed by charge dipolar particles in PBS buffer (pH: 6) with 1 mM

ionic strength. Column A, column B, and column C are the epifluorescence observation

images, the result of Monte Carlo simulations, and the charge distributions in the clusters

of the B column. The numbers of particles constituting the clusters are shown in column

C [13].
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4 SURFACE-SURFACE INTERACTIONS

Hydrophilic / hydrophobic interaction

An attractive force works between hydrophobic surfaces in a polar solvent and

between hydrophilic surfaces in an apolar solvent. These are called hydrophilic or hy-

drophobic interaction. Patches having the same hydrophilic / hydrophobic property

attract each other, being sticky. Figure 12 shows the experimental results of the clus-

ter formation of amphiphilic one-patch particles whose hydrophilic and hydrophobic

surfaces are hemispherical and corresponding results of Monte Carlo simulations [32].

In the simulations, the yellow and blue hemispherical surfaces are the hydrophilic and

hydrophobic surfaces, respectively. The particles showed a monomer state, small clus-

ters, and long, branched wormlike strings at 0, 1, and 5 mM of KNO3 consentrations,

respectively.

Capillary interaction

When two particles are bridged by a small liquid droplet wetting their surfaces, an

attractive (capillary) interaction occurs due to the interfacial tension of the droplet.

This attraction is generally very strong compared with the vdW attraction at the

scale of colloidal particles. When the liquid of a droplet is polar / apolar, the droplet

prefers to wet hydrophilic / hydrophobic surfaces, and therefore the attraction is

large between the surface of similar hydrophilicity. Figure 13 is an experiment in

which three-dimensional clusters of amphiphilic one-patch particles are formed by the

wetting-induced interaction [33]. Droplets of the polar phase are formed by the phase

separation of binary liquid mixture (water - 2,6-lutidine). The droplets can wet only

the hydrophilic hemispheres of the one-patch particles (the white hemisphere). When

the volume of the polar phase decreases, clusters in which the hydrophilic surfaces of

the particles face each other are formed (Figure 13 (a)). Figure 13 (b) shows optical

microscope images of the cluster formation process and its schematic diagram. Figure

13 (c) shows optical microscope images of clusters of various numbers of particles.

Interaction induced by solvent criticality

An attractive interaction works between the hydrophilic or hydrophobic particles

in the vicinity of the critical demixing point of a solvent between the polar and apolar

phases. When the binary liquid mixture solvent is in the one phase region near the

18



4 SURFACE-SURFACE INTERACTIONS

Figure 12. Aggregate structures formed by amphiphilic patchy particles in KNO3 aqueous

solution [32]. The left and right panels are epifluorescence observation images and simulation

results, respectively.

critical demixing point, the composition of the solvent at the particle surface is biased

so that the ratio of the liquid component having high affinity to the particle surface

becomes high. In addition, the concentration fluctuation between the particles is

spatially limited. These effects cause an attractive interaction between the surfaces

of the same polarity. Figure 14 shows the aggregate structures of one-patch particles

having a moderate and highly hydrophilic hemispherical surface near the critical point
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4 SURFACE-SURFACE INTERACTIONS

Figure 13. Three dimensional cluster formation of amphiphilic one-patch particles utiliz-

ing the phase transition of water - 2,6-lutidine binary mixture. The black and the white

hemispheres of the particle are the hydrophobic and hydrophilic hemisphere, respectively.

(a) A schematic drawing of the process forming and resolving clusters of the particles with

the phase transition of solvent. (b) Optical and schematic images of the 4-particle cluster in

the process of internal phase dissolving. Scale bar is 5 µm. (c) Three-dimensional clusters

formed by many particles [33].
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4 SURFACE-SURFACE INTERACTIONS

of a binary liquid mixture (water - 2,6-lutidine) [34]. As the temperature approaches

the critical point (Figure 14 (a) to (d)), the particles, first in a dispersed state (Figure

14 (a)), form trimers or tetramers (Figure 14 (b)), and then form tetramer chain

structures (Figure 14 (c)). In the structures, the highly hydrophilic hemispherical

surfaces (black surfaces) are adsorbed each other, and the structural development

with temperature is driven the increase of attraction with approaching the critical

point. In Figure 14 (d), which is very close to the critical point, the white hemispheres

are also adsorbed each other and form a network structure.

Figure 14. Temperature dependence of the aggregate structures formed by one-patchy par-

ticles composed of moderate and highly hydrophilic hemispheres near the critical demixing

point of water - 2,6-lutidine binary mixture. The temperature differences from the critical

point are -0.5, -0.2, -0.1, and -0.01 K respectively from (a) to (d). The scale bars are 2 µm

in the inset in (a), 20 µm in (d), and 10 µm for the others [34].
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4 SURFACE-SURFACE INTERACTIONS

Depletion interaction

In a system in which colloidal particles and non-adsorptive macromolecules are dis-

persed, an entropy-driven attractive interaction, depletion interaction, works between

the particles. This interaction is generally weak, but it can be a dominant interac-

tion in colloidal dispersions. Figure 15 is a schematic diagram of the key (red) and

lock (green) particles, and an optical microscope image in an aqueous solution of poly

ethylene oxide with a molecular weight of 600,000 [35]. Figure 15 (a) shows the region

in which the polymers are excluded and the overlap of the excluded space of the key

and lock particles, respectively. When the curvature of the key particle and that of

the lock particle are exactly the same, the overlap of the excluded volumes, and thus

the depletion interaction, is maximized. Figure 15 (b) shows the combining process

of a key and lock particle; key particles entering the key hole of the lock particle are

bound (green arrow), but key particles are not bound to the other part (red arrow).

Figure 15 (c) shows the process in which a coupled key-lock particles combines with

another lock particle.

Specific binding by DNA ligand

DNA chains are representative molecules having specificity in their binding target

defined by the sequence of bases. By modifying two patches, A and B, with DNA

chains having complemental single strand, selective binding between A and B patches

are realized. Figure 16 shows the aggregated structures formed by particles having

complemental A and B patches [36]. The left column presents optical microscope

images of the aggregated structures, the middle column fluorescence microscopic im-

ages, and the right column schematic diagrams of the aggregation structures. A and

B patch are selectively adsorbed, and various structures are formed depending on the

arrangement of the patches.

4.1 Mesoscopic structure, its physical property and functionality

The characteristic length scale of the internal structure in a colloidal dispersion is

naturally mesoscopic because of the particle size. In different from the structures with

microscopic length scale, i.e. structures composed of atoms or molecules, and those
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4 SURFACE-SURFACE INTERACTIONS

Figure 15. Schematic drawing and optical microscope images of the combination of key and

lock particles in aqueous solution of poly ethylene oxide with a molecular weight of 600,000.

The red and green particles in (a) are key and lock particles, respectively. The scale bar is

2 µm [35].

with macroscopic length scale around us, these structures with mesoscopic length

scale exhibit characteristic features; the drastic increase in surface area compared

with macroscopic structures, a relatively easy-change of internal structures in response

to external input compared with microscopic structures, etc. These features induce

unique physical properties and functionalities. For example, changes in the internal

network structure give frequency dependence of viscoelasticity. The drastic increase

in surface area dramatically increases the catalytic ability. In addition, mesoscopic

structures often have a characteristic length in the order of visible light wavelength

and thus exhibit characteristic optical properties such as absorption and reflection of

light with specific wavelength. It is therefore expected that self-assembled structures

of patchy particles can contribute to the creation of highly functional mesostructured

materials [37].
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4 SURFACE-SURFACE INTERACTIONS

Figure 16. Aggregation structure of patchy particles with complemental DNA ligands. The

scale bar is 2 µm [36].
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5 MOTIVATIONS AND PURPOSES

5 Motivations and purposes

5.1 Motivations

Patchy particles have extensive parameter space as colloidal molecules, such as the

number and arrangements of bonding sites and the strength of bonds. Thus, the whole

aspects of the role of the patchy surface anisotropy is not elucidated. Theoretical and

numerical studies of condensed systems of patchy particles have greatly advanced in

these decades because of the improvement of simulation methods and performance

of computers [38–44]. In contrast, experimental studies are still advancing; it is not

easy to appropriately control the anisotropic structure and interaction of particles in

a real system. Deeper understanding of patchy particles in real, experimental systems

is therefore strongly required from both academic and application point of view. We

are therefore interested in the two following research themes.

Spherical amphiphilic one-patch particles have one hydrophilic and another hy-

drophobic region on the surface. Since this particle has qualitatively the same struc-

ture as a simple amphiphilic molecule, it is expected to have high surface activity

and emulsification ability, stabilizing dispersion state of immiscible liquids such as

water and oil. In addition, since various self-assembled structures and their ordered

phases are known to appear in amphiphilic molecular dispersion systems in water or

a water-oil mixture, similar structures and phases are expected to be formed in am-

phiphilic patchy particle systems. Nevertheless, such studies with amphiphilic patchy

particles have not been reported, and self-assembled structures and their formation

mechanisms are still to be elucidated. Clarification of these fundamental behaviors of

patchy particles as surface active agents would contribute not only to their use as a

superior and/or unique surfactant compared to surfactant molecules, but also to their

application to designing self-assembled functional mesostructures.

In order to realize anisotropic bonding between patchy particles, various interactions

have been utilized as described above. However, there are few researches introducing

anisotropy to DLVO interaction of patchy particles and controlling their self-assembly

with it, though DLVO interaction is the most fundamental one working between col-

loidal particles. When controlling anisotropy of DLVO interaction is realized, the
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5 MOTIVATIONS AND PURPOSES

method would be a more universal one enabling the introduction of anisotropic inter-

action to various experimental systems of colloidal particles compared with the other

methods introducing the other types of interactions described above. Our method

would thus be useful for various fundamental studies with colloidal molecules and

applications for producing functional nanostructures by patchy particles.

5.2 Purposes

In order to elucidate self-assembled structures and their formation mechanisms in

amphiphilic patchy particle dispersion systems, we carried out experiments on the

structure formation in amphiphilic Janus particles-water-oil ternary systems. Am-

phiphilic Janus particle is the simplest and symmetrical amphiphilic patchy particle

composed of a hydrophilic hemisphere and a hydrophobic hemisphere, and thus it is

suitable for capturing the essential features of their self-assembly. The details of the

aggregation structures formed in this ternary system were observed at one-particle

level, and the formation mechanisms were discussed with the typical interactions

working in such particle-water-oil mixtures.

In order to realize the control of anisotropic DLVO interaction using patchy parti-

cles, the dependence of the adsorption behavior of metallodielectric particles to metal

surface and dielectric surface on salt concentration was investigated. A metallodi-

electric particle is a type of patchy particle whose particle surface is composed of a

metal and a dielectric part. We introduced the anisotropy in DLVO interaction to the

system by tuning the repulsion by the surface charge of a patch and the strong vdW

attraction by the thickness of a patch. The dependence of the adsorption behavior

on the experimental conditions was studied with a flat dielectric substrate possessing

thick metal films, and the self-assembly was observed with a freely dispersed large

particle possessing a thick metal film.

