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Janus particles have garnered extensive attention owing to their considerable potential in the field of
material engineering applications. Their properties are determined on the basis of the asymmetric
structure or morphology. However, precisely engineering the morphology of Janus particles remains
a grand challenge since the conventional preparation methods usually contain complicated dynamic
processes. Herein, we report a facile route, which is wholly dependent on the thermodynamic
characteristics of solution, to finely manipulate the morphologies of aqueous Janus droplets on
a superhydrophobic surface. These Janus droplets contain polyethylene glycol (PEG) and dextran (DEX),
and their Janus structures are controlled by the phase separation of the two polymers in aqueous
solution. This phase separation procedure greatly relies on the molecular weight (MW) and concentration

of PEG and DEX. As such, we can easily customize the morphology of the resultant Janus structure,
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component inputs. This facile approach provides fresh insights into the tunable geometric morphology
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Introduction

Janus particles consist of two strictly separated sides with
distinct physicochemical properties, which are determined by
their morphology and composition of each side. They have been
explored for numerous applications, such as the self-assembly
of colloidal particles, stabilization of emulsions, display of
optics and electronics, and diagnosis and treatment of
diseases."™ Compared to the homogeneous particles, Janus
particles not only break the symmetry, endowing the particles
with geometric diversity, but also integrate various components
together to perform more functions.>™ Many kinds of tech-
niques have been advanced to fabricate such asymmetric
particles with various geometries, such as self-assembly, seed-
mediated polymerization, selective surface modification,
among others.””"” However, these methods usually contain
complicated dynamic procedures, making it difficult to
precisely manipulate the morphology of the Janus particles.**>°
For example, the self-assembly of block copolymers enables us
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to obtain a number of Janus particles with diverse geometric
appearances by varying the component inputs.”*** The inter-
mediates, i.e., micelles or multicompartment micelles, in this
procedure are often non-uniform due to the dynamic competi-
tion between the micro-phase segregation driven by the
incompatibility of the polymer blocks and the mixing of poly-
mer chains due to entropy favoring. After the disassembly and
crosslinking steps, polydisperse and heterogeneous Janus
particles are generated. The seed-mediated polymerization
strategy has also been widely used to produce polymeric Janus
particles with various morphologies through two-step poly-
merization and dynamic rearrangement of the obtained
polymers.>*2¢ Nevertheless, the spontaneous symmetry-
breaking to form the Janus structure in this method is deter-
mined by an opposite dynamic process, ie., segregation and
mixing between the incompatible polymers, thus leading to the
inaccuracy in controlling the morphology of the resultant Janus
particles. Although the selective surface modification of parti-
cles provides another alternative to endow them with diverse
Janus balances,””*° the particles are usually consistently com-
partmentalized due to the continuous procedure of immobili-
zation, masking and bare side depositing.

Phase separation of an incompatible polymer blend pair in
a confined solvent environment is an efficient technique to
create polymeric Janus particles.**** Such process is wholly
dependent on the thermodynamic characteristics of the system.
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However, little attention has been paid to the use of this facile
method to construct the Janus particles or the precise manip-
ulation of their morphologies. Herein, we utilized the phase
separation of PEG and DEX in an aqueous droplet on a super-
hydrophobic surface, achieving a Janus structured droplet. Such
separation of the mixed droplet occurs when concentrations of
these two polymers exceed their thresholds, which makes the
loss in enthalpy related with de-mixing become greater than the
entropic production in the system,**>° thereby generating
a Janus droplet. The morphologies of the resultant Janus
structure, including the interfacial geometry and Janus balance,
are dependent on the thermodynamic characteristics of the
above mixed droplet. The interfacial geometry, i.e., shape and
curvature of the phase interfaces, is thus determined by the
cohesion of water molecules and interaction between water
molecules and polymer chains in the two separated phases,
which can be manipulated by the concentration and MW of the
two polymers. This all-aqueous phase separation system
provides an easy and high-efficiency method to customize the
Janus morphology, and holds great potential in other aqueous-
based systems.

