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Abstract: Janus particles, especially amphiphilic ones, are known to be highly active
when involved in interfacial self-assembly processes. However, experimental reports
on employing Janus particles as interfacial stabilizer to establish functional structures
are rather limited. In this paper, amphiphilic Janus silica particles were prepared by
selective chemical treatment on the particle “colloidosomes”. Different ways
(decoration of Au nanoparticles, interfacial adsorption test) were used to confirm on
the acquirement of the Janus character of the particles. Upon successful synthesis of
amphiphilic Janus particles, they were employed in the breath figures method for the
first time. It turned out that by using the Janus particles, a regularly arranged pore
array could be easily obtained. Characterization of the morphology of the patterned
structure shows that Janus particles were densely located on the interior wall of the
entire holes, forming a finer particle arrays comparing to the case of isotropic particles.
The result indicates that Janus particles show optimized behavior when they are
involved in the interfacial self-assembly processes. For further works, by choosing
Janus particles with functional features, selective functionalization of porous films

could be achieved with high efficiency and great ease using this method.
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1. Introduction

Janus particles are particles with two or more parts presenting different chemical or
physical properties on single particle’s surface. This particular kind of particles was
named “Janus particles” by de Gennes in 1991'. According to de Gennes, Janus
particles, especially with amphiphilic chemical features, would present unique
behavior if they were put on the oil-water interfaces. They would behave in ways
which are quite different from molecular amphiphiles. Due to their anisometric
characteristics, Janus particles could find novel applications in many fields, such as
stabilization of emulsions and foams'™, optical and electronic devices™. In the past
few decades, the main research focus has been put on the synthesis of Janus particles.
Many techniques, including surface coating by vapor deposition of metal thin films’™,

masking of a photoresist layerlo, self-assembly of polymer“’12

, photo-polymerization
in a micro-fluidic channel® , and Pickering emulsion method'*, were established to
fulfill the synthesis.

While in recent years, besides the effort on the synthesis techniques, the research
on the self-assembly process of the Janus particles has attracted increasing attentions.
The highly active behavior the Janus particles would show on the interfaces makes
them interesting candidates to form unusual assembly structures. Nikoubashman
investigated the self-assembly of Janus particles under shear flow by employing
hybrid molecular dynamics simulations that explicitly consider the hydrodynamic
interactions."> Rickman and co-workers study the impact of anisotropy and interaction
range on the self-assembly of Janus colloidal particles using Monte Carlo
simulation.'® Not until very recently, Janus particles were used as building blocks to
fabricate complex materials. Sun and co-workers have studied the influence of shape
of Janus particles on their orientation and surface activity at fluid-fluid interfaces via
molecular dynamics simulations.'” Harting also developed theoretical models
describing the behavior of magnetic Janus particles adsorbed at fluid—fluid interfaces

interacting with an external magnetic field.'®

However, all the researches mentioned above concerning the self-assembly of Janus
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particles at fluid-fluid interfaces are studied via models or simulations, while the
experimental reports are rather limited. What we tend to demonstrate here is a novel
way to have the Janus particles experimentally involved in a self-assembly process, in
which arrays of oil/water interfaces are presented. To be specific, amphiphilic silica
Janus particles are, for the first time, employed in breath figures (BF) method as
stabilizers. “Breath figure”, studied as early as 1911 by Lord Rayleigh, was originally
referred to the organized arrays of water droplets that form when humid air comes in
contact with cold solid or liquid surfaces.””® BF method is now emerging as a
representative bottom-up technique for fabricating patterned surface of porous films.
For BF process, polymers dissolved in a volatile solvent are cast under humid
atmosphere. With the rapid evaporation of the solvent, water droplets condense onto
the upper surface of the solution from humid environment. Hexagonal arrays of the
water droplets formed minutes after the casting of the solution and act as templates for
the structuring of the polymer. After the complete evaporation of the solvent and
water droplets, the polymeric porous film with “imprints” of the arrays of the droplets

will be obtained. Those porous films have potential applications in sensors”,

22,23 4-26 27,28

optoelectronic devices™?, biomaterials®*®, separation membranes’”*®, catalysis'®
and so forth.