5.3 Thesis outline

In Chapter II, we first describe the surface activity and self-assembly of colloidal

particles and surfactants. Next, our fabrication method of amphiphilic one-patch

(Janus) particles and experimental method are described. Then, the results of the
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5 MOTIVATIONS AND PURPOSES

self-assembled structures in the amphiphilic Janus particles-water-oil ternary system

explored by the single particle-level observation are explained. The analysis of the

structures reveals their formation mechanisms.

In Chapter III, following the description of the DLVO interaction between colloidal

particles, the idea of inducing anisotropy to DLVO interaction by metallodielectric

patchy particles is described. Next, our particle fabrication and experimental method

are described. Then, we show the results of the selective adsorption of the particles

to metal surface. Finally, we describe the formation of the coated structure of metal

particles by patchy particles.

In Chapter IV, we summarize the whole study and describe the future perspectives

of structure formation using patchy particles.
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ChapterII

Elucidation of self-assembled structures in

amphiphilic Janus particles-water-oil ternary

system

1 Introduction

1.1 Pickering emulsions

When immiscible fluids such as water and oil, and water and air are mixed finely,

the respective fluid domains coalesce immediately and the fluids separate macroscop-

ically. When a colloidal particle exhibits partial wetting to the interface between

immiscible fluids, it can be stably adsorbed on the interface. The dense colloidal

particles adsorbed on the interface prevent the fusion of the interface (cf. Figure 17)

and stabilize the dispersion state of immiscible fluids; that is, the fluids are emulsified

with the particles [45–48]. Such an emulsion stabilized by solid colloidal particles

is called Pickering(-Ramsden) emulsion [49]. Pickering emulsions appear in various

materials in nature and industry such as foods and cosmetics, playing characteristic

roles in their physical properties and functionalities [50–52]. In general, Pickering

emulsions have superior interface stability to conventional emulsion stabilized by sur-

factant molecules [53,54].

Here we consider the adsorption of isotropic spherical particles to the interface

between immiscible polar liquid (“water”) and apolar liquid (“oil”) (Figure 18). As

shown in Figure 18, the area of the water-oil interface decreases by the adsorption of

the particle to the interface. When the particle exhibits partial wetting at the water-

oil interface, the interfacial energy of the system including the energy at the particle

surface decreases by the adsorption of the particle from the water or oil phase. Since

the interfacial energy is the product of the interfacial tension and the area, the change

of the energy of the system is expressed as

∆E = E1 − E0 = −πr2γ(1± cos θ)2, (1)
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Figure 17. A spherical shell of densely-packed colloidal particles (colloidosome) at an

interface [55].

where E0 and E1 are the interfacial energy of the system before and after the adsorp-

tion of the particle, and r, γ, θ are the radius of the particle, interfacial tension of the

water-oil interface, and the contact angle between the particle surface and water-oil

interface, respectively. In equation (1), ± corresponds to the adsorption from the

two liquid phases, and usually the one with 1 ± cos θ < 1 is taken as the adsorption

energy of a particle. The decrease of the water-oil interface by a colloid, e.g. a meso-

scopic scale particle whose diameter is typically tens of nanometers to micrometers is

much larger than that of molecules. Therefore, the adsorption energy of a colloidal

particle is much larger than that of molecules. For example, the adsorption energy

is −2750kBT , when a spherical particle with a radius of 10 nm are adsorbed on a

water-toluene interface (γ = 36 mN/m) at a contact angle of 90◦. kB and T are the

Boltzmann constant and absolute temperature, respectively. Since the adsorption en-

ergy is much larger than the thermal energy, the adsorption of particles is thermally
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irreversible. This huge adsorption energy is the origin of the stability of Pickering

emulsions.

oil phase

water phase

�

�

Figure 18. Adsorption of isotropic spherical particle to water-oil interface.

When the oil phase becomes droplets the system is called oil in water (oil/water)

type emulsion and vice versa. An important point in the formation of Pickering

emulsions is that the emulsion type depends not only on the hydrophilicity of the

particles and polarities of the solvents but also on the volume ratio of the ternary

system and the emulsification process. Majority liquid phase or the liquid phase by

to which particles are more wettable tend to be the external, continuous liquid phase

of the emulsions generally. Whether the particles are easily wetted by water or oil

can be understood from the contact angle between the particle surface and water-oil

interface. For example, if the angle between the particle-water interface and water-oil

interface is smaller than that between the particle-oil interface and water-oil interface,

the particles are more wettable by water. This contact angle θ is determined by the

balance of the interfacial tension γsw at the particle-water interface, the interfacial

tension γso at the particle-oil interface, and the interfacial tension γ at the water-oil

interface (Figure 19) described as

γsw + γ cos θ = γso. (2)

This is the Young’s equation. Figure 20 shows the Pickering emulsion types and

the contact angles θow (the angle between the solid-water interface and the water-oil

interface) in various combinations of solid, water, and oil. The contact angles greatly

depend on the combination. The position of a particle at the water-oil interface

depends on the contact angle, and the interface covered densely by the particles has
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spontaneous curvature when their contact angle is not 90◦ (Figure 21).

particle surface
�
�� �

��

�

�

Figure 19. Balance of interfacial tensions at the contact point between water, oil, and

particle surfaces.

As described above, since the adsorption energy of particles is much larger than the

energy of thermal fluctuation, the free energy of Pickering emulsion systems can be

approximated by interfacial energy. When the water-oil interface is covered with solid

spherical particles, there is always a gap between the particles (Figure 22), and water-

oil interface exists in the gap. The effective tension of the interface densely covered

with particles is always positive. The total free energy of a Pickering emulsion is thus

minimized when the total area of the particle-adsorbed interface is minimized, that is,

when water and oil phase macroscopically separated. This is the thermodynamically

most stable, equilibrium state. In general, Pickering emulsions are not at equilibrium

but metastable state, and are kinetically stabilized because of the particle layer at

the water-oil interface that becomes a steric barrier and prevents coalescence of liquid

domains.

Because Pickering emulsions are kinetically stabilized, the formation process of the

system also affects the resulting state. Limited coalescence is a typical process of

structural development in Pickering emulsions (Figure 23) [57, 58]. The volumes of

water, oil, and particles are preserved, and the initial state is that a minority liquid

phase is thoroughly divided into a large number of droplets which are sufficiently small

and the particles are isolated. Then, the particles are adsorb on the liquid-liquid

interface and the droplets repeatedly coalesce and grow in size. Since the droplet
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Figure 20. Contact angle θow and emulsion type in various combinations of solid particle,

oil, and water [56].

Figure 21. The relation between contact angle θow and spontaneous curvature for the

interface adsorbing particles densely [56].
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Figure 22. The interstitial gap (arrow) between the densely-packed particles at a droplet

surface [55].

surface is not fully covered with the particles at the early stage, they can coalesce

by their fusion. The coverage of the particles at a droplet surface increases by the

coalescence because the total surface area of the droplets decreases by coalescence

whereas the number of the adsorbed particles is preserved. When the surfaces of

droplets are densely covered by particles with the progress of coarsening, coarsening

halts since the particles are strongly adsorbed on the interface. That is, the system

reaches a kinetically stable state.
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Figure 23. Schematic drawing of limited coalescence process.

1.2 Surface activity of amphiphilic Janus particles and Pickering emulsions

with them

Colloidal particles having a hydrophilic and hydrophobic surface exhibit am-

phiphilicity as known for surface active molecules. When the hydrophilic and

hydrophobic surface are both hemispherical, the particle is called amphiphilic Janus

particle (AJP) (Figure 24). This particle is the first patchy particle designed and

fabricated [59]. This section explains the surface activity and Pickering emulsions of

AJPs, and they are compared with the case with isotropic particles.

water

oil

hydrophilic

hydrophobic

Figure 24. Schematic drawing of amphiphilic Janus particle.

Here we describe the adsorption energy of an AJP (Figure 25). When the hy-

drophilic/hydrophobic hemispherical surfaces of the amphiphilic Janus particles are
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completely wetted by water/oil respectively, the change of the interfacial energy by

the adsorption of an AJP to water-oil interface is written as

∆EJanus ≤ −3πr2γ, (3)

where r and γ are the radius of the amphiphilic Janus particle and the water-oil inter-

facial tension, respectively, and ∆EJanus is difined as in equation (1). This equation

is derived from the relation between the interfacial energies for complete wetting,

γso/sw ≥ γsw/so + γ, and ∆E = −3πr2γ when θ = 0◦ or 180◦ in the Young’s equa-

tion (2) [60,61]. Comparing equation (3) with equation (1), the adsorption energy of

an AJP can be more than three times as large in magnitude as that of an isotropic

spherical particle.

Figure 25. Schematic image of AJPs at water-oil interface and in water phase.

When AJPs are adsorbed on the water-oil interface, if the hydrophilicity and hy-

drophobicity of each hemisphere are sufficiently high, the three phase contact line is

on the hydrophilic-hydrophobic boundary (Figure 26) [62]. At the boundary a range

of the contact angle of the water-oil interface is possible, and the arrangement of an

adsorbed AJP does not change for some variation in the polarity of the liquid phases

(Figure 26).

Next, we consider the stability of Pickering emulsion stabilized by AJPs. When

comparing Pickering emulsions by spherical AJPs with those by isotropic spherical

particles, the difference in interfacial energy at the particle surface affects the emul-

sified state, because their shapes are the same. As described, the equilibrium state

of the Pickering emulsions with isotropic spherical particles is the macroscopic sepa-

ration (Sec.1.1 of Chapter II). On the other hand, Aveyard have theoretically shown

that, when the amphiphilicity of an AJP is sufficiently large, the free energy of the
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Figure 26. Schematic drawings of AJP (right), hydrophobic particle (center), and hy-

drophilic particle (left) adsorbed on the interface [62].

Pickering emulsion becomes minimum when all AJPs are adsorbed on the water-oil

interface [63]. It indicates Pickering emulsion by AJPs can be thermodynamically

most stable (equilibrium state). Because of the high stability of such emulsions, AJP

are used in emulsion polymerization or emulsion-based microreactors [64–67].

1.3 Differences and similarities between AJP and amphiphilic molecules

Amphiphilic molecules possess a hydrophilic and hydrophobic group in one molecule

(Figure 27). As shown in Figure 27, when amphiphilic molecules are dispersed in a liq-

uid phase, self-assembled structures such as spherical micelles and bilayer membranes

appear by hydrophobic/hydrophilic interaction between the molecules. Furthermore,

ordered structures composed of these supramolecular unit structures can form. These

structures and ordered states depend on the molecular structure such as the size of

the hydrophilic head group and the hydrophobic tail. In the amphiphilic molecules-

water-oil ternary system, the structures depend also on the composition of the three

components.

