Volume 7
Number 8
August 2020
Pages 1923-2172

Mater
HOYIZ

rsc.li/materials-horizons

TN w‘—; -

ISSN 2051-6347

I ROYAL SOCIETY COMMUNICATION

Shan Jiang et al.
“ O F CH EMIST RY Self-stratification of amphiphilic Janus particles at

coating surfaces




Open Access Article. Published on 15 June 2020. Downloaded on 11/8/2025 2:32:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials
Horizons

W) Check for updates ‘

Cite this: Mater. Horiz., 2020,
7, 2047

Received 8th April 2020,

Accepted 15th June 2020 Xin Yong

DOI: 10.1039/d0mh00589d

rsc.li/materials-horizons

Amphiphilic Janus particles are mixed with homogeneous binder
particles with strong adhesion to create robust hydrophobic coatings
through a unique self-stratification process. Intriguingly, Janus particles
form a complete and densely packed monolayer with their hydrophobic
sides orienting towards air, which effectively increases the water con-
tact angle to ~130°, while the hydrophilic sides sustain strong adhesion
with the coating layer. The coating maintains its high contact angle
even after solvent rinsing, whereas conventional coating completely
breaks down. Experimental data and preliminary theoretical modeling
suggest that the stratification are partially due to the strong adsorption
of Janus particles at the water—air interface, although the detailed
mechanisms require more thorough investigation. Remarkably, simply
adding Janus particles renders a hydrophilic commercial primer coating
surface hydrophobic and drastically reduces the surface tackiness. This
cost-effective and commercially scalable method offers a convenient
way to fabricate advanced structures at the interface and can be
broadly applicable to many other colloidal systems.

Introduction

The revolutionary replacement of organic solvent-based coatings
by waterborne emulsion latex polymer coatings has substantially
reduced the prevalence of volatile organic compounds (VOCs),
from 700 ¢ L' in 1940s to ~50 g L™ " in 2010s." The technology
has generated profound impact in industry and everyday life,
producing great environmental and health benefits. However,
these waterborne coatings have created unique challenges in
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New concepts

We discovered the unique self-stratification behaviours of Janus particles and
successfully created durable hydrophobic coatings by adding Janus particles
to binder polymers, including a common commercial primer product.
Contrasting with homogeneous particle mixtures where stratification is
driven passively by evaporation, Janus particles vigorously accumulate at the
air-water interface in fast kinetics, with their hydrophobic sides orienting
towards air. Since the hydrophilic side of Janus particles adheres strongly to
the binder particles, this new system addresses the weak adhesion issue of
conventional hydrophobic coatings. This new method offers cost-effective and
commercially scalable solutions to many long-standing challenges in
waterborne emulsion coatings, including water resistance, adhesion, surface
hardness and film formation. The study also opens new fronts for Janus
particle research and provides a novel strategy to self-assemble and fabricate
hierarchical structures, which may find broad applications beyond coating
materials, including cosmetics, adhesives, drug formulations and 3d printing.

maintaining high coating performance, such as suspension
stability, water resistance, film formation, and surface hardness.
Many of the coating properties can hardly be achieved simulta-
neously with a simple system. For example, coating stability of
waterborne latex paint requires emulsion particles to be hydrophilic
and completely dispersible in water. However, upon drying, a water-
resistant and hydrophobic coating film is preferable. A durable
coating film demands excellent adhesion on the substrate surface,
while showing good hardness (low tackiness) at the coating-air
interface. This means it is beneficial to possess different or even
opposite properties on the two sides of the coating films.