In order to achieve preservation of the ordered arrays of water droplets during the
BF process, certain materials, mostly polymers, must be used to prevent the
coalescence of water droplets. Sun and co-workers utilized polymeric and silica
particles to assist in preparing BF films***’. Particles were proven to be effective in
serving as stabilizers for making fine BF arrays. Based on our previous work of the
particle-assisted BF method, we aimed to evaluate the interfacial property of particles
with chemical anisotropy in this work. A simple and repeatable way to synthesis
amphiphilic Janus particles is presented. And the interfacial assembly behavior of

amphiphlic Janus particles was evaluated in the BF method to assist in the fabrication

of highly ordered hybrid films on the micrometer scale.
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2. Experimental Section

2.1 Materials

Paraffin  wax (mp 58-62°C), polystyrene (PS, Mw=192,000 g/mol),
(3-Aminopropyl)trimethoxysilane (APTS) and dodecylethyldimethylammonium
bromide (DDAB) were purchased from Sigma-Aldrich. Gold(Ill) chloride was
purchased from Alfa. Silica particle (size of 1000 nm) was purchased from Nanjing
Dongjian Biological Technology Co., Ltd. Octadecyl acrylate was obtained from
Tokyo Chemical Industry co., Ltd. Other chemicals, including chloroform,
methylbenzene, anhydrous ethanol, dimethylformamide (DMF) and tetraethyl
orthosilicate (TEOS) were purchased from Shanghai Hushi Laboratorial Equipment
Co., Ltd and were of analytical grade with purity = 99%. And trisodium citrate
dehydrate was obtained from Sinopharm Chemical Reagent Co., Ltd (China) and was
of analytical grade with purity = 99%.
2.2 Preparation of Silica Particles

Silica particles (size of 550 nm) were prepared according to the method developed
by Stober.>' TEOS (6 mL) and ethanol (36 mL) were mixed in a beaker. Ammonium
hydroxide (9.5 mL) and ethanol (50 mL) were added to the flask. The TEOS solution
was siphoned into a 60 mL syringe equipped with a long metal needle, which was
inserted through a rubber stopper into the flask. Using a syringe pump, 35 mL of the
TEOS solution were added at a rate of 0.05 mL/min, and the contents of the flasks
were continuously stirred at the speed of approximately 950 rpm. Once the TEOS was
added (over a period of about 12 hours), the contents of the flask were left for stirring
for an additional 12 hours to complete the reaction. The silica particles were
centrifuged (9000 rpm, 10 min), washed with ethanol for three times to remove any
excess TEOS and ammonia. At last, particles were dried at 80°C under vacuum.

Subsequently, we modified the whole silica particles (size of 550 nm) with APTS.
The silica particles were added into methanol solution (5 mL) mixing with APTS (5
mL) and reacted at 100 rpm and 25°C for 12 h. Subsequently, the resulting particles

were centrifuged (9000 rpm, 10 min), washed with anhydrous ethanol (three times ),
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and then dried at 30 “C under vacuum for 24 h.
2.3 Fabrication of Janus Particles

Janus particles were prepared utilizing oil/water interface from emulsified mix of
water and melted wax based on the procedure proposed by Granick.*” To synthesize
odosomes, 1 g of paraffin wax was melted with SiO, (550 nm) particles and APTS
modified SiO; (size of 550 nm and 1000 nm) respectively under the temperature of
75°C, which is above the melting point of the wax, to make oil-in-water emulsion.
After the silica particles being fully dispersed, 10 mL aqueous solution of DDAB
(75°C, 60 mg/L) was added into the mix. The emulsions were produced by vigorous
stirring at 1500 rpm for 40 mins and then cooled to room temperature. By applying
plain filtration, the solids (colloidosomes) were collected from the aqueous
suspension and washed by deionized water for several times to remove particles in the
aqueous solution as well as weakly attached particles.