As described above, AJPs and amphiphilic molecules possess structural similar-

ity. Therefore, the self-assembled structures of AJPs in their dispersions may also

strongly depend on the composition of the system and the amphiphilic structure as

in amphiphilic molecule systems. It is expected that various aggregate structures

and ordered structures can form [34, 68–70]. However, there are also significant dif-

ferences between AJPs and amphiphilic molecules. Due to the mesoscopic size of

the particle, AJPs are adsorbed on the water-oil interface much more strongly than
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amphiphilic 

molecule

hydrophilic part 

hydrophobic part 

spherical 

micelle 

rod-like 

micelle 

bilayer reverse

micelle

sponge lamella vesicle

Figure 27. Examples of self-assembled structures by amphiphilic molecules.

amphiphilic molecules, and the adsorption of an AJP is irreversible. In contrast,

amphiphilic molecules are at dynamic equilibrium between their adsorption to and

desorption from the interface by thermal fluctuations. When AJPs are densely packed

in water-oil interface, the hard-body interaction between the particles makes the par-

ticle layer solid. In contrast, the molecular layer at the water-oil interface usually

exhibits fluidity and becomes a soft membrane. As described above, since small gaps

exist between the spherical particles in the adsorbed layer, and water and oil are in

contact with each other there, it is possible to exchange substances through the gaps.

There are many differences between the colloidal and molecular system, and thus it

can also be expected that the AJPs form unique self-assembled structures and/or

ordered structures which are different from those of the amphiphilic molecules.
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1.4 Motivation and Purpose

As described above, it is expected that AJPs would be superior surfactants to

isotropic particles. In addition, AJPs are expected to form self-assembled struc-

tures reflecting the amphiphilic structure of the particles, which cannot be formed

by isotropic particles. However, most of the experiments with AJP-water-oil ternary

systems have focused on the emulsification ability and the stability of the emulsions

in macroscopic systems [71–75]. Therefore, the details of the self-assembled struc-

tures, their dependence on the experimental conditions, and the structure formation

mechanism are still to be clarified.

In order to clarify the whole aspects of the self-assembly in the ternary system,

we studied the structures for a wide range of composition of the components by

single particle-level observation, and worked on clarifying the structure formation

mechanism.

2 Experimental section

2.1 Prepareing AJPs

We prepared AJPs composed of hydrophilic and hydrophobic hemispheres by coat-

ing a hemisphere of spherical silica particles with Au and modifying the surface of

the Au layer with 1-octadecanethiol (90.0 %, Wako) to make the surface hydropho-

bic. First, a monolayer of monodisperse silica particles (Hyprecica, UEXC), diameter

d = 3.01 µm with size dispersion ∼ 1.5 % coefficient of variation, was prepared at

an air-water interface and transferred onto a hydrophilized glass slide [76]. A 50-nm-

thick gold layer was thermally deposited onto the monolayer, following a 3-nm-thick

chromium layer. This gold layer formed a hemispherical gold cap on the particle [73].

To render the gold surface hydrophobic, the particles were soaked in a 2 mM ethanol

solution of 1-octadecanethiol for 24 h. We rinsed the particles (volume ≃ 10 µL)

three times by dispersing them in 50 mL of ethanol and collecting them with a cen-

trifuge.These particles possessed high amphiphilicity. They show clear amphiphilic

Janus nature not only at pure water (18.2MΩ, Millipore)–n-dodecane (99.0%, Wako)

interface (Figure 28) used in subsequent experiments, but also at an interface where
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the difference in polarity was smaller than that of water-n-dodecane. The interface

was formed in the mixture composed with ethanol (99.5 %, Wako), dodecane, and a

small quantity of pure water. The volume ratio of ethanol and dodecane was 25:75

and the water content was less than 1 % of the total volume. Because of the small

water content, this mixture phase separated into ethanol- and dodecane-rich phases

at room temperature, roughly at the volume fractions of the ethanol and dodecane

content. In Figure 29, AJP can be seen attached to the interface between the two

liquid phases, with their hydrophobic Au hemisphere immersed in the dodecane-rich

phase and their silica hydrophilic hemisphere in the ethanol-rich phase. Thus, the

fabricated AJP had a clear Janus nature with high amphiphilicity.

n-dodecane

water

Au

silica

(a) (b)

Figure 28. Amphiphilic Janus particles attaching to a liquid-liquid interface. (a) Au optical

microscope image of AJP at a water-dodecane interface. The black and white regions of a

particle are, respectively, the hydrophobic part (Au-coated surface) and hydrophilic part

(silica surface). The scale bar is 5 5 µm. (b) A scanning electron microscope image of a

spherical silica particle with a hemisphere coated with Au. The white and gray regions of

the particle are, respectively, the Au-coated surface and the silica surface. The radius of the

particle was 2.6 µm for visual clarity.

2.2 Structure formation and observation

We prepared a ternary system comprising AJP, pure water, and n-dodecane. We

used a volume ratio of water to the particles, α = VW /Vp , over the range 0.00 – 8.28,

where both VW and Vp were precisely measured and were up to a few microliters. The

volume of dodecane was 100 – 200 µL. The water was thus the minority liquid phase
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Figure 29. An optical microscope image of amphiphilic Janus particles attached to the

interface between dodecane-rich and ethanol-rich phases. The black and white regions of a

particle are, respectively, the hydrophobic part (Au-coated surface) and the hydrophilic part

(silica surface). The scale bar is 5 µm.

in all samples so that the water domain was isolated and enclosed by the particles.

For each sample preparation, the amount of AJP was weighed and the value was

converted to volume with the mass densities of the particle and gold. The AJPs

were dispersed in dodecane in a polypropylene tube with an ultrasound bath (38 kHz,

100 W)(US-102, SND Inc.) for ∼ 5 min. Next, when VW ≥ 0.5 µL, the required

amount of water was added to the AJP-dispersed dodecane with a micropipette,

followed by the ultrasonic mixing for ∼ 60 s. When VW < 0.5 µL, a larger amount

of water was first dispersed in dodecane homogeneously by ultrasonication, and then

the calculated amount of the water-dispersed dodecane containing the required VW

was added to AJP-dispersed dodecane, followed by ultrasonic mixing for ∼ 60 s. This

process enables precise control of VW and through break-up of such a tiny amount of

water (cf. Figure 30). After the self-assembled structure formation in a sample under

gentle stirring by hand, some amount of the sample, ∼ 20 µL, was taken and diluted

in dodecane ∼ 100 µL to isolate each cluster/emulsion droplet. This diluted sample

was observed with optical microscopy: BX50 (Olympus) with objective lenses Plan

40x/0.65 and Ach 20x/0.40, and TE2000-U (Nikon) with objective lenses PlanApo

VC 100x/1.40, PlanApo VC 60x/1.40, PlanFluor 40x/0.75 Ph2 DLL and PlanFluor
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20x/0.50 Ph1 DLL, dependent on the required magnification. No noticeable effect

of the dilution process on their structures was observed under the microscopy. We

prepared the samples with different α to investigate the dependence of self-assembled

structures on it.

Figure 30. Optical microscopy images of water droplets wetting a glass coverslip in do-

decane. Apparently, the diameter of the wetting droplets is ≲ 1 µm: When the diameter

is 1 µm, the corresponding diameter of the floating droplet is 0.52 µm. It follows that the

diameter of water droplets after the agitation should have been less than 1µm typically. The

scale bar is 1 µm.

3 Results and Discussion

3.1 The aggregates and the change in structure

This section first qualitatively describes the change in structure of the ternary sys-

tem with increasing water content, α. With increasing α, (inverse) small, micelle-like

clusters appeared, followed by anisotropic growth into rod-like shapes, and finally

spherical emulsion droplets were formed (Figure 31 (b-k)). At α = 0.00, random

aggregates simply were formed by the van der Waals attraction between the particles

(Figure 31 (a)). The attraction between bare silica particles is strong enough to irre-

versibly aggregate in dodecane, explaining why there was no selectivity for bonding

surfaces observed, although a stronger attraction was expected between Au surfaces

than between Au and silica or between silica surfaces due to the large Hamaker con-

stant of Au. Adding a small amount of water (α = 0.09) caused small clusters in which
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hydrophilic surfaces were bonded to one another with an inverse micelle-like internal

structure (Figure 31 (b)). The micelle-like clusters coexisted with random aggregates.

Larger micelle-like clusters were observed with an increase in α. Simultaneously, the

number ratio of the micelle-like clusters to random aggregates increased with α, and

random aggregates were not observed for α > 0.27. When the sizes of small clusters

exceeded about 15 particles, the clusters exhibited unidirectional anisotropy in shape.

The clusters with clear rod-like shapes appeared at α ≥ 0.16 (Figure 31 (c-e)). With

further increases in α, almost all clusters became rod-like and their widths slightly

increased, as shown in Figure 31 (c-e). For α ≥ 0.39, spherical emulsion droplets

(colloidosomes) with a water inner phase appeared. In Figure 31 (j), AJP can be

seen attached to the water-oil interface, reflecting their amphiphilic Janus structure

and forming a monolayer. With an increase in α, the size of the spherical emulsion

droplets and the number ration of them to all aggregates increased. For α ≥ 0.66,

finally, the system formed an emulsion, in which almost all structures were spherical

droplets (Figure 31 (g-j)). A diagram of the α-ranges for each of the characteristic

structures is shown in Figure 31 (k). At the intermediate concentration where rod-like

micelles and spherical droplets coexisted, a structure was observed with a thickness

that differed somewhat from other parts (Figure 31 (f)). This may have been an

intermediate structure between rod-like and spherical droplets. The reason for the in-

crease in thickness of the rod-like clusters observed in Figure 31 (c-e) is not only that

more particles are attached to the cluster to eliminate hydrophilic surfaces exposed

to the external environment, which is apparent by comparing Figure 31 (c) and (d),

but also that the rods slightly swelled because of the inner water phase. However, the

inner structure of micelle-like clusters has not been observed in detail at this stage.

The way in which thickness changed in Figure 31 (f) and the existence of swelling

remain uncertain.