One approach to combine these different properties is to
apply multiple coats. It is common practice to coat primers as
the first layer to provide good adhesion.>* After the primer is
dried, a topcoat is then applied to afford more desirable surface
properties. However, this approach consumes extra materials,
time, and effort. For applications that require both performance
and fast turn-around, such as traffic coating, a simple one coat
solution is strongly preferred.* Another grand challenge in water-
borne coating materials is to eliminate VOCs and create the “zero-
VOC” paint.” Such coatings will further benefit environmental and
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consumer health. However, removing all the VOCs will make it
difficult for latex particles to form an integral coating film unless
the glass transition temperature (7) for polymer binder is greatly
reduced. This can be done by altering the polymer chemistry or
adding non-evaporative coalescent molecules, however doing so
will inevitably hurt coating hardness and many other properties.
Therefore, technology that can guarantee film formation while
providing a hard coating surface becomes a holy grail in coating
research. Most of the ideas have been developed around two-
component “2K” systems and crosslinking chemistry, which
usually are much more costly and require complicated chemistry
and formulation.*”

One innovative idea to address all these challenges is to develop
one-pot, self-stratifying coating systems, where the surface of the
coating film differs from the bulk. In this way, many coating
properties dictated by the surface layer, such as tackiness, hardness,
water resistance, and dirt pick-up, can be designed and optimized
separately from the bulk materials.®**> However, conventional
coating systems do not self-stratify. Previous studies demon-
strated that self-stratification will only happen for polymers of
specific chemistry or particle mixtures of certain size ratios when
a coating suspension dries."**® These constraints severely limit
the application of self-stratification in common coating materials.
In order to achieve effective stratification, current coating formula-
tion and binder chemistry need to be comprehensively altered,
which demands significant efforts.

Here we propose a new concept of self-stratification by using
amphiphilic Janus particles, where one side of the particle is
hydrophobic, and the other side is hydrophilic. It has been well-
established that Janus particles can be viewed as colloidal
surfactants that adsorb strongly at the interface.">>' The adsorp-
tion energy, defined as the interfacial energy change when a single
particle moves from bulk phase to the interface, is directly related
to the Janus particle geometry.”*** Janus particles with the perfect
50-50 (hydrophobic-hydrophilic) geometry has the highest amphi-
philicity that leads to the highest adsorption energy. The theoretical
calculation also suggests that the more Janus geometry deviates
from 50-50, the less is the adsorption energy.*

Conventional self-stratification for homogeneous particle
mixtures is driven passively by the drying of the solvent. The
difference in diffusion rate for particles of different sizes will
lead to a different amount of accumulation at the drying
front.”>>° The Peclet number, the ratio of the evaporation rate
against the diffusion rate, is often used to quantify and predict
the stratification behaviour. However, the Peclet number does
not consider the surface adsorption of particles at all. For this
reason, the self-stratification of amphiphilic Janus particles is
more active due to their strong surface adsorption and the
physics is completely different compared with conventional
homogeneous particles.>* Currently, no theory can be used to
explain the active self-stratification of Janus particles. Our study
provides experimental evidence and preliminary theoretical
consideration of Janus particles actively driving the self-
stratification at the coating surfaces.

Janus particles have been tested as coating materials in
previous studies.*** However, most studies involve complex
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synthetic routes such as surface ATRP (atom transfer radical
polymerization) to fabricate the Janus particles, which signifi-
cantly hinders their large-scale industrial applications.**®
In addition, the substrate is usually pre-treated with special
chemistries or coating layers, such as epoxy groups, to enable
the adhesion and precise control of the assembly and orientation
of Janus particles. The final coating film structures and properties
are also very sensitive to the experimental conditions. The require-
ment of special substrate and stringent processing conditions
almost completely negate the possibility of broad and practical
implementation in coating applications. Furthermore, to coat
large surface areas, an immense number of Janus particles are
needed, which becomes very costly.

