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ABSTRACT: Complex emulsions, including Janus droplets, are becoming increasingly 

important in pharmaceuticals and medical diagnostics, the fabrication of microcapsules for 

drug delivery, chemical sensing, E-paper display technologies, and optics. Because fluid 

Janus droplets are often sensitive to external perturbation, such as unexpected changes in the 

concentration of the surfactants or surface-active biomolecules in the environment, stabilizing 

their morphology is critical for many real-world applications. To endow Janus droplets with 

resistance to external chemical perturbations, we demonstrate a general and robust method of 

creating polymeric hemispherical shells via interfacial free-radical polymerization on the 

Janus droplets. The polymeric hemispherical shells were characterized by optical and 

fluorescence microscopy, scanning electron microscopy (SEM), and confocal laser scanning 

microscopy (CLSM). By comparing phase diagrams of a regular Janus droplet and a Janus 

droplet with the hemispherical shell, we show that the formation of the hemispherical shell 

nearly doubles the range of the Janus morphology and maintains the Janus morphology upon 

certain degree of external perturbation (e.g. adding hydrocarbon-water or fluorocarbon-water 

surfactants). We attribute the increased stability of the Janus droplets to (1) the surfactant 

nature of polymeric shell formed and (2) increase in interfacial tension between hydrocarbon 

and fluorocarbon due to polymer shell formation. This finding opens the door of utilizing 

these stabilized Janus droplets in demanding environment. 

Introduction 

One of the most important motivations for research in the field of complex emulsions is 

the promise of real-world applications in pharmaceuticals and medical diagnostics,
1,2

 

microcapsule fabrication for drug delivery,
3–6

 chemical sensing,
7
 and food industry.

8,9
 Janus 

droplets are a special member of complex emulsions with different chemistries, polarities, or 
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functionalities on each side and have also found wide range of applications including optical 

probes for chemical and biological measurements,
10,11

 artificial ink for E-paper display 

technologies,
12,13

 and in vivo delivery of biomedicine.
14

 The defining advantages of Janus 

droplets derive from their multi-functionality, anisotropic property, and structural complexity 

compared to conventional homogeneous micro/nano emulsions.
15,16

 However, challenges 

remain in the preservation of Janus morphology. Newly-formed Janus droplets are 

thermodynamically unstable in certain conditions and transform either into a core-shell 

structure when one phase strongly disfavors the outside medium or merge into a single-phase 

structure when one phase is soluble in the other.
17–19

 One solution to the fragility of this 

structure is to polymerize one or both phases of the Janus droplets and “freeze” the Janus 

morphology after their formation and before any phase transformation can occur.
20

 Although 

this strategy offers increased stability, polymerization essentially changes the nature of fluid 

Janus droplets, especially their optical properties, which can limit applications in certain areas 

such as dynamic optics.
21

 There remains a need to stabilize fluid Janus droplets without 

altering their optical properties. 

We envisioned that the Janus droplets could be stabilized by forming a hemispherical 

shell consisting of a layer of crosslinked polymer at the aqueous interface of one of the 

phases. This hemispherical shell may mechanically prohibit the transformation from Janus 

droplets to double emulsions. Furthermore, using interfacial polymerization, thin polymeric 

hemispherical shells can be formed, preserving the original optical properties of fluid Janus 

droplets. 
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Our dynamic complex emulsions are made of hydrocarbon (H) and fluorocarbon (F) in 

water (W).
22

 They are capable of switching reversibly between two double emulsion 

morphologies (abbreviated as H/F/W and F/H/W thereafter) and the Janus morphology 

depending on the concentration and effectiveness of the external surfactants (Figure 1a).
22

 

The unique optical properties of the Janus morphology can be exploited in a variety of 

chemical and biochemical sensing applications.
23,24

  Thus, stabilizing the Janus morphology 

to external perturbation is crucial to their applications in complex environments. Herein, we 

report the stabilization of the Janus morphology of dynamic complex emulsions by creating a 

polymeric hemispherical shell on the hydrocarbon hemisphere of the Janus droplets. Janus 

droplets with the polymer shells showed resistance to switching of morphology upon external 

perturbation (i.e. adding excess hydrocarbon-water or fluorocarbon-water surfactants), 

leading to the increased range of the Janus morphology of nearly 100%. 

