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Structured droplets, constructed and stabilized by interfacial self-
assembly and jamming of colloidal particles, have shown potential
applications in biphasic reactors towards fabrication of functional
materials. However, the fabrication of macroscopic granular
materials using structured droplets remains a great challenge due
to the instability of colloidal particle assemblies at the macroscale
dropletinterface and the coalescence between droplets. Herein, we
demonstrate a distinctly interfacial self-assembly of topology-
tunable Janus particles (including bread, hemisphere and cres-
cent) at the macro-droplet interface, enabling the fabrication of
stably structured droplets with a solid-like membrane and thereby
greatly affording the downstream production of macroscopic
granular materials. The self-assembly towards the fabrication of
structured droplets is attributed to the interfacial desorption energy
difference triggered by Janus particle topologies. Only hemi-
spherical Janus particles could perform fully interfacial jamming,
thereby forming the robust structured droplets. These Janus
particle-dominated structured droplets as a biphasic reactor can be
used to controllably produce macroscopic granular materials with
tunable sizes and functionalities. This study will widen the appli-
cations of the interfacial self-assembly from the microscale to the
macroscale towards the fabrication of functional materials.
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Introduction

The self-assembly of colloidal particles at oil-water interfaces
has been considered one of the most powerful strategies to
construct structured liquids,* complex superstructures*® and
functional materials.”” In general, colloidal particles self-
assemble and jam at the interface, resulting in a phase transi-
tion of the self-assembly from “liquid-like” to “solid-like”.****
The resulting “solid-like” soft materials with robust mechanical
properties would endow the liquids with controllable structures
from spherical shapes to non-equilibrium ellipsoidal shapes,
known as structured droplets.”>™® These droplets have shown
potential applications in biphasic reactors,”” embolic mate-
rials" and all-liquid devices.”® The majority of interfacial
assemblies for the fabrication of structured droplets have been
achieved via spherical nanoparticles.»*® However, the reduction
of interfacial energy driven by particles on the nanoscale is
much smaller due to the low desorption energy, leading to an
unstable assembly of nanoparticles at the oil-water interface.
Nanoscale particle surfactants easily eject from the interface
compared with large microscale particles, making it difficult to
fabricate stably structured droplets, especially macro-scale
droplets, due to the instant coalescence at the millimeter-
scale curvature radius.”**

Colloidal particle-stabilized pH-responsive emulsions and
Pickering emulsion-based synthesis have been widely studied
from the nanoscale to the microscale.>*° It is a great challenge
to synthesize functional macroscopic granular materials within
macroscale biphasic droplet reactors, considering the interfa-
cial stability and structures of emulsified droplets which are
dominated by the colloidal particle surfactants assembled at the
water-oil interface. Recently, B. Haney et al. successfully ob-
tained millimeter-sized emulsion droplets, but with a non-ideal
wide distribution of diameters. And these emulsion droplets
were interfacially unstable due to the sub-millimeter sized
amphiphilic Janus spheres (with diameters of 100-500 pum),
leading to obvious coalescence.”® The key point to stabilize
macro-droplets is making the particle surfactants firmly
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absorbed at the oil/water interface by increasing their surfac-
tancy, e.g, optimizing the topologies and chemical
functionalities.

When a colloidal particle assembles at the oil-water inter-
face, the change in interfacial energy (AG) is the main driving
force for its assembly, which is highly dependent on the size
and contact angle of particles.*>**

AG = —mtry o (1 — |cos 4]) (1)

where r is the radius of the particle, v,y is interfacial tension of
the oil-water interface, and @ is the contact angle of the particle
at the interface.

From eqn (1), we can clearly see that the reduction of inter-
facial energy is proportional to the > of the particle. That is,
micro-sized particles would be more efficient than nano-sized
particles due to the decrease in the interfacial energy, result-
ing in an effective confinement into the interface. Thus, to
achieve good stability of structured droplets, rationally
designing colloidal particles with as large a size as possible and
neutral wetting properties (with the contact angle approaching
90°) is essential.*

Herein, we demonstrate that Janus particles with tunable
topologies (including bread, hemisphere and crescent) and an
average diameter larger than 2 um show different interfacial
assembly dynamics at the macro-scale droplet interface. The
self-assembly is highly dependent on the topologies of Janus
particles, and only hemispherical Janus particles can fully cover
the whole water—oil interface at a certain concentration,
enabling the formation of structured millimeter-sized droplets
and downstream fabrication of macroscopic materials. These
Janus particle-dominated structured droplets exhibit great
potential in biphasic reactors, enabling the monomer poly-
merization to fabricate functional macroscopic granular
materials.