Results and discussion

We developed a scalable new hydrophobic coating system
comprised of two major components: conventional binder
polymer particles and amphiphilic Janus particles. A unique
feature of such coating is that Janus particles will self-stratify to
the surface and render the coating layer hydrophobic. The
experimental evidence for the self-stratification is presented
first. Then the dynamics of stratification is studied. Although
exhausting all the conditions that can lead to self-stratification
is out of the scope of this communication, several parameters
that can impact the stratification have been investigated, including
pH, binder particle surface charge, particle concentration and
Janus particle morphology. A hypothesis and calculation based
on a preliminary model are then given to explain the observation,
followed by the coating performance comparison between the
Janus particles and the homogeneous particles.

First, a scalable and economical synthetic route is established
to produce a large quantity of amphiphilic Janus particles based
on emulsion polymerization techniques broadly adopted in the
coating industry.>”*® A schematic plot of the reaction procedure
is shown in Fig. S1 (ESIt). Details of the particle fabrication are
reported in the Experimental section in the ESL.f Then Janus
particles are formulated as a straightforward drop-in additive
that can be directly applied to the waterborne latex coating
system. This means our method is fully compatible with current
commercial products, and only a relatively small quantity of
Janus particles are needed to cover the surface and change the
surface-related coating properties (Fig. 1a). The bulk materials of
the coating film remain intact, which helps maintain the coating
performance that is unrelated to surfaces. The advantages are
obvious - there is no need to completely redesign the current
coating system and manufacturers can quickly adapt the new
method by simply adding Janus particles in their product lines.

We tested the self-stratification of Janus particles with both
the binder particles synthesized in our lab and a commercial
primer. Both experiments demonstrated clear stratification of
Janus particles at the coating surface. Our binder particles were
homogeneous polystyrene particles functionalized with phos-
phate functional groups through co-polymerization (Fig. S2,
ESIt). Phosphate is a known adhesion promoter and the binder

This journal is © The Royal Society of Chemistry 2020
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(a) - Hydrophobic surface

modifies surface properties
< Hydrophilic surface

offers dispersity and adhesion
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particles

Fig. 1
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Add
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Particles

(a) Schematic diagram for the coating structures formed by self-stratification of amphiphilic Janus particles mixed with binder particles; (b) SEM

image of the cross-section view of dried coating structures. Scale bar is 2 um. Inset shows the asymmetric morphology of a typical Janus particle with
Janus balance (percentage of hydrophobic surface area) ~50%. Scale bar is 100 nm; (c) contact angles of the coating surface before and after adding
the Janus particles; (d—f) SEM images of the cross-section view of coating films added with homogeneous particles of different amphiphilicity:
(d) homogeneous hydrophilic particles; (€) homogeneous intermediate hydrophobic particles; (f) homogeneous hydrophobic particles. Insets show the
corresponding contact angles of the coating surfaces. Scale bars are all 2 pm.

particles were designed to provide strong adhesion performance.*’
In a typical experiment, a small number of Janus particles (10% by
dry weight) were mixed with binder particles. Ethanol was intro-
duced to help disperse the particles and increase the rate of the
evaporation. Fig. 1b shows that a densely packed monolayer of
Janus particles self-stratified on top of the homogeneous binder
particles. Very few Janus particles were observed in the bulk. In
comparison, homogeneous particles of the same size do not
migrate to the top surface regardless of the surface hydrophobicity
(Fig. 1d-f). In addition, most of the previous studies on stratifica-
tion with homogeneous particles only show the concentration of
stratified particles increases near the surface. It is unique to observe
a complete monolayer of particles stratified to the surface. In
addition, this densely packed monolayer is the key to drastically
improve the water contact angle of the surface.

Due to the weak contrast between two surfaces of polymeric
Janus particles under the electron microscope, it is very chal-
lenging to directly observe the orientation of Janus particles at
the interface. However, the water contact angle of the coating
surfaces increased from 31° to 128° after adding Janus particles
(Fig. 1c). Since the coating made with pure hydrophobic
particles of the same surface chemistry has a contact angle of
131°, the contact angle increase provides the clear evidence that
Janus particles orient with their hydrophobic side towards air.