Results and discussion

Interactions between two incompatible polymers in their mixed
aqueous solution can lead to the formation of two distinct
thermodynamic phases that are both aqueous, but each
predominantly harboring one of the polymer types—aqueous
two-phase system (ATPS).**** The phase separation of such
aqueous mixture is attributed to the high molecular weight of
the polymers combined with the unfavorable interaction
between their segments.***® To demonstrate this liquid-liquid
phase separation visually, we mixed 10% w/w PEG 20k (20 000 g
mol ") and 15% w/w DEX 450-650k (450 000-650 000 g mol )
aqueous solutions at the volume ratio of 1:1 in a vial. Emul-
sions were observed after intensive mixing of this typical PEG/
DEX ATPS (Fig. 1a). While resting to equilibrium, the emul-
sions gradually coalesced and finally displayed two separated
liquid phases (lower density PEG-rich phase at top and higher
density DEX-rich phase at bottom). It should be noted that the
volume ratio of the two separated phases was incongruous in
comparison with the initial mixing ratio (1:1). This is attrib-
uted to the re-solvation of these two polymers in aqueous
solvent as a result of their discrepant dissolvability. Further-
more, the higher concentrations of PEG and DEX are the
prerequisite for the larger enthalpic contribution than entropic
gain during the de-mixing in the system. Therefore, the
composition, interaction between the polymer pair, and the
solvation of each polymer (the interaction between polymer
chains and water) play a key role in tuning the thermodynamics
of the PEG/DEX ATP, guiding the following morphology design
of the Janus structure.

To utilize this PEG/DEX ATPS to construct the Janus struc-
ture and tune the morphology, a superhydrophobic surface was
used to support ATPS droplets (contact angle > 150°) (Fig. 1b
and c). To remove the effect of water evaporation on the liquid/
liquid phase separation behavior of PEG and DEX, a humidity
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controller was used to ensure an unchangeable volume and
contact angle of the obtained droplets over time (Fig. S1, see
details in ESIt). Fig. 1c also shows us that different morphol-
ogies of these droplets can be achieved by varying the mixing
ratio between 10% w/w PEG 20k and 15% w/w DEX 450-650k
aqueous solution. This morphological diversity is derived from
the concentration variation of PEG and DEX, which leads to the
discrepancy of their proportions in separated phases due to the
solvation and redistribution of these two polymers.

In addition to the concentration, the MW of the two poly-
mers relates to their solvation in the aqueous mixture. To
understand how the spatial structure of the resultant Janus
droplet is influenced by those component inputs, we drew
a phase diagram of PEG 20k and different MWs of DEX (40k,
100k and 450-650k) aqueous systems (see details in the drawing
of the phase diagram part in ESIT). At low concentrations of the
two polymers, their aqueous mixture forms a single phase
(below the binodal curve), while at high concentrations, their
mixture spontaneously phase-separates into the aqueous two-
phase system (above the binodal curve) (Fig. 2a). This two-
phase region allows us to design the Janus droplets, and is
why we choose high concentrations of PEG (10% w/w) and DEX
(15% w/w) aqueous solutions as a typical example to construct
the Janus droplets in this work. In addition, decreasing the MW
of DEX leads to the shift of the binodal curve to the high
concentration region on this phase diagram. Such shift is
attributed to a larger mixing entropy of lower MW DEXs having
more molecules at the same concentration (i.e., PEG and DEX
need more chains to generate the de-mixing enthalpy).

Having quantified the thermodynamic profiles for the PEG
and DEX aqueous mixtures, we then merged the two polymeric
aqueous droplets on a superhydrophobic substrate to produce
Janus droplets and established the role of component inputs,
i.e., concentration and MW of the two polymers, on the Janus
spatial structures. To simplify the preparation procedure, we
mixed these two polymeric aqueous droplets with their volume
ratios (Vpgg : Vpex) varying as 1:9, 3:7,5:5,7:3,and 9:1 on
the superhydrophobic surfaces and resting for 5 min to prepare
Janus droplets (Fig. 2b and S271). Upon phase separating of the
mixed droplets, the concentrations of the two polymers in each
phase can be calculated, which gives the corresponding Janus
balance information of the resultant Janus droplets, according
to the length ratio of each segment on tie lines from the phase
diagrams (Fig. S3a, S4a and S5af). For the Janus droplets
prepared by PEG 20k and DEX 40k aqueous solutions, the Janus
balances (Viop : Vbottom) are 0 (the two polymers’ concentrations
located below the binodal curve on phase diagram), 3:4.1, 5:
2.6,7:1.4 and 9: 0.5, respectively (Fig. 2c and S31). Comparing
the values between Vppg : Vpex and Viop : Vhottom Shows that the
volume of the PEG-rich phase increases in comparison with its
mixing state, demonstrating the more favorable interaction of
PEG and water molecules. However, there is a special case for
VeeG: Vbex = 1:9, since the point of the two polymers'
concentration is located below the binodal curve. Replacing the
above DEX 40k with DEX 100k or DEX 450-650k, the Janus
balances of the corresponding Janus droplets are 1:11.4, 3:5.1,
5:3.3, 7:2.0, 9:0.7 or 1:11.6, 3:3.8, 5:4.2, 7:2.4, 9:1.1,
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Fig.1 (a) Formation of the ATPS solution by 10% w/w PEG 20k and 15% w/w DEX 450-650k aqueous solutions with their mixing ratio of 1: 1. (b)
Schematic showing the ATPS Janus droplets with diverse morphologies composed of PEG-rich top phase and DEX-rich bottom phase. (c)
Photographs of the Janus droplets with diverse morphologies prepared by mixing 10% w/w PEG 20k and 15% w/w DEX 450-650k aqueous
droplets at different volume ratios on the superhydrophobic surfaces (resting for 5 min to equilibrium). The total volume of each mixed droplet
was 5 plL. The yellow arrows direct the internal phase interfaces of the aqueous two-phase solution and Janus droplets.