After the fabrication of colloidosomes, we chemically modified the particles
wrapping the wax to prepare amphiphilic Janus particles. To graft hydrophobic alkyl
chains onto the resulting exposed surfaces of the paraffin wax, the colloidosomes (550
nm-sized APTS-SiO,@Wax) were put into reaction in a DMF solution containing
octadecyl acrylate and then incubated at 45 °C for 24 h. The reaction solution was
centrifuged (9000 rpm, 10 min) and then chloroform was added to dissolve the wax to
release these modified silica particles. Then the obtaind particles were washed by
centrifuging with anhydrous ethanol for 3 times and dried under vacuum for the
subsequent experiments.

2.4 Adsorption Test of Au Nanoparticles on the Janus Particles

Gold nanoparticles were prepared by the method described by Yang et al.** To
synthesize 40 nm-sized gold nanoparticles, 25 mL aqueous solution of HAuCl, (0.01
wt% ) was added to a 3-neck flask under vigorous stirring, and 0.15 mL of aqueous
sodium citrate solution (1wt% ) was added to the stirred, boiling gold(IIl) chloride
solution. After the solution turned to deep, blood red color and was no longer changed,

the solution was stirred for 15 minutes and then stored at 4 °C.
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Au nanoparticles were adsorbed onto Janus particles by dispersing the dried Janus
particles in colloidal gold suspension. As Pastoria-Santos reported, 3.3 mg of Janus
particles was dispersed in 6.2 mL of aqueous suspension of Au nanoparticles via
sonication and kept in incubation for 15 minutes.’* Lastly, Janus particles adsorbed
with Au nanoparticles were collected by centrifugation (9,000 rpm, 10 minutes),
washed for three times in water and dried under vacuum.

2.5 Preparation of Honeycomb-structured Porous Film

The casting solution was prepared by mixing PS/chloroform solution with particles
suspensions. Firstly, PS was weighed and dissolved in chloroform to prepare polymer
solution with the concentration of 15 mg/mL. Janus particles were dispersed in
chloroform (as-prepared hydrophilic SiO, particles were dispersed in ethanol)
ultrasonically. The casting solution was prepared by mixing PS chloroform solution
with Janus particles (or hydrophilic SiO, particles) suspensions via ultrasonic
processing Subsequently, the casting solution was transferred onto a clean glass
substrate with a microsyringe. The environmental humidity was controlled to be
around 70%-80%. After fully evaporation of the solvent, film sample as obtained, and
was then further dried in the ambient environment.

2.6 Characterizations

The surfaces and cross sections of the honeycomb-structured films were imaged
using a scanning electron microscope (SU-70, SEM) at an accelerating voltage of 5
kV. All samples, except particles absorbed with Au nanoparticles, were coated with a

gold layer in a vacuum chamber before SEM observation.

3. Results and discussion

3.1 Synthesizing technique of the amphiphilic Janus particles

A simple, inexpensive method to synthesize Janus colloidal particles in large
quantity is well reported by Granick.’> For liquid-liquid interface, particles whose
surface energy is between that of the two liquid can easily adsorb onto the interface

and hence lower the total free energy.35 And such behavior of interfacial adsorption is
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well utilized in Granick’s work. Unmodified particles were allowed to adsorb onto the
water/molten wax interface and were later frozen there after the molten wax solidifies.
The particle-covered wax referred as colloidosome was further subject to chemical
modification. The exposed sides of the immobilized particles are treated utilizing
chemical method in order to render the particles with chemical Janus character.
However, it’s very difficult to repeatedly obtain powder-like samples of the
colloidosomes (with sphere-like shapes and regular sizes) following Granick’s method.
The greatest challenge encountered was how to properly control the solidification of
silica particle-covered wax structures to prevent them from sticking onto the flask
walls during the cooling of the emulsion. If the product had to be scraped off the walls
of the flask, it would result in irregular, damaged colloidosomes (Figures S1), which
makes them not suitable for further treatment. To optimize the fabrication result of the
colloidosomes, several measures were adopted to make the whole procedure be more
reliable.