There is a similarity between the observed structural changes induced by increasing

the water content for the AJP and those known for surfactant molecules. At low

water content, the formed clusters were similar to the spherical and rod-like micelles

that occur in a binary system of surfactant and solvent. At α ≳ 1, where clusters can

swell, emulsions composed of spherical droplets appeared, which are well-known in

(micro)-emulsions of surfactant systems. However, the particles showed no thermal

motion in the clusters and emulsion droplets, indicating much larger interparticle and
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particle-interface interaction compared with thermal agitation. Thus, the structures

with AJP did not relax thermally; that is, they are trapped deeply within metastable

states, which differs from the dynamic equilibrium structures found in surfactant sys-

tems including micro-emulsions. Such a metastability has often been observed in

mesoscopic particle systems, such as in Pickering Emulsions formed with homoge-

neous particles [45]. We therefore consider that the continuous change in the ratio of

respective structures with the increase of α was predominantly caused by stochastic

and/or kinetic formation of metastable structures and cannot be related directly to

the transition between equilibrium states. It would be noteworthy that the emulsion

droplets can be regarded as swollen spherical micelles of a micro-emulsion when the

emulsion with AJP is (almost) at equilibrium, though it would not be the case here

as discussed later.

3.2 Detail of micelle-like cluster and the formation mechanism

In this section, the formation mechanism of micelle-like clusters observed at low

water content is discussed. From the microscopic observation of randomly sampled

small clusters composed of two or three particles for α ≤ 0.27 (Figure 32 (a)), the

ratio of bonds that were not formed between hydrophilic surfaces is large at α = 0.09,

whereas most bonds were formed between hydrophilic surfaces at α = 0.27. Figure

32 (b) shows the orientation of hydrophobic surfaces in typical clusters over the α-

range. With an increase in α, the hydrophobic surfaces of the particles tended to face

outwards from the cluster, i.e. forming inverse micelle-like structures enclosing the

hydrophilic surfaces, as observed in Figure 31. In inverse micelles formed with sur-

factant molecules in apolar solvents, the condensation force arises from the attraction

between the hydrophilic parts of the molecules (or the repulsion between hydrophilic

parts and apolar solvents, or hydrophobic parts). For AJP in a polar solvent, the

formation of micelle-like clusters through attraction between hydrophobic surfaces

has been also reported [11, 32]. However, because the bonds between hydrophilic

surfaces increased with α in this study (Figure 32 (a)), the formation of clusters can-

not be explained simply by the attraction between hydrophilic surfaces in an apolar

solvent. The results can be decently explained with the selective attraction between

hydrophilic surfaces induced by water rather than hydrophilic-hydrophilic attraction.
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(a) (c)(b)

(d) (e)
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α = 0.00 0.09 0.16

0.27 0.39
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Figure 31. α-dependence of the morphology in self-assembled structures. (a-i) Optical

microscope images of typical structures formed at respective α. (a) Random aggregate. (b)

Small micelle-like cluster. (c-e) Rod-shaped micelle-like clusters. (f) Structure observed

at a value of α where rod-shaped micelle-like clusters and spherical droplets coexist. (g-i)

Spherical droplets in emulsions. (i) Hemispherical droplet attached to the bottom of the

observation cell. (j) Magnified image of the framed region in (i). (k) Diagram of the α-

range of the observed structures. The scale bars are 5 µm in (a) and (b), 10 µm in (c)-(h)

and (j), and 50 µm in (i).
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We speculate that this attractive force acts through a capillary bridge of a water

droplet between hydrophilic surfaces as shown in Figure 32 (c). In the mixture of

homogenous particles and two immiscible liquids, it is known that the minority liquid

phase that is wetted by the particles “glues” them together by the strong attraction

between them [77–80]. The capillary force is typically much stronger than other

interparticle interactions such as van der Waals and electrostatic force in colloidal

systems [77, 78]. The force is calculated as F = 2πr1γ + πr21∆P , where r1 is the

neck radius of a capillary bridge and ∆P is the Laplace pressure.(Figure 33) When

a capillary bridge is very small, its shape is approximated as in Figure 33 (a) for

r1 ≫ r2. The force asymptotically approaches its maximum, Fmax = 2πaγ cos θ,

where a is the radius of the particles, with the decrease in the bridge size, where the

Laplace pressure is dominant. The force decreases with the increase in the capillary

bridge size. For a large cylindrical liquid bridge as shown in Figure 33 (b), e.g.

F = πaγ cos θ; that is, the size dependence of the force is not significant compared

with the differences between the capillary force and other typical inter-particle forces

as shown in Ref. [77]. In our system, the capillary force between two silica surfaces in

contact is described as Fc = 2πaγ cos θ ≈ 400 nN, where the surface tension between

water and n-dodecane at room temperature γ = 53mN/m [81] and the contact angle

of water in dodecane on a silica surface θ ≈ 40◦ [56]. The typical value for the

van der Waals force is described as FvdW = Aa/12s2 ≈ 1 nN, where the typical

interparticle distance s = 1 nm is given by assuming the surface roughness is 1 nm

and Hamaker constant A ≈ 10−20 J for silica particles in water. The force between

gold hemispheres is described as F gold
vdW = Aa/12s2 ≈ 50 nN, where A ≈ 40× 10−20 J.

Thus, the capillary force must be generally much larger than the van der Waals forces

in our system because the former does not significantly depend on the droplet volume.

During the structure formation process, water was initially broken into small-

diameter droplets ≲ 1µm. Water partially wets the silica surface in n-dodecane, thus

the droplets would cover a relatively small area of the hydrophilic silica surface at a

low water content (e.g. α = 0.09, see the left image in Figure 32 (d)). The number of

possible capillary bridges between hydrophilic surfaces is therefore relatively small un-

der such conditions, resulting in a low ratio of hydrophilic-hydrophilic bonding. With

increasing water content, a larger area on the hydrophilic surface can be covered with

water droplets (the right image in Figure 32 (d)), and hydrophilic-hydrophilic bonding

45



3 RESULTS AND DISCUSSION

becomes predominant. In addition, experimental [11,32] and theoretical [82] studies

have reported that a rod-like structure is most stable when a hemisphere of Janus

particles aggregates through a short-range attraction. This explains the formation

of the rod-shaped micelle-like clusters when hydrophilic-hydrophilic bonding becomes

predominant with increasing α.

3.3 Detail of spherical droplet and the formation mechanism

This section discuss the structure of emulsion droplets formed at high water content.

The size of the droplets apparently increases with water content (Figure 34 (a)). For

α > 0.66, where almost all of the structures in the system were spherical droplets,

their standard deviation and average radius r̄ (Figure 34 (b)), and the distribution

of their radii (Figure 34 (c)) were obtained by image analysis. The definition of r is

given in the schematic image shown in Figure 34 (b). The microscope images of the

droplets shown in Figure 34 (a) include the particles attached to the interface and

thus the observed radius r∗ is given as r∗ = r + a. r̄ was almost proportional to α,

as shown in Figure 35 (b). The size distribution was narrow at all values of α, 0.66

- 8.28 as shown in Figure 34 (b) and (c). The average of coefficient of variation over

the α-range was 24 %.

The linear relationship between r̄ and α, i.e. r̄ ∝ VW and r̄ ∝ V −1
p , appears to

have arisen from the limited coalescence upon Pickering Emulsion formation [57] as

follows. It is assumed that the minority liquid phase was initially fully broken into tiny

droplets, and all particles became attached irreversibly to the liquid-liquid interface

during the coalescence process. The droplets then coalesced to each other until the

layer of attached particles became sufficiently dense to kinetically prevent their fusion.

Thus, the total surface area of droplets coincided with the liquid-liquid interfacial area

that particles could possibly cover by forming the dense layer of attached particles,

resulting in the proportionality mentioned above. The surface area density of droplets

S(r) followed the log-normal distribution (see the inset in Figure 34 (c)), which also

appears in the case of limited coalescence [57, 58]: S(r) ∝ 1√
2πσr

e−(ln(r−M))2/2σ2

,

where M and σ are the parameters whose combinations are related to the mean and

variance of the distribution.

We compare our experimental results with the following model, which is based on
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Figure 32. Bonding between AJP in micelle-like clusters. (a) Ratio of bonds between

hydrophilic hemispheres (silica surfaces) to the total bonds in small clusters. The number of

analyzed particles were 30, 28 and 19, respectively, for α = 0.09, 0.16, and 0.27. (b) Orienta-

tion of the hydrophilic surfaces. The broken lines represent the outlines of the particles. The

arrow indicates the direction of the center of a hydrophobic hemisphere in two-dimensions.

(c) Schematic of Janus particles bonded by a capillary bridge between their hydrophilic

surfaces. (d) Schematic of particles wetted by water droplets on their hydrophilic surfaces.
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3 RESULTS AND DISCUSSION

Figure 33. Schematics of a capillary bridge between particles at contact. (a) A small

capillary bridge, where r1 ≫ r2. (b) A cylindrical bridge, where r1 = a cos θ.

limited coalescence and takes into account the volume of the attached particles (the

inset in Figure 34 (b)). We assume that (i) droplets are monodisperse (r̄ = r in

this model), (ii) the influence of curvature of the droplets can be ignored, (iii) the

boundary between hydrophilic and hydrophobic surfaces of AJP lies at the water-

dodecane interface, and (iv) the interfacial coverage of AJP, C, which is defined as

the ratio of the area covered by particles to the lateral surface area of a droplet, 4πr2,

is constant. The resultant relation between r and α is therefore

r = 4aCα+ 2aC (4)

where a = 1.5 µm. For this calculation, we used the surface area and volume of the

spherical body shown by the dashed circular line in the inset of Figure 34 (b), thus

half of each attached particle is included in the body. The total surface area of the

spherical body Sd is
Sd = 4πr2nd (5)

where nd is the number of droplets and r̄ = r here. In limited coalescence, all the

particles attach to the surface to give coverage C. Thus, CSd gives the total cross-

sectional area of the particles at the surface expressed as

CSd = πa2np =
3Vp
4a

(6)

where np = Vp/vp is the number of AJPs; Vp is the total volume of AJPs and vp =
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4πa3/3 is the volume of one AJP. The total volume of the spherical body Vd is

Vd =
4

3
πr3nd = VW +

1

2
Vp (7)

where VW is the total volume of water. Using Vd = rSd/3, equations (6) and (7) give

Vp
4aC

r = VW +
1

2
Vp, (8)

leading to equation (4). The experimental result of r̄ can be fitted well by equation (4)

using Cfit = 0.60 as a fitting parameter (Figure 35 (b)). Together with the log-normal

distribution of S(r), the emulsification in our experiment can be explained well by

limited coalescence. A requirement for the process, strong agitation for mixing, was

observed in practice, as mentioned in the experimental methods section.

The value of Cfit obtained is smaller than that for the close-packing of spheres,

Ccp = 0.91. The interfacial coverages obtained directly by microscopy observation

of the droplets surface, Cexp, were 0.61 - 0.71 for α = 4.14 − 7.44 (Figure 35 (a)),

respectively. The reason that Cfit and Cexp are smaller than Ccp is probably that the

anisotropic interaction between particles originated from a deformation of the liquid-

liquid interface. There are small undulations of the boundary between hydrophilic

and hydrophobic surfaces on an amphiphilic Janus particle (Figure 28 (b)). The

undulations deform the interface in the vicinity of the attached particle and induce

anisotropic interaction between the particles [83]. This interaction is also referred

to as capillary interaction; however, the geometry of particles was different from

that for capillary bridges described above. In Ref. [83], Park et al. reported the

formation of a loosely packed layer of AJP at a water-oil interface in a similar system.