respectively (Fig. 2¢, S4b and S5bt), suggesting that raising the
MW of DEX contributes to a lower Janus balance in the resultant
Janus droplets. This trend can be attributed to the longer DEX
chains having stronger interaction with water molecules or
interacting with more water molecules during the phase sepa-
ration. For the lowest mixing ratio of 1: 9, it was found that it is
between the binodal curves of PEG 20k/DEX 40k and PEG 20k/
DEX 100k.

Apart from this Janus balance information of the resultant
Janus droplets, another geometric morphology, i.e., interfacial
curvature, varied with the concentration and MW of the two
polymers accordingly. As shown in Fig. 2b(i) and d, there is
a transition of the interface between the PEG-rich and DEX-rich
phases from concave to convex shape (i.e., from —0.64 to 0.30
mm ", here we defined the convex interface as the positive
value, while the concave was defined as negative) when the
mixing ratio of PEG and DEX droplets changed from 3:7to 5: 5.
Such transition can be attributed to the reversion of the PEG-
rich phase from minority to majority (3:4.1 to 5:2.6), and the
minor phase tends to be spherical shape due to the cohesion of
water molecules and the minimum rule of energy. Further
increasing the mixing ratio to 7:3 and 9:1 leads to the reduc-
tion of the DEX-rich phase, resulting in the larger curvature of
the interface (0.49 and 1.08 mm™'). On the other hand,
increasing the MW of DEX from 40k to 100k, the transition of
the concave to convex interfaces was also found between
a mixing ratio of 3:7 and 5:5 (Fig. 2b(ii)). The curvature was
also found to become larger (—0.32 and 0.32 mm™"), demon-
strating that the interaction increase between water and DEX
plays a dominant role in determining the interfacial shape
when competing with the effect of volume increase of the DEX-
rich phase. In this competition, the interaction increase
between water and DEX will lead the interface to inflect inward

This journal is © The Royal Society of Chemistry 2023

the DEX-rich phase, while the volume increase of the DEX-rich
phase will naturally promote the interface of the DEX-rich phase
to develop outward. Furthermore, if a much higher MW of DEX
was used (450-650k), the convex interface was found when the
mixing ratio was 1:9 or 3: 7 (Fig. 2b(iii)). Such reversion from
concave to convex interface points to the water molecules
adhering much stronger on the longer DEX chains. As a result,
all values of interfacial curvature were found to increase to 0.68,
0.75, 0.43, 0.61 and 1.40 mm .

Establishing an association between the phase diagram and
the geometric appearances, i.e., Janus balance and interfacial
curvature, of the Janus structure would enable us to more
precisely comprehend and manipulate the Janus droplet, which
can be realized by converting the above mixing ratios into the
two polymers’ concentration as the initial state relating to the
Janus morphology. To distinguish the Janus droplets formed by
PEG 20k and different MWs of DEX, we separated the phase
diagram in Fig. 2a into three individual ones and prolonged
each of the respective binodal curve. Fig. 3a-c represent the
Janus droplets composed of PEG 20k/DEX 40k, PEG 20k/DEX
100k and PEG 20k/DEX 450-650Kk, respectively. As such, we
compartmentalized the aqueous two-phase region (above the
binodal curve) on each phase diagram into three portions to
illustrate the Janus morphology according to the polymers’
concentrations based on the information from Fig. 2. As shown
in Fig. 3a, the Janus droplet in region 1 features a PEG-rich top
phase as the major phase (>70% v/v) envelopes the minor phase
(DEX-rich phase) and an upward convex interface with the
curvature > 0.49 mm . An approximate volume ratio between
the two separated phases (40-70% v/v PEG-rich phase) and
relatively low curvature (<0.49 mm *, including approaching
flat interface) are the characteristics of the Janus droplet in
region 2. In contrast to the convex interface in regions 1 and 2,
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Fig. 2 (a) Phase diagram for the aqueous solution of PEG 20k and DEX (40k, 100k and 450-650k). (b) Images showing the Janus droplets (5 ulL)
prepared by merging 10% w/w PEG 20k with 15% w/w DEX (40k, 100k and 450-650k) aqueous droplets at different mixing ratios on the
superhydrophobic surfaces, and resting for 5 min to equilibrium. The red dashed curves marked the phase interfaces between the two separated
phases for better observation. (i) DEX 40k; (ii) DEX 100k; (iii)) DEX 450-650k. (c) The volume ratio between the top and bottom phases, i.e., Janus
balance, of the Janus droplets versus the mixing ratio of 10% w/w PEG and 15% w/w DEX aqueous solutions. (d) The interfacial curvature in the
Janus droplets in (b) versus the mixing ratio of 10% w/w PEG and 15% w/w DEX aqueous solutions.