Plain silica particles were chemically modified before put into water/wax emulsions
so that the particles could be better dispersed both at the water phase and at the
interfaces. Firstly, the silica nanoparticles with APTS modification (550 nm sized
Si0,-NH;) were applied to fabricate colloidosomes. As we can see in the Figure 1,
very little product stuck to the flask walls and fine powdered colloidosomes were
obtained. Overall, colloidosomes were small and regularly shaped. As was reported by
previous works, silica particles spontaneously adsorbed onto the wax-water interface
to form colloidosomes.***” And such assembly behavior results in the morphology
revealed by the SEM images, showing the silica particles closely packed to form
monolayer on the surfaces of the wax droplets. And it facilitates further obtaining of
the amphiphilic Janus character. Octadecyl acrylate was chemically bonded onto the
exposed surface of the silica particles which was not embedded in the wax. After
releasing the embedded particles, amphiphilic Janus character which is composed of

hydrophobic alkane bond and hydrophilic amination bond was obtained.
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A

Fig. 1 (a) digital photograph and (b-d) SEM images of colloidosomes made by the silica particles

(550 nm SiO,-NH,). The scale bars are 200 pm (b), 2 um (c) and 1 pm (d).

The cooling strategy is another experimental detail which has great influences on
the formation of colloidosomes with fine structure. Instead of conventional
self-cooling way, which performs the cooling from outside the emulsion to the inside,
we adopted a reverse strategy delivering the cooling “inside out”. To be specific, once
the heating was turned off to initiate the cooling, the “inside out" cooling method was
pursued in which progressively cooler water was added to the emulsion in two steps.
Firstly, 3 mL of 50°C water was added to begin steady cooling and to provide a larger
volume of liquid in which the emulsion droplets and, eventually, colloidosomes could
be dispersed. Then, when the emulsion was cooled down to 60°C, 3 mL of room
temperature water was added. Subsequently the flask was promptly removed form the
oil bath and the product was filtered. Such staged “inside out” cooling process
resulted in better stabilization of the colloidosomes during the whole process
comparing to the conventional self-cooling way. By following the “inside out”
cooling procedure, one could collect the product of colloidosomes with finer
particulate appearance (Figure S2 c¢,d). While in the most cases of which “outside in”

strategy was employed, waxy colloidosomes tended to stick upon the inner wall of the
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flask, resulting in products with lumpy texture (Figure S2 a,b).

As Pieranski described, the spontaneous allocation of spherical particles towards
the oil/water interface was determined by the decrease of the total free energy.”® For
the given system, the energy gain is smaller and hence the interfacial self-assembly is
less stable for particles with smaller size. According to that, larger particles with
diameter of 1000 nm were utilized for fabrication of the colloidosomes. As shown in
Figure 2, regularly shaped colloidosomes were produced. Silica particles packed

closely in monolayer on the surface of wax.

Fig. 2 SEM images of colloidosomes. (a,b) spherical colloidosomes, (c¢) enlarged view of
Si0,-NH, particles monolayer distribution on the surface of wax. The scale bars are 200 um (a),

and 5 pm (b, ¢).

Beside all the factors mentioned above, more experimental conditions have been
optimized after repeated trial. For example, the choice of the emulsion generator is
proved to have significant influence on the outcome of making waxy colloidosomes.

We have chosen a high-shearing homogenizer to make emulsions so that the emulsion
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droplets could be more evenly distributed and more stable during the process in which
the particles migrate onto the surface of the droplets. It provides promising support for

securing the successful acquiring of the colloidosomes.