This journal is © The Royal Society of Chemistry 2020

In contrast, the contact angles for coating films with homo-
geneous hydrophilic, intermediate hydrophobic and hydropho-
bic particles are 0°, 68° and 75° correspondingly, which are
much lower than the contact angle of coating film added with
Janus particles.

Furthermore, particles with different Janus balance (JB),
defined in this paper as the percentage of surface area of the
hydrophobic side, also demonstrated different stratification
behaviours. Janus particles with low Janus balance (JB equals
20%) did not stratify at all (Fig. S3a, ESIt). Janus particles with
bigger hydrophobic patches (JB equals 40%) showed stratifica-
tion (Fig. S3b, ESIt), however, a small fraction of coating surface
was not covered by Janus particles and the stratification is less
complete than that of Janus particles with JB of 50% (Fig. 1b).
The observation at single particle level correlates very well with
the contact angle measurement shown in the insets. These
results suggest that adsorption energy, which is determined by
the JB, plays an important role in active self-stratification. When
adsorption energy is small (JB of 20%), no stratification will
occur, while larger adsorption energy (JB of 50%) will lead to the
most complete stratification. In addition, Janus particles of 1 um
also showed stratification while homogeneous particles of 1 pm
did not show any stratification (Fig. S4, ESIf). This further
confirms that Janus geometry is the key to self-stratification.

Mater. Horiz., 2020, 7, 2047-2055 | 2049
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Confocal fluorescent microscopy was utilized to further
reveal the kinetics of the active self-stratification process. The
amphiphilic Janus particles were labelled with a red fluorescent
hydrophobic dye (Nile red) and the hydrophilic binder particles
were labelled with a green hydrophilic dye (fluorescein isothio-
cyanate (FITC)). Larger Janus particles (3 pm) were synthesized
to demonstrate the dye labelling and distribution inside Janus
particles. Fig. 2a(i) shows the hydrophobic sides of Janus
particles were selectively labelled with Nile red. Such fluores-
cent labelling via hydrophobic interaction is highly stable and
the dispersity of labelled Janus particles remains unchanged
(Fig. 2a(ii)). For contrast, hydrophilic phosphate particles were
selectively labelled with hydrophilic FITC (Fig. 2a(iii)) through
conjugation. Before the observation, Janus particles and phos-
phate binder particles were completely mixed under sonication
and loaded into a closed chamber. Two different experiments
were then carried out to study the kinetics of the self-
stratification process. In the open-lid experiment, evaporation
was allowed during the observation. In the closed-lid experi-
ment, evaporation was negligible during the observation.

(a) Fluorescent
Labelling

(b) Open-lid, evaporation
Janus & binder particle mixture

=0 min t=2 min

(d) Open-lid, evaporation
Janus particle only, no binder

t=0 min t =10 min t =30 min

View Article Online

Materials Horizons

The distribution of two types of particles were non-invasively
probed using confocal laser scanning microscopy with two
excitation wavelengths. It is worth noting that in the open-lid
experiment shown in Fig. 2b, amphiphilic Janus particles
stratified quickly and exclusively to the top of the solution
and formed a thin layer (within 2 minutes). The stratification
was completed within just a single confocal scan. Due to the
speed limit of confocal scan, the kinetics of the active self-
stratification could not be examined in detail. In a closed-lid
experiment with negligible evaporation, it was discovered that
the self-stratification still happened, albeit slowly (Fig. 2c). The
analysis of the confocal scans in the closed-lid experiment
reveals that the binder particles remain evenly distributed
across the coating suspension. However, Janus particles gradu-
ally self-stratified to the top surface within 30 min. The concen-
tration plateau within 5 pm of the top surface is likely due to
the resolution limit of the confocal scan. In comparison, when
there were no binder particles in the system, Janus particles
alone did not self-stratify to the surface in both closed-lid or
open-lid experiments (Fig. 2d and e). The observation strongly