This anisotropic interaction would hinder the closest packing of AJP on the droplet

surfaces. In addition, the slightly smaller values of Cfit than Cexp was caused by the

size distribution of droplets (Figure 34 (c)). Considering the size distribution, the

total surface area of droplets was estimated for α = 4.14 − 7.44 by approximating

the experimentally obtained surface area density to a log-normal distribution (cf. the

inset in Figure 34 (c)). These re-calculated total surface areas for respective α are

smaller by 5 % on average than those estimated by assuming a constant radius, r̄, for

the same total volume of droplets. The corrected values of Cfit with the re-calculated

total surface areas, Cdisp
fit , approach Cexp and agree within statistical errors (Figure

35 (a)).
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Figure 34. Dependence of emulsion droplet size on α. (a) Typical optical microscope images

of spherical droplets formed at α = 0.85, 2.99, 4.96, and 7.44. (b) Dependence of average

radius of droplets r̄ on α. The error bars represent their standard deviations. The solid line

is the best-fit by equation (4). Inset is a schematic of a cross-sectional view of a spherical

droplet. The radius of the droplet r is measured from its center to the liquid-liquid interface,

which is at the middle of the attached particles. (c) Distribution of the radius of droplets at

various α. The plots are normalized by their peak heights. Inset is the distribution plotted

as a surface area ratio, i.e., surface area density, at α = 5.80. The broken line is the best-fit

to a log-normal distribution.
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The linear relationship observed between r and α in Figure 34 (b) simply indi-

cates that the total surface area of droplets was proportional to the total number of

particles, and there was no direct relationship between the area and the number of

the particles that actually attach to the droplet surfaces. Hence, we estimated the

total volume of the attached AJPs at respective α in the experiment from the surface

coverage Cexp, the distribution of droplet radius obtained by observation (Figure 34

(c)), and the volume of the water added to the sample. These values estimated from

experimental results show good agreement with those of the particles added during

sample preparation (Figure 35 (b)). This agreement indicates that almost all particles

directly contributed to the stabilization of the droplets.

Emulsions are formed even at fairly low values of α, especially α < 1, where the

volume of water is smaller than that of the particles, as described above. This result

also indicates the high surface activity of the AJP. However, the influence of the

curvature of a droplet cannot be negligible at this region of α [84], and it is necessary

to explicitly consider the arrangement of the individual particles and shape of the

liquid-liquid interface. Elucidating the mechanism behind the formation of emulsions

for a small quantity of the minority liquid phase, including the transition from rod-like

clusters to spherical droplets, is left for future studies.

In the above discussion, we quantitatively showed that AJPs exhibit excellent sur-

face activities to stabilize droplets where all the particles contribute to the stabiliza-

tion after the limited coalescence process. Although these features are known for

Pickering emulsions of homogenous particles, AJPs possess advantages, as described

in the Introduction. The elucidation of AJP emulsification from the lower limit of the

minority liquid phase ratio in this study would therefore contribute to their applica-

tion. The agreement of the emulsion state with the limited coalescence model shown

e.g. by the log-normal distribution in Figure 34 (c) suggests that the droplets are

kinetically stabilized in this experiment and thus they do not correspond to swollen

micelles of a microemulsion. The equilibrium emulsion state is also difficult to achieve

by such a low interfacial coverage of particles at the droplet surface. In addition, be-

cause a spherical droplet (colloidosome) has interstitial space between the particles

even at the closest surface packing state (Ccp = 0.91), the structure is applicable

to permeable microcapsules. Our results suggest the possibility of controlling the

surface coverage of the colloidosome, i.e. control of porosity using the undulation of
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the boundary between hydrophilic and hydrophobic surfaces of an amphiphilic Janus

particle, which would also be useful for controlling permeability.

Figure 35. Coverage of AJP on emulsion droplets. (a) Surface coverage of AJP obtained

from microscopic observation, Cexp, from fitting equation (4), Cfit, and the corrected values

considering droplet size distribution, Cdisp
fit . The numbers of analyzed droplets for the Cexp

data corresponding to α = 4.14, 4.96, 5.80, 6.60, and 7.44 are, respectively, 13, 14, 16, 14, and

8. (b) Comparison between the amounts of AJP attached to the droplet surface estimated

from microscopic observation and those in a sample, i.e., the amounts added during sample

preparation. In this range of α, Vp monotonously decreases because we increased α by

decreasing the volume of particles Vp.
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4 Summary and conclusion

In this study, we observed the internal structures in a ternary system composed

of amphiphilic Janus particles comprising hydrophilic and hydrophobic hemispheres,

water and oil by varying the ratio of the minority liquid phase (water) to the particles

over 2 orders of magnitude. With increasing water content, the self-assembled struc-

tures showed a transition from micelle-like clusters formed by anisotropic interaction

between AJP to emulsions where spherical droplets were stabilized by the surface

activity of AJP. At low water content, the strong attraction due to capillary inter-

actions induced by tiny water droplets selectively appeared between the hydrophilic

hemispheres, forming (inverse) micelle-like clusters. When the clusters were large, the

shape of the structures became rodlike, reflecting the Janus structure of the particle

where the sticky surface is hemispherical. When the water content was large enough

to fill the interstices between hydrophilic surfaces, i.e. the volumes of AJP and water

became equivalent, droplets covered with AJP (colloidosome) were formed.

This is the first experimental study that systematically elucidates the remarkable

change in self-assembled structures in the ternary system of AJP-water-oil through

changes in composition. We have demonstrated that the chemical duality, i.e. am-

phiphilicity, of mesoscopic particles induces self-assembly which is qualitatively the

same as that in microemulsions of surfactant molecules. On the other hand, there

is an essential difference due to the size of surfactant: The mesoscopic size of AJP

makes the interparticle and particle-interface interaction much larger than thermal

agitation. The self-assembly in AJP system is therefore irreversible and the structures

are kinetically, not thermodynamically, stabilized, being different from dynamic equi-

librium structures in microemulsions. In addition, our study clearly shows agreement

between experiment and a simple theoretical model for the dependence of emulsion

droplet size on the composition of the system. The latter has previously been studied

experimentally for homogeneous particles [57] but only theoretically for nonspherical

AJP [58].

Our experimental results clearly show that AJPs have the characteristics of both

surfactant molecules and homogeneous colloids as emulsifiers. The formation of

micelle-like clusters is useful to homogeneously disperse the particles while avoiding
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large agglomerate formation, as a preliminary step for emulsification. The emulsi-

fication of AJP is explained by limited coalescence, as in the case for homogeneous

particles. This study provides fundamental understanding of the use of AJP as a

superior emulsifier compared with homogeneous particles. The elucidation of the ba-

sic mechanism behind structure formation of AJP is also expected to be useful in

understanding emulsification by anisotropic biomolecules such as proteins.
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ChapterIII

Control of adsorption behavior of

metal-patchy dielectric particles utilizing

anisotropy in DLVO interaction

1 Introduction

1.1 DLVO interaction

As described in Sec.4 of Chapter I, the DLVO theory describes the interaction that

works between colloidal particles in solution as the sum of van der Waals (vdW)

attraction and the repulsion by the electric double layer (EDL). DLVO interaction is

the most fundamental and widely employed interaction in discussing the dispersion

stability of colloidal particles. vdW interaction is universal between materials. In

a polar solvent such as water, the surface of a colloidal particle often has a surface

charge, and thus EDLs are formed, inducing the EDL repulsion between the colloidal

particles.

1.1.1 vdW interaction

vdW interaction is a kind of electrostatic interaction depending on the dielectric

constant and its frequency dependence, the polarization of molecules, etc. In addition

to the properties of the materials, the morphology and thickness of the interacting

objects affect the interaction. In this section, the dependence of the interaction on

these parameters is explained using the theoretical equation of non-retarded vdW

interaction. When the solid material 1 and material 2 have flat surfaces in parallel

separated by the medium 3 (Figure 36), the vdW force between the solid material 1

and 2 per unit area is expressed as follows.

fvdW(D) = − A132

6πD3
, (9)

where A132 is the Hamaker constant when the medium 3 exists between the material

1 and material 2, and D is the distance between the flat surfaces [18].
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231

D

Figure 36. The interaction working between materials 1 and 2.

When the shape of the interacting objects is different, the distance between the

micro regions changes from the case in Figure 36. The equations of the vdW interac-

tion between spherical object 1 and flat object 2 (Figure 37) and between spherical

objects 1 and 2 (Figure 38) with medium 3 are expressed as follows.

FvdW(D) = −A132

6D2
r1, (10)

FvdW(D) = −A132

6D2

(
r1r2
r1 + r2

)
, (11)

where r1 and r2 are the radii of the spherical surfaces. When r1 and r2 are sufficiently

larger than D, equations (10) and (11) can be derived from equation (9) by using

Derjaguin approximation. When A132, D, r1 and r2 are common in the equations

(9), (10) and (11), and r1 = r2, the magnitude of the vdW force is flat-flat > flat-

sphere > sphere-sphere.

In vdW interaction, Hamaker constant is an important factor. Hamaker constant

is determined by the dielectric constants of the medium and two interacting objects.

When the interacting particles are made of the same material, the Hamaker constant

is always positive and the vdW interaction becomes attractive. In addition, the larger

the dielectric constant difference between the particle and medium is, the larger the

absolute value of the Hamaker constant is. Since the dielectric constant of metals
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Figure 37. Spherical surface 1 and flat surface 2.

31

D

2

�� ��

Figure 38. Spherical surfaces 1 and 2.

is much larger than that of dielectrics, Hamaker constant between metals in water

is much larger than that between dielectrics. For example, the Hamaker constant

between gold and gold and between silica and silica in water are 30−40×10−20 J and

0.83 × 10−20 J, respectively [18]. Thus, the vdW attraction between gold particles

in water is about 40 times larger than that between silica particles under the same

conditions.