3.2 Confirmation of the Janus character

To confirm the anisometric chemical characteristics of the obtained Janus silica
particles, we carried out two proof tests to reveal the anisotropy. In the first test,
micrometer- and submicrometer- sized Janus particles with one side bonded with
alkane and the other side grafted with amine group were incubated in the suspension
of colloidal gold with the size of 40 nm. After the adsorption of the Au nanoparticles
(NPs) take its path, the particles are separated and put under SEM to be characterized.
Figure 3 reveals the selective decoration of Au nanoparticles onto a fraction of the
whole surface of each Janus particles. There are clear boundaries separating the
Au-decorated region from that are Au-free. One can see that Au NPs coverages of
most Janus particles are more than 50%, indicating that most of the surface of the
Janus particles was rendered hydrophilic. And it reflected the fact that most of the
silica particles’ bulk was embedded in the wax after the colloidosomes were collected

(Figure 1d). Such result shows that the partial chemical treatment on the silica

particles has been carried out successfully.
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Fig. 3 SEM images of Janus particles whose amine area was labeled with Au
nanoparticles.Particles diameter are 550 nm (a, b) and 1000 nm (c.d).The scale bars are 500 nm (a),

and 250 nm (b, c,d).

For the second test, we preformed a liquid-liquid interfacial adsorption test to
justify the special interfacial activity of Janus particles. Along with their hydrophilic
and hydrophobic counterparts, Janus particles were added into a mixture of oil and
water. As shown in Figure 4, hydrophilic silica particles remained to be dispersed in
the water phase, while homogenously hydrophobic silica particles partitioned into the
chloroform phase. Amphiphilic Janus particles, which were originally placed in one
phase, immediately migrated onto the water/oil interfacial plane right after they were
added into the mixture. One could even visually spot the movement path particles
took to achieve the migration. It has been extensively reported that solid particles
would show adsorption preference towards the oil/water interface if they are of
suitable size and wettability.® While in our test, both hydrophilic and hydrophobic
particles showed no obviously seen migration tendency towards the interfacial section.
It should be due to the extreme hydrophilicity or hydrophobicity of the particles
which kept them either in water phase or oil phase. The test shows the unusual
activity of Janus particles upon interfaces. More importantly, it provides evidence for

the successful synthesis of amphiphilic Janus particles in some measure.
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Fig. 4 (a) unmodified particles dispersed in the water phase (left), homogeneously hydrophobic
particles in the chloroform phase (right), and amphiphilic Janus particles adsorbed at the
water-chloroform interface. (b) magnified image of Janus particles adsorbed at the fluid interface.

The diameter of the particle is 550 nm.
3.3 Janus-particle-assisted fabrication of the porous films

The BF patterning technique is known as a simple, robust method for producing
micro-structured honeycomb-patterned porous films, which may have great potential
in applications like size-selective separation27, biosensing21, electronics®,
superhydrophobic surfaces’' and assemblies of nanoparticles particles™. As Ji and
co-workers reported, particles can self-assemble into ordered arrays during the BF
process by spontaneous adsorption onto the interfaces between the templating water
droplets and the solvent, resulting in controlled micro- and nano-scaled hierarchical
structures.”” Ji has showed that isotropic particles employed in the BFs method were
able to assist in the formation of ordered porous arrays. Furthermore, it could result in
hierarchically patterned surface with ordered arrays of silica nanoparticles decorating
the microscale honeycomb-structured polymeric matrix. However, with higher
concentration of silica particles being applied, the regularity of the BF pore arrays was
considerably compromised while the decorating density of the particles within the
pores increased accordingly. For isotropic particles, one can not achieve fine BF
micro-arrays and high density of particle decoration at the same time. For addressing
this limitation, we fabricated highly ordered films via the Janus-particle-assisted BF
method, based on the fact that amphiphilic Janus particles would show highly