(¢) Close-lid, no evaporation
Janus & binder particle mixture
t=0 min t=10 min t=30 min

(e) Close-lid, no evaporation
Janus particle only, no binder
t =30 min

=0 min

t= 1"0 min

Fig. 2 Fluorescent and confocal microscopy images: (a) fluorescent dye labelled Janus and binder particles: (i) hydrophobic side of 3 pm amphiphilic
Janus particles labelled with Nile red:; (ii) 400 nm amphiphilic Janus particles labelled with Nile red:; (iii) homogeneous 1.3 um binder particles labelled with
green FITC; (b) particle dispersion composed of red amphiphilic Janus particles and unlabelled binder particles at different time points under the
evaporation condition (open-lid); (c) particle dispersion composed of red amphiphilic Janus particles and green binder particles at different time points
without the evaporation (close-lid); (d) particle dispersion composed of red amphiphilic Janus particles only at different time points under the
evaporation condition (open-lid); (e) particle dispersion composed of red amphiphilic Janus particles only at different time points without the
evaporation (close-lid).

2050 | Mater. Horiz., 2020, 7, 2047-2055 This journal is © The Royal Society of Chemistry 2020
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suggests that interactions between binder particles and Janus
particles are critical to the self-stratification.

The active self-stratification of amphiphilic Janus particles is
drastically different from previously reported self-stratification of
homogeneous particles. This posts a new challenge in developing a
suitable model for describing our system. Trueman et al. adapted
a diffusion model with hydrodynamic interactions to describe
stratification in binary colloidal mixtures with different particle
sizes.*" However, this model assumed the chemical potential of the
particles was purely entropic and could not predict the accumula-
tion of small particles at the top surface observed in their
experiments.” Atmuri et al. extended this theory to include the
interactions between particles of the same species representing the
effect of particle surface charge.”” A term for attraction to the
interface (surface adsorption energy) was added to the chemical
potential to account for the surface accumulation but no physical
basis for this term was given for homogeneous polystyrene particles
in that work. Fortini et al. proposed an alternative model based on
particle migration in an osmotic pressure gradient created by the
concentration gradient of particles near the top of the drying film,
termed as colloidal diffusiophoresis.”*** This model qualitatively
predicts that the migration velocity of bigger particles in the
osmotic pressure gradient is larger, which results in the small-on-
top stratification. The quantitative theory of diffusiophoresis was
developed in the framework of dynamical density-functional theory
by Zhou et al. and Howard et al.>****> Their models identify the
cross interaction between large and small particles as the driver for
stratification. Hydrodynamic interactions and particle jamming
were recently considered in the diffusiophoresis theory but their
effects on stratification are still under lively debate.*®™*°

To provide more theoretical support to our observation, we
developed a preliminary model that combines the cross inter-
action between particles and surface adsorption energy, incor-
porating the surface adsorption energy to account for analysing
the active self-stratification of Janus particles. The model
adopts the adsorption energy of a particle using characteristic
energy scale of the thermal motion at room temperature, which
is the product of the Boltzmann constant kg and the absolute
temperature T = 298 K. Theoretical calculation based on an
ideal particle estimates the adsorption energy of Janus particles can
be several orders of magnitude larger than kzT.>*>' However, there
is no direct experimental measurement on the adsorption energy of
Janus particles used in this work. Many factors including the
imperfection of Janus boundary, surface roughness and polymer
chemistry are known to influence the adsorption energy. Therefore,
the value of 20 kT is used as a rough estimation of the minimal
value for irreversible adsorption. We also performed the calculation
using larger values, which did not change the behaviour of density
evolution qualitatively.