The thickness of the object also affects the magnitude of vdW interaction. vdW

force per unit area working between flat objects with a flat surface layer (film thickness

T and T ′) is expressed as follows (Figure 39).

fvdW(D) = − 1

6π

[
A232′

D3
−

√
A121A32′3

(D + T )3
−

√
A1′2′1′A323

(D + T ′)3
+

√
A1′2′1′A121

(D + T + T ′)3

]
(12)

Figure 40 shows the effective Hamaker constant A(L) between the parallel planes

of polystyrene having a gold surface layer in water [31]. L is the distance between
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D
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Figure 39. Interaction between two flat objects with a surface layer.

the surfaces of the planes and corresponds to D in equation (12). When the gold

layer thickness is sufficiently smaller than L, A(L) approaches the Hamaker constant

between polystyrene objects. When the thickness is sufficiently larger than L, A(L)

approaches the Hamaker constant between gold objects. In particular, when the

gold film thickness is approximately 100 nm, the effective Hamaker constant can be

approximated with that of gold objects at L < 20 nm, where DLVO interaction

generally plays an important role in water.

Figure 40. Effective Hamaker constant between parallel flat polystyrene with a gold surface

layer in water [31].
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1.1.2 Electric double layer repulsion

When the solid surface has a nonzero surface potential by the surface electric charge

in liquid, ions in the liquid are attracted to or repelled from the solid surface, forming

a layer of counterions against the surface charge. This layer is called an electric

double layer (EDL). In an EDL a gradient of ion concentration forms near the solid

surface (Figure 41), and the potential continuously approaches zero with the increase

of distance from the solid surface.

The EDL repulsive force per unit area working between two identical solid planes

in liquid is expressed as follows.

fedl =
κ2

2π
Ze−κD (13)

Z = 64πε0ε(kBT/e)
2 tanh2 (zeψ0/4kBT ), (14)

where κ−1, ε0, ε, e, z, and ϕ0 are the Debye length, dielectric constant in vacuum,

dielectric constant of liquid, the elementary charge, the valence of the ions, and the

potential of the solid surfaces, respectively. The Debye length depends on the kind

and concentration of electrolyte in liquid.

The equations of EDL repulsive force between the spherical and flat object and

between the spherical objects are expressed as follows by using Derjaguin approxima-

tion.

Fedl = κr1Ze
−κD (15)

Fedl = κ
r1r2
r1 + r2

Ze−κD (16)

1.1.3 vdW attraction vs. EDL repulsion

DLVO interaction working between colloidal particles of the same material is con-

sidered here. vdW attractive force is proportional to 1/D3 and EDL repulsive force

is proportional to e−κD. DLVO potential, obtained from the sum of these forces,

plotted with respect to the distance between surfaces D thus exhibits a characteristic

profile. DLVO potential between the spherical particles of radii r1 and r2 is expressed
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Figure 41. Schematic drawing of EDL and electric potential formed by surface potential

in liquid.

by the following equation obtained by integrating the sum of equations (11) and (16)

with respect to D.

WDLVO = −A131

6D

r1r2
r1 + r2

+
r1r2
r1 + r2

Ze−κD. (17)

Figure 42 shows three characteristic profiles of DLVO potential between two par-

ticles of same materials in water dependent on salt concentration. Here r1 = 1 µm,

r2 = 0.5 µm, A131 = 10 × 10−20 J, T = 297 K, ϕ0 = 40 mV, and the electrolyte is

monovalent. When D is sufficiently small, vdW attractive force always exceeds EDL

repulsive force. For solid particles, the hard body repulsion appears in the vicinity

of the distance of 0, and DLVO potential has a primary minimum. When the salt

concentration is low, a large energy barrier prevents the particles from the falling to

the primary minimum. Increase of the salt concentration decreases the EDL repul-

sion, and at a moderate salt concentration, the potential has a secondary minimum

deeper than kBT (≃ 4 × 10−21 J at room temperature). When salt concentration is
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high, the energy barrier disappears and DLVO interaction become attractive at all

distances.
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Figure 42. Salt concentration dependence of DLVO potential.

The differences in the DLVO potentials in Figure 42 also cause the difference in the

aggregation / adsorption of particles and their mobility in the aggregated / adsorbed

state. For the potential profile of a low salt concentration, see that of 2.0 mM in

Figure 42, the particles stochastically crossing the energy barrier are trapped at the

primary minimum. In addition, the particles cannot be trapped at the shallow sec-

ondary minimum at large D that is not deeper enough than kBT . For the potential

profile of moderate salt concentration, see that of 5.0 mM in Figure 42, the particles

crossing the energy barrier are trapped at the primary minimum. In addition, par-

ticles can be stochastically trapped at the secondary minimum that is considerably

deeper than kBT . For the potential profile of a high salt concentration, see that of

100.0 mM in Figure 42, the particles rapidly aggregate by the attractive potential and

61



1 INTRODUCTION

are trapped at the primary minimum. When a particle is trapped on another object

at a local minimum of DLVO potential, its mobility reflects whether the particle is

at the primary or secondary minimum. At the primary minimum of the potential,

where D ≃ 0, the surfaces possessing (at least) molecular-level roughness are tightly

in contact, and thus the adsorbed particle at the minimum cannot exhibit thermal

motion in general [18]. At the secondary minimum in the potential, where D has

typically of the order of 1 to 10 nm, the potential profile is smooth and the influence

of the microscopic surface roughness on the profile is small because of the distance.

The particles can thus thermally move along the surface while remaining trapped at

a secondary minimum when their surfaces are sufficiently smooth.

As can be seen from equations (14) and (17), the profile of DLVO potential also

depends on the surface electric potential of particles and the Hamaker constant.

1.2 DLVO interaction of metallodielectric particle

Our metallodielectric particle (MDP) consisted of a spherical dielectric colloidal

particle with one metal patch on its surface (Figure 43). We expect that anisotropic

DLVO interaction works between metallodielectric particle and another object. As

described above (Sec.1.1.1 of Chapter III), the Hamaker constant between metal sur-

faces is generally one order of magnitude larger than that between dielectric surfaces,

and thus the vdW attraction between metal surfaces is larger than that between di-

electric surfaces. When an MDP interacts with a metal and dielectric object, the

vdW attraction between the metal patch and a metal object is larger than that be-

tween the patch and a dielectric object in vacuum (Figure 43). When the medium

is a dielectric, both the relative magnitude and sign of the interaction depend on the

dielectric constant of the medium. Nevertheless, the attraction is the largest between

metal surfaces among these four combinations.

As described above (Sec.1.1.1 of Chapter III), it is possible to tune the vdW attrac-

tion between an MDP and bulky metal object so that it is stronger than that between

two MDPs, by making their metal patch thin. By combining the tuning of this vdW

attraction and that of EDL repulsion by surface charge and salt concentration, we

expect that the anisotropy of the DLVO interaction between MDPs and/or between

an MDP and bulk metal can be widely controlled from repulsion to attraction.
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Figure 43. Comparison of the vdW attraction between an MDP and metal or dielectric

surface in vacuum.

Such a control of interactions could realize, for example, a monolayer of MDPs on

the surface of a metal object where the metal patches of the MDPs bond to the metal

surface (Figure 44). As a result, a dielectric layer whose thickness is of the order of

the diameter of colloidal particles is formed on the metal surface.

dielectric 

layer

dielectric

shell

Figure 44. A monolayer of MDPs on a metal surface.

1.3 Motivation and purpose

Although Shemi and Solomon reported the characteristic self-assembled structures

formed by the anisotropic DLVO interaction between MDPs [31], there have been no

studies tuning the anisotropic DLVO interactions between multiple particles and ob-

jects, and realizing highly controlled adsorption behavior of MDPs so far as we know.

In experimental studies of patchy particles, anisotropic interactions are often realized

by introducing new interactions other than DLVO interaction. These interactions
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sometimes specify or limit the materials of the system and experimental methods.

If highly controlled adsorption of colloidal particles is realized by the well-known,

widely used DLVO interaction, it can be applied to various experimental systems for

the introduction of anisotropic interactions to control the self-assembly or dispersed

state of colloidal particles, being a new strategy in colloidal experiments.

We worked on realizing selective adsorption and structure formation of MDPs on

metal surfaces. Au-silica patchy particles on which a small gold thin film (thickness

was ≲ 10 nm) was formed were used as MDPs. We investigated the salt concentration

dependence of the adsorption behavior of the MDPs to 100 nm-thick gold films and

glass surface.

2 Experimental section

To compare the adsorption behavior of MDPs on glass surfaces with that on Au

surfaces, we first observed the dispersion state of MDPs on an Au-patterned substrate,

which was a glass substrate patterned with a thick Au film on its surface. Next, the

self-assembled structure of MDPs adsorbed on an Au surface was investigated in a

dispersion of MDPs and large particles coated with a thick Au film. We observed a

sample with an optical microscope (TE 2000-U, Nikon, Tokyo), with objective lenses

(CFI S Plan Fluor ELWD 40×, CFI Plan Apo Lambda 60× Oil, and CFI Plan Fluor

DLL 100× Oil). All experiments were performed at room temperature (approximately

25◦C).

2.1 Preparation of MDPs

We first produced a close-packed monolayer of spherical silica particles (Hyprecica

SS, UEXC, Tokyo, Japan) with a diameter of 1.5 µm following the method in Ref.

[76]. The silica particles were monodisperse (coefficient of variation 2 %). Next, Au

patches were formed on the surface of the particles by thermal deposition using the

glancing angle deposition method [85,86]. The angle of the monolayer to the incident

direction of evaporated metal, termed the monolayer angle, was small (5◦ or 10◦).

Various shapes of patches smaller than the silica hemisphere formed (Figure 45 (a))

because the patch shape depends on the orientation of the colloidal crystal domains
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and the monolayer was polycrystalline [85,86]. We deposited Cr followed by Au, and

their thicknesses were respectively 3 and 10 nm when the evaporation angle to the

particle surface is 90◦. The thickness of a patch becomes smaller as evaporation angle

to the particle surface deviates more from 90◦ (Figure 45 (b)) [87]. For the small

monolayer angle described above, no metal was deposited on the particle surface at

an evaporation angle of 90◦; the maximum patch thickness was at its edge closest to

the evaporation source, where the evaporation angle to the surface is at its maximum,

and the maximum thickness also depends on crystal orientation. For example, when

the monolayer angle was 5◦ or 10◦, the maximum thicknesses at the lower edges of

the patches for the crystal orientation in Figure 45 (b) were geometrically estimated

to be 5.6 and 7.6 nm, respectively. Thus, the Au patch of the MDPs was considerably

smaller than the hemispherical surface and there was variation in the shape of the

patches and non-uniformity in the thickness of a patches. Then, the surface of each

Au patch was chemically modified with sodium 3-mercapto-1-propanesulfonate (98.7

wt%, Wako, Osaka, Japan) to provide negative dissociable groups. The particles were

washed thoroughly with ethanol and then stored in ethanol [34].