a large droplet. For the phase diagram formed by PEG 20k/DEX
(interfacial curvature > —2.04 mm™ '), and a PEG-rich phase 100k aqueous solution, the binodal curve shifts to the bottom
(<30% v/v) is suspended on top of the dominant DEX-rich left region in comparison to that formed by PEG 20k/DEX 40k,
phase, like a small ellipsoidal droplet suspended in the top of providing a larger aqueous two-phase region that enables us to

region 3 characterizes the Janus droplet with a concave interface
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Fig. 3 Dividing each phase diagram into three representative regions above the binodal curve to represent the resultant ATPS Janus droplets
using accordingly simulated morphologies (inset pictures). These phase diagrams represent the Janus droplet formed by PEG 20k and DEX 40k
aqueous solutions (a), PEG 20k and DEX 100k aqueous solutions (b), PEG 20k and DEX 450-650k aqueous solutions (c), respectively.
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Fig. 4 The volume ratio of the top and bottom phases and interfacial curvature in the Janus droplets versus the mixing ratio of 10% w/w PEO
100k and 15% w/w DEX (40k, 100k and 450-650k) (a and b), 5% w/w PEO (20k, 100k and 600k) and 15% w/w DEX 450-650k (c and d) aqueous

solutions.

prepared the Janus droplet. The Janus droplet has similar
morphology in each corresponding region on these two phase
diagrams from the results in Fig. 2a and b. As shown in Fig. 3b,
region 4 features a Janus droplet > 70% v/v PEG-rich phase and
a convex interface with curvature value > 0.64 mm ™. The Janus
droplet in region 5 has similar volume occupations of the two
separated phases (40-70% v/v PEG-rich phase) and a convex
interface with relatively low curvature (<0.64 mm ‘). Region 6
has characterizations of <40% v/v PEG-rich phase and a concave
interface with curvature value > —2.56 mm ™ '. The binodal curve
further shifts to the bottom left region for the phase diagram of
PEG 20k/DEX 450-650k aqueous solution, and the Janus droplet
in the bottom right region (i.e., region 9) on this phase diagram
has the opposite interfacial orientation in comparison to those
corresponding regions (regions 3 and 6) on the phase diagrams
formed by PEG 20k/DEX 40k and PEG 20k/DEX 100k (Fig. 3c). In
region 7, the Janus droplet characterized by a PEG-rich top
phase as the major phase (>60% v/v) wraps the minor phase
(DEX-rich bottom phase), presenting a convex interface with
curvature > 0.45 mm~ ‘. The comparable volume proportions
between the two separated phases (40-60% v/v PEG-rich phase)
and a convex interface with relatively low curvature (<0.45
mm ') are the characteristics of the Janus droplet in region 8.
Region 9 features a Janus droplet with a crescent-shaped PEG-

This journal is © The Royal Society of Chemistry 2023

rich phase as a minor phase (<40% v/v) covered on the
bottom of the major phase—a DEX-rich phase with interfacial
curvature ranging from 0.45 to 0.94 mm . As such, the above
information involving the relationships between the phase
diagrams and Janus geometric morphologies enables us to
customize Janus droplets.