Other parameters were taken directly from the experiments,
including particle size, concentration ratio, solvent composi-
tion, and evaporation rate. Details on the modelling and
numerical calculation can be found in the ESI.f The model
compares Janus particles with homogeneous particles of the
same size when they are both mixed with bigger binder
particles and dried under the same conditions. Fig. S5a (ESIY)

This journal is © The Royal Society of Chemistry 2020
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shows the concentration profiles of different particles across
the coating films predicted by the theory at different time
points. Initially, Janus particles are evenly distributed through-
out the solution and their concentration near the interface is
much lower than that of the binder particles (Fig. S6, ESIT).
However, Janus particles accumulate rapidly near the interface
and their concentration (red line) exceeds the concentration of
homogeneous particles (blue line) by two orders of magnitude
within 15 min of drying time. Fig. S6 (ESIt) also predicts the
depletion of binder particles at the interface driven by the
significant concentration gradient of self-stratified Janus parti-
cles at the interface. In contrast, the concentrations of both
homogeneous and binder particles in their mixtures concur-
rently increase towards the interface under evaporation with no
stratification observed. Notably, this theoretical model is limited
to predict the kinetics of active self-stratification at low particle
concentrations, therefore unable to capture the progression of
stratification through the dense regime towards dense packing.
However, the model can be applied to analyse the early stage of
stratification when particle concentrations are relatively low. The
stratified structure formed at the dilute regime would persist
over to higher concentrations, which will subsequently lead to
the Janus-on-top structure in the final film.**

There are two major assumptions of our preliminary model:
(1) interactions between particles are described using a local-
density approximation; (2) electrostatic interactions are not
considered. Obviously, these assumptions do not fully capture
the complexity of the real system and cannot explain why pure
Janus particle solution in the absence of binder particles does
not exhibit notable surface adsorption (Fig. 2d and e). This
suggests that there could be an energy barrier likely due to
electrostatic repulsion between the charged particle and the
liquid-air surface, which is known to prevent the particles from
adsorbing even when the adsorption energy is favourable.’>
However, the preliminary model still provides important insight
into particle-particle interactions and particle adsorption at the
interface may affect the self-stratification. The discrepancy also
suggests that more thorough studies are needed to fully explain
the experimental observations.

Commercial coatings are usually formulated at pH ~ 9-11,
so binder particle surfaces are rendered with negative charges
using acrylic chemistry. Indeed, Janus particles showed the
most successful stratification under these conditions as shown
in Fig. S7 (ESIt). On the other hand, results in Fig. S7 (ESIt) also
indicate many factors may affect the self-stratification, such as
pH, binder particle surface charge, and even the concentration
of Janus particles. Our study clearly shows that the self-
stratification happens when the binder surface is negatively
charged, pH is above neutral, Janus particle weight ratio is
below 15%, and JB is close to 50%.

Based on these results and preliminary modelling, we pro-
vide a tentative hypothesis to explain the unique active self-
stratification observations. We hypothesize that due to surface
charge of binder particles, they are repelled from the water-air
interface and create a depletion zone. Under high particle
concentration, the osmotic pressure from the binder particles

Mater. Horiz., 2020, 7, 2047-2055 | 2051
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can drive the accumulation of Janus particles in the depletion
zone. In addition, Janus particles are much less charged, which
further lowers the barrier of adsorption to the interface. There-
fore, we hypothesize that the unique active self-stratification
behaviour may be explained by a complex interplay in the
following events: (1) depletion of binder particles from the
interface due to electrostatic repulsion; (2) accumulation of
Janus particles toward the interface due to osmotic pressure
from binder particles; (3) the adsorption of Janus particles at
the interface due to their amphiphilicity and strong adsorption
energy. It is not clear how big the depletion zone would be and
whether it can be directly observed in experiment. However,
this hypothesis can be used to explain all the experimental
observations. Increasing surface charge or pH will increase the
repulsion between binder particles and the interface, there-
fore enlarging the depletion zone and enhancing the osmotic
pressure, which increases the possibility for Janus particles to
stratify. In Fig. S7 (ESIt), only high surface charge or under pH
above neutral, Janus particles with JB close to 50% demon-
strated self-stratification.