2.2 Adsorption of MDPs to an Au-patterned substrate

An Au-patterned substrate was prepared by the same procedure as that used to

fabricate the MDPs. A close-packed monolayer of spherical silica particles (Hyprecica

TS, UEXC) with a diameter of 5.0 µm was formed on a glass substrate. The silica

particles were monodisperse (coefficient of variation 2 %). We deposited Cr (5 nm)

followed by Au (100 nm) onto the monolayer at an angle of 90◦. The particles were

removed without surface modification. As a result, we obtained a honeycomb-like

pattern of triangular Au films with a side length of approximately 2.5 µm on the

glass substrate (Figure 46 (a)). The number of triangular Au films was 9.2 pieces/100

µm2. It is reported that an untreated gold surface is also negatively charged as the

chemically modified MDPs, but the surface electrical potential of an untreated gold

surface is much weaker than that of the surface with dissociable groups such as the

MDPs [88].

Then, MDPs (0.02 vol%) prepared with a monolayer angle of 5◦ were dispersed in

aqueous solutions of NaCl (99.5 %, Wako). NaCl concentrations were 0.0, 1.0, 3.0,
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90°

Figure 45. An MDP and its Au patch. (a) Optical microscope images of MDPs in mixtures

with deposition monolayer angles of 5◦ and 10◦ dispersed in water. The Au patch appears

dark. Scale bars, 1 µm. (b) Schematics of Au patch deposition on the monolayer of spherical

particles. The monolayer angle is 90◦ for the upper row and less than 30◦ for the lower row.

and 5.0 mM. These dispersions were confined between the Au-patterned substrate and

a glass cover slip with a silicone rubber spacer (thickness: 0.5 mm). The horizontal

area where a dispersion was confined was approximately 10 × 10 mm. In the cell, the

sedimentation behavior of the MDPs was considered to be almost the same as that of

spherical silica particles because the patch was very thin compared with the particle
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size, providing the sedimentation rate of 1.4 µm/s calculated with Stokes’law. At

the concentration of the MDPs, the average number of MDPs was 5.7 particles/100

µm2 when all the particles had settled. The number ratio of sedimented MDPs to

triangular Au films on the substrate was thus about 2:3.

Figure 46 (b) shows the experiment and observation procedure. The Au-patterned

substrate was placed at the bottom of the cell. The dispersed MDPs sedimented to-

ward the substrate. This state of the cell is called the normal state in the following. It

takes 6 min for all MDPs to settle in the 500 µm-thick solution at the calculated sed-

imentation rate. The sedimented MDPs interacted with the Au-patterned substrate

in the normal state. It is considered that the number of particles on the bottom

substrate increases almost linearly with time during the 6 min sedimentation process.

Considering the time that all MDPs interact with the Au-patterned substrate as the

reaction time, the average number of MDPs interacting with the substrate in the 6

min is half of all the particles because the MDPs in sample are uniformlly dispersed

at first. Thus, the reaction time is regarded as 3 min. Next, the cell was flipped ver-

tically, which is called the reversed state in the following. The non- and very weakly

adsorbed MDPs left the Au-patterned substrate and sediment in the reversed state;

only the adsorbed MDPs remained on the surface of the substrate. We observed the

adsorbed particles under diffuse illumination from the top of the cell. The observation

was conducted about 2 min after the reversal of the cell to ensure that the particles

leaving the Au-patterned substrate had moved sufficiently away from the substrate.

During this observation, only a few particles that detached from and left the substrate

were observed; i.e. the adsorption of MDPs was reasonably stable. The reaction be-

tween the substrate and MDPs in the normal state and observation of the adsorbed

particles in the reversed state were repeated four times and the time evolution of

the adsorption of the MDPs was observed. The reaction time of each normal state

was estimated considering the sedimentation time of MDPs. The reaction time was

slightly different for each experiment, but the total reaction time was more than 20

min at the fourth observation for all the experiments.
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glass

triangular Au film

Figure 46. Au-patterned substrate, experimental method, and large particle. (a) Optical

microscopy image of an Au-patterned substrate. The dark spots are the triangular Au films

on the glass substrate. Scale bar is 10 µm. (b) Schematic of MDP adsorption to an Au-

patterned substrate. (c) Scanning electron microscopy image of a large particle with a thick

hemispherical Au film. The bright part is the Au film and the darker part is the silica

surface. Scale bar is 2 µm.

2.3 Adsorption of MDPs to half Au-coated large particles

The particles with a diameter of 5.0 µm that were employed in the production of

the Au-patterned substrate were then used as the large Janus particles possessing a

thick Au hemispherical film with a thickness at the film center of 100 nm (Figure

46c). These large particles were dispersed in NaCl aqueous solutions together with a
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mixture of MDPs prepared with monolayer angles of 5◦ and 10◦. The number of the

large particles and that of MDPs in the samples were equivalent. The concentrations

of the MDP mixture and large particles were 0.03 and 0.01 vol%, respectively. The

NaCl concentrations were 1.0, 3.0, and 5.0 mM. Each dispersion was confined in a cell

with dimensions of 10 × 10 × 0.5 mm using two glass cover slips and a 0.5 mm-thick

silicone rubber spacer. The MDPs and large particles settled on the bottom of the

sample cell and dispersed two-dimensionally. The particles were observed from the

bottom side of the cell 1 h after preparation of the dispersion.

3 Results and discussion

3.1 Adsorption of MDPs to Au-patterned substrate

First, we describe the results for the dispersion state of MDPs on the Au-patterned

substrate. The experiments with different salt concentrations from 0.0 to 5.0 mM re-

vealed that the adsorption of MDPs to the Au-patterned substrate strongly depended

on salt concentration. Figure 47 (a) displays the microscope images obtained for the

fourth reversed state; that is, the reaction time between the MDPs and substrate

was more than 20 min and the adsorption was speculated to have reached the steady

state (as discussed later). When the salt concentration was low (0.0 and 1.0 mM),

few MDPs were adsorbed on the Au-patterned substrate. When the salt concentra-

tion was high (3.0 and 5.0 mM), many MDPs were adsorbed on the triangular Au

films on the substrate. Figure 47 (b) shows the marked increase of the number of

MDPs adsorbed on the substrate at the fourth observation of the reversed state with

increasing salt concentration. Next, the proportions of the particles adsorbed on the

Au films and glass surface with respect to all the adsorbed MDPs was estimated from

the images for the systems with salt concentrations of 3.0 and 5.0 mM. We found

that, in 318 particles observed for this analysis, 92 % of MDPs obviously adsorbed

on the Au films and 3 % to the glass surface; 5 % of particles were near the edges of

the Au films and we were unable to clearly distinguish the adsorbing region. Because

there were much fewer MDPs on the glass surface than on the Au films, most of the

particles near the edges of the Au films were presumed to be adsorbed on the films

rather than the glass surface.
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The thermal motion of the MDPs adsorbed on Au films was observed at any salt

concentrations used. Figure 47 (c) depicts the trajectories of the MDPs for 3 s in

a dispersion with a salt concentration of 5.0 mM. There are apparent differences in

the mobilities of the particles; some of them were almost immobile, whereas others

moved around on a triangular Au film while remaining attached to it. Figure 47 (d)

shows the frequency distribution of the standard deviation σ of the distance from

the averaged position in a 3 s trajectory of a particle, that is, the radius of gyration,

at salt concentrations of 3.0 and 5.0 mM. The first peaks for the dispersions with

salt concentrations of 3.0 and 5.0 mM appeared at σ of ∼0.04 µm. These particles

are the immobile particles, which did not appear to move during the observation,

and their small but non-zero σ is predominantly caused by the apparent positional

fluctuation resulting from the noise in the images. In contrast, there were mobile

particles exhibiting remarkably larger σ than the first peak. We classified particles

with σ < 0.10 µm as immobile. The calculated ratios of immobile particles to all

adsorbed particles were 0.81 and 0.50 for dispersions with salt concentrations of 3.0

and 5.0 mM, respectively (cf. Figure 47 (d)). These ratios were similar for the other

observations described later.

The dependence of the number of adsorbed particles and their different mobilities on

salt concentration described above can be explained by considering DLVO interactions

(cf. Sec.1.1.3 of Chapter III). Colloidal particles exhibiting DLVO interactions with

each other aggregate through vdW attraction when EDL repulsion is suppressed with

increasing salt concentration. In our system, selective adsorption of MDPs to the Au

film on a glass substrate should be driven by the strong vdW attraction between Au

surfaces, and the increasing number of adsorbed particles with salt concentration can

be explained by the suppression of EDL repulsion. The difference in the mobility of

MDPs is considered to reflect whether the particles are at the primary or secondary

minimum of the interaction potential. The larger ratio of the mobile to immobile

particles in the dispersion with a salt concentration of 5.0 mM than that for the case

of 3.0 mM is probably because the secondary minimum became deeper at higher salt

concentration, so the particles were more likely to be trapped there and exhibited

mobility.

Next, the dependence of the number of the adsorbed particles on reaction time was

investigated (Figure 47 (e)). The results for dispersions with salt concentrations of
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(b)

(a)

(c)

0.0 mM 1.0 mM 3.0 mM 5.0 mM

mobile
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(d)

Figure 47. Adsorption of MDPs on Au-patterned substrates. (a) Optical microscope images

of Au-patterned substrates after the particle adsorption reached a steady state (reaction time

> 20 min). Salt concentrations are indicated on each panel. The center of an MDP appeared

bright and there were no adsorbed particles for the dispersions with salt concentrations of

0.0 and 1.0 mM. The slight difference in the appearance of triangular Au films between

the images is an artifact caused by the different focal positions. Scale bars, 10 µm. (b)

Dependence of the number density of MDPs adsorbed on an Au-patterned substrate after

the adsorption reached steady state (reaction time > 20 min) on salt concentration. The

density was calculated from the observation of ≥ 45000 µm2 of Au-patterned substrate. The

calculated density has an error of about ±10 % because of the heterogeneity in the spatial

distributions of MDPs. (c) The trajectories of the centers of six MDPs over 3 s, corresponding

to the region inside the red square in the panel for the dispersion with a salt concentration

of 5.0 mM in (a). Scale bar, 1 µm. (d) Frequency distribution of the gyration radius of the

trajectories σ of the adsorbed MDPs at a reaction time of ≥ 30 min for dispersions with salt

concentrations of 3.0 and 5.0 mM. The numbers of particles analyzed were 135 and 728 for

dispersions with salt concentrations of 3.0 and 5.0 mM, respectively. (e) Dependence of the

number density of adsorbed MDPs on the estimated reaction time for dispersions with salt

concentrations of 3.0 and 5.0 mM. The densities for dispersions with salt concentrations of

0.0 and 1.0 mM were stochastically unreliable because of the few adsorbed particles; thus,

the data for these dispersions were omitted.
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0.0 and 1.0 mM are not presented here because only a few adsorbed particles were

observed. For dispersions with salt concentrations of 3.0 and 5.0 mM, the number of

adsorbed particles tended to increase over time and almost reached the steady-state

value at around 10 min, considering that the estimated density had an error of about

±10 %. The more apparent dependence on reaction time for the dispersion with

a salt concentration of 3.0 mM than that for the 5.0 mM dispersion can again be

explained by the DLVO potential. That is, the adsorption for the dispersion with a

salt concentration of 3.0 mM was predominantly at the primary minimum and thermal

activation to surmount the potential barrier was required; in contrast, there was no

barrier for the adsorption at the secondary minimum.