Results and discussion

The synthesis of Janus particles was performed by our previ-
ously reported emulsion interfacial polymerization strategy.**-**
Their topologies could be precisely controlled from bread-sha-
ped and hemisphere-shaped to crescent-shaped in order by
merely tuning the feed amounts of the swelling agent (1-chlor-
odecane) (Fig. 1la-c and Sla-c, ESIf). The synthetic Janus
particles were composed of a hydrophobic poly(styrene-co-
divinylbenzene) (PSDVB) bulk and hydrophilic poly (acrylic
acid) (PAA) layer.*® The sizes of bread-shaped Janus particles,
hemisphere-shaped Janus particles and crescent-shaped Janus
particles were 2.2 4+ 0.2 um, 2.2 + 0.1 um and 2.3 £ 0.2 pm,
respectively, and they exhibited excellent uniformity and similar
zeta potentials (~—27 mV, Fig. Sid, ESIf). The three-phase
contact angles of bread-shaped Janus particles, hemispherical
Janus particles and crescent-shaped Janus particles were 85.3 +
3.1°,90.3 & 2.3° to 97.6 + 4.6°, respectively (Fig. S2, ESIT). We
first investigated the dynamic self-assembly behaviors of these
Janus particles towards the fabrication of structured droplets at
the oil-water interface by the pendant drop method with an
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oscillating tensiometer. A water droplet (8 uL) containing Janus
particles (5 mg mL™") was immerged into a decane phase and
then was periodically expanded and compressed at a set
frequency (Fig. 1d and Movie S1, ESIT). We observed that Janus
particles could assemble along the water-decane interface and
only hemispherical Janus particles were able to continually
assemble until fully covering the whole interface to allow the
fabrication of a structured droplet with a solid-like membrane,
while the bread-shaped and crescent-shaped Janus particles
could assemble only on small portions of the interfaces (Fig. 1e-
h), and the surface coverages of bread-shaped and crescent-
shaped Janus particle-dominated droplets were less than 40%.
The results demonstrated that the interfacial self-assembly of
these Janus particles towards the fabrication of structured
droplets is highly dependent on their topologies.

To investigate the mechanism of Janus particle topology-
manipulated self-assembly for the fabrication of structured
droplets with a solid-like membrane, we first calculated the
desorption energy (AG) of a Janus particle (Fig. 2a).**® The AG
is defined as the free energy required for the Janus particle to
desorb from the oil-water interface into the water phase, AG =
Gwater — Ginterface- FOr bread-shaped Janus particles, topology
can be approximated to the shape of a sphere that is cut at
a half-angle 6,. For hemispherical Janus particles, 6, is /2.
Thus, for bread-shaped Janus particles, we have

2 2 2
Gyater = 2701 (1 + cos 00)Ywaler—PAA + 107 sin” Oy water—ps
2.2
+ Trisin 0(}Ywater oil (2)

2 2.2
Ginterface = 270 (1 + €08 0p)Ywater-paa + T~ sin~ OyYoips  (3)

Here we assume that the three-phase contact line between
the Janus particle and the water-oil interface lies rightly on the
PS-PAA boundary.

The desorption energy for bread-shaped Janus particles is

2 .2
AGbread = TUr S 0O(Ywater—PS — Yoil-ps T Ywaler—oil) >0 (4)

The AGpreaq is greater than zero, indicating that the Janus
particle tends to stay at the interface. From eqn (4), the
desorption energy of a hemispherical Janus particle (6, = 1/2)
should be greater than that of a bread-shaped Janus particle (6,
< 71t/2). The hemispherical Janus particle shows a higher sur-
factancy than the bread-shaped Janus particle.