Having investigated the Janus balance and interfacial
curvature of the Janus droplets varying with the MW of DEX, we
further altered the MW of PEG from 20k to 100k to explore the
impact of this MW change on the Janus morphology. For the
Janus droplet prepared by PEO 100k and DEX 450-650k
aqueous solutions, it has a larger Janus balance in comparison
to that fabricated by PEG 20k and DEX 450-650k at the same
mixing ratio, showing that the longer PEO chains interact with
more water molecules during the phase separation (Fig. 2c and
4a). In addition, there is a discrepancy in the interfacial shape of
the Janus droplet, that is, a concave interface for PEO 100k/DEX
450-650k, while a convex shape for PEG 20k/DEX 450-650Kk is
observed at the mixing ratios of 1: 9 and 3 : 7 (Fig. 2b(iii), 4b and
S6t1). We attribute this result to the longer PEO chains having
a stronger interaction with the water molecules, leading to
a larger bending of the interface towards the PEO-rich phase
than in toward the DEX-rich phase. Similar to the Janus droplet
composed of PEG 20k and different MWs of DEX aqueous, the
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Janus balance and interfacial curvature increased with the
mixing ratio and MW of DEX for the Janus droplet prepared by
PEO 100k and different MWs of DEX aqueous solutions.

To integrally explore the impact of MW and concentration of
the two polymers on the Janus morphology, we altered the
concentration of PEO to 5% w/w, and prepared the Janus
droplets by separately mixing PEO 600k with DEX (40k, 100k
and 450-650k) and PEO (20k, 100k and 600k) with DEX 450-
650k aqueous solutions. It was found that phase separation
occurred in the equilibrium solutions at the mixing ratio of 1: 9
in the vials, while the phase interfaces were hardly observed in
the corresponding droplets on the superhydrophobic surfaces
(Fig. S7 and S8t). This likely arises from the relatively low
concentration of PEO aqueous solution leading to the compo-
sition of the two polymers approaching the binodal curve on the
phase diagram, and a small top phase in the Janus droplet at
this mixing ratio, thereby making the phase interface extremely
close to the top of the droplet and unable to be observed. For the
resultant Janus droplets, we found that their Janus balance and
interfacial curvature presented a similar variation with MW and
concentration of the two polymers to those generated by 10% w/
w PEO and 15% w/w DEX aqueous solutions (Fig. 2¢, d and 4).
The main discrepancy, therein, was that these Janus droplets
had a lower Janus balance and interfacial curvature at the
identical mixing ratio. As for an example of the Janus droplets
composed of PEO 100k and DEX 450-650k at the volume ratio of
7 : 3, the Janus balance and interfacial curvature are respectively
7:5.5and 0.76 mm ™ for the concentration of 5% w/w, while 7 :
1.6 and 0.88 mm ™" for 10% w/w. We attribute this variation to
the low concentration of PEO decreasing the volume of the top
phase. This decrease leads to a larger bending of the interface
towards the PEO-rich phase due to the cohesion of water
molecules and the minimum rule of energy.

Apart from the concentration and MW of the polymers, some
other properties of the aqueous mixture, such as the acidity and
alkalinity, may have an impact on the Janus morphology. To
investigate these potential factors, we prepared different pH
values (2-12) of ATPS solutions and Janus droplets by 10% w/w
PEG 20k and 15% w/w DEX 450-650k aqueous solutions, and
probed their Janus balance and interfacial curvature. The phase
interface formed at a similar position in each obtained ATPS
solution at the mixing ratio of 5 : 5, with the volume ratio values
of the two separated phases (Viop : Vbottom) at 1.3 to 1.4 (Fig. S97).
In addition, the resultant Janus droplets had similar geometric
morphologies at the same mixing ratios despite the discrepancy
in pH values (Fig. S10 and S117), suggesting that the solution
acidity and alkalinity had little influence on the phase separa-
tion behavior of the two polymers in their mixed droplets. This
is likely attributed to the hydrogen and hydroxide ions having
little impact on the cohesion of water molecules and interaction
between the polymer chains and water molecules.

Conclusion

In conclusion, we have developed a facile phase separation
method to control the geometric morphology of Janus droplets
by leveraging ATPS on a superhydrophobic surface. This
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method was easily realized by adjusting the component inputs,
i.e., concentration and MW of PEG and DEX, in an aqueous
droplet. The geometric morphologies of the resultant Janus
droplets, including the Janus balance and interfacial curvature,
were well tailored by locating the composition point of these
two polymers on the phase diagram. The shape of two separated
phases in the Janus droplet was found to depend on the cohe-
sion of water molecules and interaction between the polymer
chains and water molecules relating to the polymers’ concen-
tration and MW. Increasing the MW or reducing the concen-
tration of one polymer led to the interface inflecting towards
this polymer-rich phase in the Janus droplets, and concave and
convex interfaces were well manipulated by tuning these two
parameters. As a simply aqueous-based phase separation
method, we believe it can serve as an alternative candidate for
customizing the Janus morphology by conventional techniques,
and will find a broad range of applications.
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