Different from the dependence of the adsorption state on salt concentration, the

reaction-time dependence of the adsorption state could not be explained by only the

DLVO interaction. In the fourth observation in Figure 47 (e), the reaction time

was more than 30 min; i.e. more than twice the time needed to reach steady-state

adsorption. However, many bare triangular Au films on the substrate and dispersed

non-adsorbed MDPs remained in the system (cf. Figure 47 (b) and (e)). When all

the particles were adsorbed as described above, the number of particles was 5.7/100

µm2, so about half of the particles were not adsorbed on to the substrate even in

the dispersion with a salt concentration of 5.0 mM, where 2/3 of the triangular Au

films were unoccupied because there were 9.2 films/100 µm2. If the adsorption of

MDPs to an Au film was an ordinary stochastic process, the number of adsorbed

particles should keep increasing because there were numerous non-adsorbed MDPs

and unoccupied Au films. In addition, the ratio of immobile to mobile particles did

not depend on the reaction time. If the relaxation of the adsorbed state from the

secondary to primary minimum is also stochastic, the ratio of the immobile to mobile

particles should increase, at least, after the number of adsorbed particles reaches a

steady value.

The difference between this simple expectation based on the DLVO interaction

and the experimental results suggests that, at the same salt concentration, there are

MDPs that are readily adsorbed on the Au films at the primary minimum, MDPs

that are readily adsorbed at the secondary minimum, and MDPs that are difficult to

be adsorbed. We speculate that a cause of this difference in the adsorption behavior

is the variations in the thickness and shape of the Au patches of MDPs. When a
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patch is thick, the vdW attractive force becomes large, so the secondary minimum

becomes deep and the adsorption at the minimum should be stabilized. A thick

patch also makes the potential barrier between the primary and secondary minima

low, facilitating the adsorption at the primary minimum. Although the influence of

the variation of the patch shape on the adsorption behavior and state is unclear, it

should affect their dynamics. The wide distribution in the thermal mobility of the

MDPs in the dispersion with a salt concentration of 5.0 mM in Figure 47 (d) might

reflect the variation of patch shape in addition to the stochastic fluctuations.

3.2 Adsorption of MDPs to thick Au films on large particles

This section describes the adsorption behavior of MDPs to large particles possessing

a thick Au hemispherical film. Figure 48 (a) shows the dispersions of MDPs and large

particles. The Au film on the large particle faced downward and thus the particle

appeared to be black, because the hemispherical Au film was thick and heavy. For the

dispersion with a salt concentration of 1.0 mM, almost no adsorption of MDPs to large

particles was observed. In contrast, for dispersions with salt concentrations of 3.0 and

5.0 mM, substantial adsorption of MDPs to the Au hemispheres of the large particles

was observed; the Au hemispheres were surrounded by a monolayer of MDPs. This

dependence of the adsorption of the MDPs to thick Au films on salt concentration

qualitatively agrees with that observed for the Au-patterned substrates described in

Sec.3.1 of Chapter III. The Au patches of the adsorbed MDPs were not observable

in the images; that is, they overlapped with the large particles when observed from

the bottom of the cell. This means that the Au patch of MDPs was adsorbed on the

Au film of the large particles, as shown in Figure 48 (b), as expected because of the

strong vdW attraction between Au surfaces. In addition, because the silica surfaces

of the MDPs faced outward, the dispersed MDPs cannot be adsorbed to the MDPs

forming the monolayer on the large particle. The characteristic structure formed by

the interaction of Au surfaces is more evident for the large particles with a patterned

Au film (Figure 48 (c)). These patterned films were produced by chance because of

the overlap of the particles during the metal deposition process (cf. Sec.2.1 of Chapter

III). Figure 48 (c) reveals that MDPs were adsorbed selectively on the patterned Au

film of the large particles, where MDPs followed the thermal motion of the patterned

73



3 RESULTS AND DISCUSSION

film; i.e. they were adsorbed stably.

For the dispersions with salt concentrations of 3.0 and 5.0 mM, we observed 320 and

340 MDPs adsorbed to large particles, respectively, and none of the MDPs detached

from the large particles during the ∼ 10 s of observation. In addition, the coverage of

the large particles with MDPs was high in these systems. The stable adsorption and

high coverage of MDPs indicate that the adsorption energy was considerably larger

than the thermal energy. In addition, most of the adsorbed MDPs showed thermal

fluctuations in position and direction, indicating that they were at the secondary

minimum of the DLVO potential.

For the dispersion with a salt concentration of 5.0 mM, where the EDL repulsion

was most screened under our experimental conditions, the adsorption between the

patches of MDPs, i.e. formation of MDP clusters, was also observed (Figure 48

(a)). The dissociation of MDP clusters was also observed, and thus MDP monomers

coexisted with the clusters. This behavior is different from the fairly stable adsorption

between MDPs and large particles described above. Obvious MDP-MDP adsorption

was seldom observed in the dispersion with a salt concentration of 3.0 mM (Figure

48 (a)). For the dispersion with a salt concentration of 1.0 mM, although the MDP

density was higher than those for the cases of 3.0 and 5.0 mM in the observed region

in Figure 48 (a), neither MDP-large particle nor MDP-MDP adsorption was observed.

These observations indicate that we succeeded in suppressing the adsorption between

MDPs while selective adsorption between the patches of MDPs and thick Au films

of the large particles was induced. Such selectivity was realized by making the vdW

attraction between MDPs and the large particles stronger than that between MDPs

by making the Au patch of MDPs thinner than that of the large particles and by

increasing the EDL repulsion between MDPs through surface modification.

The observed adsorption behavior where most MDPs are adsorbed to the thick Au

films at the secondary minimum of the DLVO potential is different from the adsorption

of the MDPs to the Au-patterned substrate at the same salt concentration. This

difference may be related to the non-uniformity of the Au film thickness of the large

particles and its curvature. Because the hemispherical Au film faced downward in

the reaction cell, MDPs could not be adsorbed on the thickest part of the Au film

(100 nm thick at the film center) (Figure 48 (b)). An adsorbed MDP with a diameter

of 1.5 µm was in contact with a large particle with a diameter of 5.0 µm at an
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angle of ∼ 57◦ from the bottom of the particle. Although the orientation of the large

particles thermally fluctuated, the Au film thickness at 57◦ from the center of the film

was 40 nm, which was smaller than the film thickness of the Au-patterned substrate

(100 nm). In addition, the vdW attraction between spherical surfaces is weaker than

that between spherical and flat surfaces [18]. These differences in the thickness and

curvature of interacting surfaces weakened the attraction in the MDP-large particle

systems, and thus the adsorbed MDPs at the secondary potential minimum found it

difficult to relax to the primary minimum.

4 Summary

In this study, we realized highly selective adsorption of one-patch MDPs, where the

Au patch of the particle were adsorbed only on the bulk-like Au surface and not to

Au patches of other MDPs, by controlling the anisotropy of the DLVO interaction

via the thickness and surface charge of the Au patches of MDPs. We observed that

MDPs were adsorbed on thick Au films on a glass substrate but not to the dielectric

(glass) surface. The adsorbed MDPs exhibited different kinetic states, almost immo-

bile and thermally mobile, which were considered to correspond to adsorption at the

primary and secondary minima of the DLVO potential, respectively. Under similar

conditions, MDPs were adsorbed on a thick Au film on large particles and formed

a fairly densely packed monolayer of MDPs with their Au patches facing the large

particle. That is, we succeeded in forming a solid dielectric shell on the surface of

metal particles. In general, the vdW attraction between metal surfaces is very strong

compared with that between dielectric surfaces. In addition, the DLVO interaction

between colloidal particles has been studied extensively, such as its dependence upon

various physical properties of particles and media and how it affects the kinetics of

aggregation/condensation. Our study demonstrating highly controlled self-assembly

by tuning the anisotropy of DLVO interactions using a metal patch is therefore use-

ful for controlling self-assembly in nano/microparticle systems to develop functional

materials. For example, hybrid colloidal particles composed of multiple materials in-

herently display anisotropic DLVO interactions, which makes them an ideal building

block to fabricate nano/microstructured hybrid materials.
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Figure 48. Dispersion of MDPs and large particles with a thick hemispherical Au film.

(a) Optical microscopy images of samples observed 1 h after preparation. The difference in

the appearance of MDPs between images is an artifact caused by the slightly different focal

positions. (b) Schematics of a large particle coated with MDPs. (c) Adsorption of MDPs

to large particles with a patterned Au patch observed 2 h after sample preparation. The

patterned Au patches are on the bottom hemispheres of the large particles. Scale bars, 5

µm. Salt concentrations are indicated in the panels.
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ChapterIV

Concluding remarks

Our study on the structure formation in the amphiphilic Janus particles (AJPs)-

water-oil ternary system elucidated for the first time the dependence of self-assembled

structures on the composition of the system in single particle level and the structure

formation mechanism. When the volume of the minority liquid phase (water) is

smaller than the volume of AJPs, the formed structure reflects the amphiphilic struc-

ture of the particle as known in amphiphilic molecular systems. When the volume

of the minority liquid phase is sufficiently larger than the volume of AJP, spherical

droplets are formed by the same formation mechanism as typical Pickering emul-

sions, and AJPs behave as “ideal surfactant” so that all the particles are adsorbed on

the water-oil interface. This self-assembly by the amphiphilicity of colloidal particles

would be useful to create spatially heterogeneous mesoscopic structures and even new

ordered phases could form with these particles in the future.

We also succeeded in realizing selective adsorption of metallodielectric patchy par-

ticles (MDPs) to a metal surface by inducing the anisotropy in DLVO interaction via

a metal patch. Our study demonstrated that the adsorption behavior of an MDP

to a metal surface can be tuned by controlling the film thickness of a metal patch,

surface charge, and salt concentration of the solvent. We also succeeded in forming

the protective particle layer on a metal surface using this selective adsorption. The

attachment of metal patches to particles and modification of surface charge used in

our study are simple and can be applied to wide range of micro- and nanoparticle sys-

tems. Therefore, it is expected that our method is useful to design colloidal molecules

with desired interaction anisotropy, which are highly required to use the particles

as a model experimental system to study phase behaviors of condensed system. In

addition, such colloidal molecules are useful to produce tailor-made self-assembled

structures of functional fine particles, highly required in nanotechnology to produce

new and useful nano/microstructured materials for future applications.
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