For crescent-shaped Janus particles, we have

2
Gwzltcr =27r (1 + cos 60)Ywatcr—PAA + SYWzllcr—PS
2 .2
+ 7T sin HOYwater—oil (5)

Ginterface = 27‘5"2(1 + cos 00)Ywater—PAA + SYoil—PS (6)

The concaved PSDVB surface area is defined as S. We assume
that the concave surface is in contact with the oil phase. The
desorption energy for crescent-shaped Janus particles is

2 2
AGcrescent = S(Ywaler—PS - Yoil—PS) + 7T sin 00Ywaler—oil (7)

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Structured droplets dominated by the interfacial self-assembly of topology-tunable Janus particles. (a—c) Schematics and scanning
electron microscope (SEM) images of Janus particles. Three kinds of Janus particles were controllably fabricated, including bread, hemisphere,
and crescent shapes. Their chemical compositions were hydrophobic poly(styrene-co-divinylboenzene) (PSDVB) bulk and hydrophilic poly
(acrylic acid) (PAA) layer. (d—g) The topology-tunable Janus particle-dominated interfacial self-assembly. A water droplet containing Janus
particles was immerged into a decane phase and then was periodically expanded and compressed. Interestingly, only hemispherical Janus
particles continually self-assembled until fully covering the whole macro-droplet interface to allow the fabrication of a structured droplet with
a solid-like membrane, while bread-shaped and crescent-shaped Janus particles could assemble into the interfaces with less than 40% surface

coverage.

Since Ywater-ps — Yoil-ps > 0 and AGcrescent 1S proportional to S,
surface coverage of the assembled crescent-shaped Janus
particle should be larger than that of the bread-shaped Janus
particle when the oil phase completely covers the PSDVB
surface. It is not clear yet whether the oil phase will fully cover
the hydrophobic PSDVB surface for the crescent-shaped Janus
particles. To verify, we used a gel-trapping technique® to
directly visualize the adsorption and orientation of these Janus
particles at the water-oil interface. The aqueous solution of
Janus particles (1 mg mL ") was slowly injected close to the
interface of decane and Gellan gel aqueous solution at 50 °C.
After attaching to the interface, the Janus particles were then

This journal is © The Royal Society of Chemistry 2025

trapped in Gellan gel cooled at room temperature and then
transferred to a PDMS matrix. In this process, the hydrophobic
PSDVB side confronts PDMS, while the hydrophilic PAA layer
faces water. As shown in Fig. 2b-d and S2a-c (ESI),T only two tip
sections of crescent-shaped Janus particles were covered by the
oil phase (Fig. 2d). For the bread-shaped Janus particles and
hemispherical Janus particles, hydrophobic PSDVB surfaces
were fully covered with the oil phase (Fig. 2b and c). These
results suggested that crescent-shaped Janus particles should
be more difficult to adsorb into the interface than bread-shaped
Janus particles and hemispherical Janus particles, probably due
to their rigid topologies. Thus, desorption energy (AG.) for these
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Fig. 2 The mechanism of Janus particle topology-dominated interfacial self-assembly for the fabrication of structured droplets with solid-like
membranes. (a—d) Schematics and SEM images of the interfacial adsorption behaviors of the three kinds of Janus particles. The self-assembly of
these Janus particles towards the fabrication of structured droplets with a solid-like membrane is highly dependent on their topologies, into
which the difference in desorption energy (AG) plays a critical role. For the bread-shaped Janus particles and hemispherical Janus particles, their
hydrophobic PSDVB surfaces were fully covered with the oil phase (PDMS). By contrast, for the crescent-shaped Janus particles, only partial
regions (two tip sections) of the PSDVB surface were covered with the oil phase. (e) Interfacial tension vs. time during the self-assembly process
of Janus particles. (f) Dilatational modulus vs. time during the self-assembly process of Janus particles. The dilatational modulus of the obtained
solid-like membrane by hemispherical Janus particles went up to 154 mN m™, which was much higher than those of bread-shaped Janus

particles (42 mN m™) and crescent-shaped Janus particles (26 mN m™3).

Janus particles should be AGhemisphere > AGbread > AGcrescents
accordingly. Bread-shaped Janus particles and hemispherical
Janus particles reduced the interfacial tension from ~40 mN
m ' to ~28 mN m !, while crescent-shaped Janus particles with
lower surfactancy reduced interfacial tension from ~40 mN m ™"
to ~37 mN m™ ' within 3 h (Fig. 2e). The rigidity and toughness
of the solid-like membranes at droplet interfaces were then
measured on their surface dilatational modulus. The dilata-
tional modulus of the obtained solid-like membrane assembled
using hemispherical Janus particles went up to 154 mN m ™,
which was much higher than those of bread-shaped Janus
particles (42 mN m™ ") and crescent-shaped Janus particles (26
mN m ") (Fig. 2f). Therefore, the hemispherical Janus particles
form densely packed assemblies easier than bread-shaped
Janus particles and crescent-shaped Janus particles, enabling

7076 | J. Mater. Chem. A, 2025, 13, 7073-7080

the fabrication of ellipsoidal structured droplets with tough and
elastic membranes at the macro-droplet interface.