When Janus particle concentration is higher than their critical
micelle concentration, they may self-assemble into clusters, similar
to micelles formed by surfactant molecules.”>**** The self-
assembled clusters are known to change the kinetics and coating
behaviours.> The clusters will slow down the diffusion and change
the surface adsorption behaviours of Janus particles, which will
eventually prevent the stratification from happening. Fig. S7i (ESIt)
indeed shows severe aggregation of Janus particles in the bulk
when Janus particle concentration is high (30% of the total dry
weight).

To investigate the durability of the self-stratified coating
surface with Janus particles, organic solvents (EtOH/THF, 90/10
by volume) were used to rinse the surface of the coating films.
Coating films formed by mixing homogeneous hydrophobic
particles (of the same hydrophobic surface as the Janus parti-
cles) and phosphate binder particles were chosen as a control.
Images of the cross-sections of the coating films after rinsing in
Fig. 3 clearly demonstrate that the self-stratified coating surfaces
maintain their structure integrity, and surface hydrophobicity is
unchanged. The resistance highlights the completeness of the
densely packed monolayer of amphiphilic Janus particles
formed during the self-stratification process and the strong
adhesion offered by the phosphate binder particles. The hydro-
philic binder particles and hydrophilic side of the Janus particles
are compatible with each other and may form hydrogen bonds.
The compatibility greatly enhances the chance for polymer
chains to diffuse and inter-penetrate with each other during
the film formation process, which in turn helps promote the
strong adhesion between binder particles and Janus particles.
In comparison, the control sample that does not possess the
stratified structures (Fig. 3b) was destroyed in rinsing with
solvent (Fig. 3d). Since the hydrophobic homogeneous particles
randomly dispersed within the binder matrix, they acted as the
defects and significantly weakened the coating integrity and
adhesion. Another interesting observation of the coating films
formed by active self-stratification is that these films with Janus
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Fig. 3 SEM images and photos of the dried coating films after rinsing
with the organic solvent (THF): (a) films formed with Janus particles self-
stratified to the surface; (b) films with hydrophobic homogeneous particles
showed no stratification. Scale bars are all 2 pm. Insets are confocal
fluorescent images of the corresponding coating film and contact angles
of coating surface after solvent rinse. Janus and hydrophobic particles
were labelled with Nile red and binder particles were labelled with green
FITC; (c) photo of the coating film added with Janus particles after solvent
rinse; (d) photo of the coating film added with hydrophobic homogeneous
particles after solvent rinse.

particles present a flatter surface compared with the films with
only homogenous particles (Fig. S8, ESIf). Previous studies
suggest that Janus particles may strongly interact with each
other at the interface through capillary attraction and form a
strong network. This densely packed network may taper down
the fluctuation of the interface.>®

The self-stratification of Janus particles also offers a novel
approach to modulate the nanoscale roughness of the coating
surface. It has been well-recognized that higher surface rough-
ness will enhance the water contact angle of hydrophobic
surfaces.’”>® We altered the surface roughness by introducing
bigger Janus particles (1 um) (Fig. S9, ESIT) to co-stratify with
smaller Janus nanoparticles (400 nm). Both particles self-
stratified to the interface. As shown in Fig. S10 (ESI{), the
roughness value measured by confocal microscope is 2.9 um for
coatings made from mixture of 400 nm and 1.0 um Janus
particles, the coating films formed with only 400 nm Janus
particles present a flatter surface with a measured roughness of
1.4 pm. Bigger particle size and size mismatch with small
particles increased the surface roughness, and a higher water
contact angle of 139° (Fig. S11, ESIT) was achieved.