effective adsorption behavior on the liquid-liquid interface and possess a maximum of
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3-fold increase in interfacial activity than homogeneous particles.”” As shown in the
Figure 5, homogeneous (hydrophilic) particle-assisted BF has resulted in irregular
array structures and alteration of pore shape with increasing amount of particles,
while regularly ordered pore arrays were achieved with high concentrations of Janus
particles suspension being employed. In general, the adsorption of particles onto the
templating water droplets would slow down the evaporation of the droplets, while the
prolonged evaporation makes the growing water droplets harder to be stabilized,
resulting in poorer regularity. However, our result shows that amphiphilic Janus
particles could assist in alleviating such conflict. We assumed that when Janus
particles adsorbed onto the templating water droplets, strong stabilization effect,
which originates both from the Pickering emulsion effect of the particle and the
interfacial stabilization effect of the amphiphilic property, could be provided. Hence
the uniformity and regularity of the BF pore arrays could be preserved with large
amount of Janus particles addition.

Y L
> Y)
o 0 O.,

Fig. 5 SEM images of porous films fabricated from solutions prepared by adding (a-d) Janus
particles and (e-h) hydrophilic particles suspension with concentration of 10 mg/mL into ImL PS
chloroform solution with concentration of 15 g L. The amount of Janus particles (or hydrophilic
SiO, particles) suspension is 10 (a,e), 15 (b,f), 20 (c,g), 25 (d,h) pL, respectively. The scale bars

are 4 pm.

More details of particle assembly were revealed by characterizing the

cross-sectional morphology of particle-decorated pores under SEM. Figure 6 (a,b)
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shows that the Janus particles filled the entire pore up, whereas the homogeneous
silica particles were shown to preferentially assemble onto the openings of the pores
near the three-phase contact line (Figure 6 c,d). It can be explained that homogeneous
silica particles were carried to the three phase contact lines via capillary flow induced
by the evaporation of the solvent®’, whereas the Janus particles adhered strongly onto
the water-chloroform interface, avoiding such evaporative influences. One can see that
with the same amount of particle addition, Janus particles show much higher
assembling preference towards the interface, later to be the interior walls of the pores,
than the homogeneous counterparts, featuring their chemical anisotropy.

It is also worth mentioning that the porous films prepared form adding Janus
particles occasionally possessed a multilayered pore structure, whereas films prepared
from adding homogenous particles all exhibit mono-layered pore structure. It also
confirmed the fact that Janus-assisted BF process could result in longer growth of the
templating water droplets, so the second layer of droplets could be able to form*. As
shown in the Figure 6e, almost all Janus particles assembled into the lower layer of
the pores, indicating that once the Janus particles adsorbed onto the water droplets, it
is very hard for them to de-adsorb and re-assemble to the seconder layer of water

droplets.
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Fig. 6 Cross-sectional SEM images of porous films prepared by adding (a,b,e) Janus particles and
(c,d) homogeneous particles alcoholic suspension with the concentration of 10 mg/mL into 1 mL
PS chloroform solution with concentration of 15 g L. The amounts of Janus particles (or

hydrophilic SiO; particles) suspension are both 30 uL. The scale bars are 3 um.

4. Conclusions

In conclusion, we have successfully fabricated amphiphilic Janus particles in a
feasible way and studied particle-assisted surface patterning technique based on the
combination of Pickering emulsions and BF method. Moreover, amphiphilic Janus
particles enriching the patterned pores present unique assembling characteristics
which are much different from previously reported cases with homogeneous particles.
The increase in application quantity of the Janus particles does not compromise the
regular BF morphology like the case of homogeneous particles. It opens an attractive
route to produce functional hierarchically patterned materials by, for example, loading
the biological Janus particles for single-cell cultures or catalytic Janus particles for

micro-chemical reactors.
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Amphiphilic Janus particles were put into use as stabilizer in assisting the “breath
figure” patterning process, demonstrating stronger interfacial activity comparing to
the isotropic particles.

Pinghui Yang, Junjie Huang, Wei Sun*, Yujie Wei, Yuwei Liu, Lingyun Ding, Jinbiao
Bao, Zhong-Ren Chen

Exploration of Selective Decoration of Janus Silica Particles within Polymeric
Patterned Pore Arrays
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Assembly of Janus particles
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