We next carefully observed the fabrication process of Janus
particle-dominated structured droplets at different times. In the
beginning, Janus particles dispersed randomly with Brownian
motion inside the droplet. Once absorbed onto the water—oil
interface, Janus particle (with a diameter of ~2.2 um) assem-
blies aggregated and subsequently deposited along the droplet
surface under the gravity effect. The water-oil interface was fully
covered at ~110 min, and the interfacial absorption equilib-
rium was reached at ~178 min, forming a solid-like particle
membrane (Fig. 3a). There are two possible factors affecting the
assembly of the hemispherical particles. (1) The diffusion
coefficient D, of the Janus particles. A randomly dispersed
micro-scaled Janus particle diffused from the bulk phase to the

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 The time-dependent self-assembly and stability of Janus particle-dominated structured droplets. (a) The time-dependent self-assembly
process of hemispherical Janus particles. Starting from the bottom of the droplet interface, hemispherical Janus particles enabled self-assembly
to form structured droplets with a solid-like membrane. (b) The self-assembly time for the fabrication of structured droplets with a solid-like
membrane could be controlled by regulating the frequencies of expansion and compression. (c—e) Janus particle-dominated structured
droplets. (c and d) The obtained structured droplets exhibited excellent elasticity and could be deformed into an ellipsoid by an external pressure.
(e) The solid-like membrane of the structured droplets could largely bend or wrinkle when extracting water from the droplet and stretch back to
the origin when reinjecting water into the droplet reversibly. (f-h) Snapshots of the collision process between two droplets under oil. (f) Janus
particle-dominated structured droplets collided with a pure water droplet, and it was ejected from the surface. (g) A pure water droplet collided
with a pure water droplet, and they were coalesced together. (h) The collision between two Janus particle-dominated structured droplets, and
one was ejected from the surface.

water—oil interface, where thermal dynamics of the particle was surfactants, limiting and slowing down the interfacial

determined from the diffusion coefficient D,. According to the
Stokes-Einstein equation,®**** D, = kgT/67nr, where r is the
radius of the particle, 7 is the viscosity of the solution, and kgT'is
the thermal energy of the particle. Our micro-scaled Janus
particles with a larger radius may have a lower diffusion coef-
ficient in the bulk compared with nanoparticles or molecular

This journal is © The Royal Society of Chemistry 2025

assembly. (2) The frequency of repeated expansion and
compression of pendant droplets. As shown in Fig. 3b, the self-
assembly time for the fabrication of structured droplets could
be reduced from ~110 min to ~80 min obviously when the
frequencies of repeated expansion and compression of pendant
droplets were increased from 0.01 Hz to 1.0 Hz. This indicates
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that interfacial mechanical perturbations induce rapid defor-
mation and Marangoni flow fields at the water-oil interface,
effectively accelerating particle migration and lateral rear-
rangement. Moreover, we found that when the concentrations
of Janus particles were equal to or greater than 5 mg mL 7,
hemispherical Janus particles were enabled to assemble at the
droplet interface (volume of 8 pL) for the fabrication of struc-
tured droplets (Fig. S3b, ESIf). Accordingly, the interfacial
tension was gradually reduced with the increase of concentra-
tions of Janus particles (Fig. S4, ESIT). In contrast, the struc-
tured droplets with a solid-like membrane remained unable to
be fabricated in the bread-shaped Janus particle- or crescent-
shaped Janus particle-dominated self-assembly, even at 10 mg
mL~" of concentration (Fig. S3a and ¢, ESIT). Millimeter-sized
droplets could be constructed and stabilized even at large
volumes from 2 pL to 25 pL (Fig. S5, ESIt).
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We comprehensively investigated the stability of the obtained
structured droplets. As shown in Fig. 3c and d, a hemispherical
Janus particle-dominated spherical droplet could be deformed
into an ellipsoid using an external mechanical stimulus. After
removing the external stress, the ellipsoidal droplet was imme-
diately “locked-in” by interfacial rearrangement of the Janus
particles. The structured droplets with solid-like membranes
could largely bend or wrinkle when extracting the liquid and be
stretched back to the original morphologies after reinjecting the
liquid reversibly (Fig. 3e and Movie S2, ESIt). During this process,
hemispherical Janus particles exhibited excellent adsorption
capacity and they could neither move laterally nor be ejected off
the water-decane interface even when being largely compressed
due to the high desorption energy and strong jamming effect.
Moreover, the obtained structured droplets enabled prevention
of the coalescence of water droplets effectively, even after a fierce