To further test Janus particles with commercial coating
products, Janus particles were applied to a common commer-
cial primer. Since commercial coating formulations usually
contain many surface-active ingredients beyond simple binder
particles, they may interact with Janus particles and interfere
with the process. The successful stratification demonstrates the
easy integration of our method into existing products. Janus
particles (15% by dry weight) was directly added to the com-
mercial primer. The details of the procedure are described in

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 SEM images of coating films formed by commercial primer binder added with Janus particles, and force profiles measured on film surfaces using
AFM: (@) commercial primer added with 400 nm Janus particles; (b) commercial primer added with both 400 nm and 1.0 um Janus particles; scale bars
are all 2 um. (c) Representative force—distance curves recorded during retraction of AFM tip from the coating film surfaces.

the Experimental section in the ESL{ Fig. 4a clearly shows self-
stratification of Janus particles at the surface of the commercial
primer coating. Since the primer binder particles have a T,
much lower than the room temperature, they form a contin-
uous film after coating film is dried. Most of the coating
surfaces were covered with self-stratified Janus particles and
the contact angle was increased from 0° to 105°. Introducing
bigger Janus particles to increase roughness further increased
the water contact angle to 123° (Fig. 4b). In order to characterize
the mechanical properties of the surface, measurement of the
surface forces was carried out using AFM (atomic force micro-
scopy). The force-distance curve during retraction of AFM tip
from the surface of the primer coating without adding Janus
particles in Fig. 4c shows strong adhesion of the top layer (sticky
surface). This is expected since the function of the primer is to
provide adhesion as a base coat. For the real coating applica-
tions, this also means that the primer coating surface is tacky to
touch. Without a topcoat, the surface may have poor hardness,
stain resistance and dirt pick-up performance. With Janus
particles added to the primer formulation, the self-stratified
coating showed lower adhesion of top layer, ie less sticky
surface. The average value of rupture force of a tip from the
primer surface was reduced to ~1/3 (from 42 nN down to 16 nN)
and the range was reduced to ~1/7 (from 210 nm to 30 nm).
This demonstrates that Janus particles can not only render the
hydrophilic coating film into hydrophobic surface, but also
effectively improve the surface properties, such as hardness
and tackiness of a commercial product. One advantage of our
new approach is that Janus particle additive can be directly
applied to coating product without the need to alter the current
binder chemistry or coating formulation. The important proper-
ties of coating materials, including film formation and disper-
sion stability, are intact. This method offers a new strategy and
more latitude in designing zero-VOC paint with low T, binder
while maintaining the surface properties.

Conclusions

In summary, we demonstrate a new observation of self-
stratification using amphiphilic Janus particles. These particles
can be produced in large quantity with cost-effective emulsion
polymerization. Even better, these amphiphilic Janus particles

This journal is © The Royal Society of Chemistry 2020

can be applied directly to current waterborne coating systems as
an additive. With a relatively small quantity of Janus particles,
they can self-stratify quickly to the surface and form a densely
packed monolayer, which creates durable hydrophobic coatings
with strong adhesion. The unique fast stratification process and
monolayer formation were captured by fluorescent confocal
microscopy, which reveals a different physical process compared
with the previous self-stratification systems consisting of only
homogeneous particles. We determined that the stratification is
partially due the strong adsorption of Janus particles at the
interface and corroborated this with the preliminary theoretical
modelling. Other factors including pH, surface charge of binder
particles and particle concentration of Janus particles also con-
tribute to the process. The discovery of active self-stratification
provides exciting new opportunities for developing a compre-
hensive mechanistic understanding of self-stratification of Janus
particles. We plan to study the effect of particle size and
establish new experimental tools to measure the adsorption
energy, which can be used to develop a predictive model in
future. The approach demonstrated here is economical and
commercially scalable. The successful application of Janus par-
ticles in commercial coating products showcases the versatility
and effectiveness of our approach and opens a new front for
Janus particle research and functionalized coatings. Further-
more, the active self-stratification offers a novel strategy to
fabricate hierarchical structures, which may find broad applica-
tions in other research areas involving colloidal systems.
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