.) Janus particle

" Monomer

Macroscopic sphere e ey

d’]
6

) —t }
|

0 02 04 06 08 10
Concentration (mol/L)
Nile red fluorescent molecules@Sphere

Particle size (mm)

Fig. 4 Janus particle-dominated structured droplets for the fabrication of macroscopic granular materials. (a) Schematic of the fabrication of
macroscopic granular materials. When the oil phase was a polymeric monomer, such as styrene, styrene-in-water droplets could be fabricated
by using hemispherical Janus particles as stabilizers. After polymerizing these structured droplets, macroscopic materials could be fabricated. (b
and c) Photographs of the obtained macroscopic materials. (d) The sizes of the macroscopic granular materials could be controlled by tuning the
concentrations of the monomer. (e—g) Photographs of the obtained functional macroscopic materials. When introducing the magnetic FesO4
nanoparticles, ZnCdSe/ZnS quantum dots or Nile red fluorescent molecules into the styrene-in-water structured droplets, the polymerization
enabled production of magnetic macroscopic materials or fluorescent macroscopic materials.
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collision with a falling speed of 11 cm s™* (Fig. 3f). By contrast,
pure water droplets completely merged (Fig. 3g and S6a, ESIT).
When one structured droplet with a solid-like membrane was
collided with another one, it could bounce away under oil (Fig. 3h
and S6b, ESIT). These results demonstrated that Janus particle-
dominated structured droplets with a robust solid-like
membrane have excellent stability, which could provide
a stable biphasic droplet reactor for the synthesis of macroscopic
materials on the millimeter scale or even larger.

Finally, we demonstrated the application of these Janus
particle-dominated structured droplets to produce macroscopic
materials. Currently, macroscopic granular materials have been
widely used in industry. However, millimeter sized emulsion
droplets were usually unstable at the interface due to the low
packing density or small desorption energy of the absorbed
amphiphilic Janus spheres.?® And they are usually fabricated by
material processing (involving mixing, molding, and post-
processing) via giant machines,”* leading to a sophisticated
preparation process, large occupation area, and high energy
consumption and cost. Herein, we could produce macroscopic
materials by using Janus particle-dominated structured droplets
as biphasic reactors. As shown in Fig. 4a, when the oil phase was
replaced with a polymeric monomer, such as styrene, we could
produce styrene-in-water structured droplets using hemispherical
Janus particles. After polymerizing these structured droplets,
macroscopic materials could be fabricated (Fig. 4a—c). The sizes of
the macroscopic granular materials could be controlled from 2.1 +
0.5 mm to 5.5 £ 0.4 mm by tuning the concentrations of the
monomer. After polymerization, these Janus particles could be
recycled by treating the macroscopic particle solutions with
ultrasound (Fig. S7, ESIt). To demonstrate the effectiveness of this
strategy, we could also fabricate functional macroscopic materials.
As shown in Fig. 4e-g, when introducing the magnetic Fe;0,
nanoparticles or quantum dots into the styrene-in-water struc-
tured droplets, the polymerization enabled the production of
magnetic or fluorescent macroscopic granular materials.

Conclusions

In summary, we have demonstrated the interfacial self-assembly
dynamics of topology-tunable Janus particles with bread, hemi-
spherical and crescent morphologies respectively. The interfacial
self-assembly and jamming of hemispherical Janus particles at
the water-decane interface allows the formation of controllably
structured droplets with robust solid-like membranes. The Janus
particle-dominated structured droplets exhibit excellent elasticity
and strength, possessing the properties to withstand large
bending and fierce collision. These millimeter-sized droplets can
be further used as reactors to produce macroscopic granular
materials with tunable sizes and functionalities, e.g., modified
with magnetic or fluorescent properties, inspiring applications in
biomedical encapsulation and fluorescent indicators.
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