 

Results and discussion 

Synthesis of the polymeric hemispherical shells 

The Janus droplets used in this study consisted of hexadecane with 20 wt% dibutyl 

maleate as hydrocarbon phase (H) and ethyl nonafluorobutylether as fluorocarbon phase (F). 

Polydisperse Janus droplets were fabricated through bulk emulsification of equal volume 

mixture of H and F, which were pre-heated above their upper critical solution temperature. 

We first made hemispherical shells via interfacial free-radical polymerization on the 

hydrocarbon-water interface of the Janus droplets. Dibutyl maleate dissolved in hexadecane 

served as the oil-phase monomer and PEG-divinylether served as the water-phase monomer. 
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It had been previously demonstrated that this combination will give selective interfacial 

polymerization when a co-localized cationic interfacial initiator was used (4 in Figure 1b).
25

 

The interfacial initiator 4 is a surfactant, but was inadequate in stabilizing the dynamic 

complex fluid emulsions. As a result, Triton X-100 was added as a hydrocarbon-water 

co-surfactant (interfacial initiator:Triton X-100 = 1:2 by mass, referred to as 

“hydrocarbon-water surfactant” hereafter) and the fluorocarbon-water interface was stabilized 

by a single fluorocarbon surfactant (Zonyl FS-300, hereafter “Zonyl”). In order to directly 

visualize the formation of hemispherical shells on the Janus droplets, we synthesized and 

incorporated an emissive water-phase co-monomer, naphthalene diimide (NDI) labeled 

monovinylether 3 (Figure 1c). 

 

(a) 
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Figure 1. (a) Schematic representation of three different morphologies of dynamic complex 

emulsions (b) Interfacial free-radical polymerization of dibutyl maleate 1 with 

PEG-divinylether 2 and NDI-monovinylether 3, initiated by surface-active initiator 4 at 

hydrocarbon-water interface under 365nm UV (c) Synthesis of NDI-monovinylether 3. 

NDI was selected as fluorophore due to its photostability as well as its chemical inertness 

to extended UV irradiation and attack by free-radicals.
26

 NDI-monovinylether 3 displayed a 

yellow-greenish fluorescence upon 473 nm excitation. In all following studies, a mixture of 

PEG-divinylether and NDI-monovinylether 3 (4:1 by mass) was used for interfacial 

polymerization. Here NDI-monovinylether 3 with only one polymerization site served as the 

(c) 

(b) 
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minor component of water-phase monomers; it was not expected to compromise the 

crosslinked nature of the polymeric shells. To suppress oxygen quenching upon free-radical 

polymerization, the solution containing Janus droplets was sparged with nitrogen for 10 min 

before UV exposure. 

Characterization of polymeric hemispherical shell 

Before imaging, the residual NDI-monovinylether in water was removed by solvent 

exchange with the same surfactant solution without the water-phase monomers to reduce 

background fluorescence. Typical bright field, fluorescence, and transient images of the 

resultant Janus droplets after interfacial polymerization are shown in Figure 2. Emulsions 

were agitated to induce tumbling of the droplets such that the transient images could be 

captured with an exposure of 1 ms. 
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Figure 2. Characterization of Janus droplets with polymeric hemispherical shells (a) Bright 

field image (b) fluorescence image upon 473 nm excitation and (c) transient image of Janus 

droplets after interfacial polymerization and removal of excess 3. (d) SEM image of 

hemispherical shells after drying in vacuum oven for overnight. (e) 3D visualization of a 

hemispherical shell. (f) The bottom portion of a hemispherical shell. Scale bars in (a), (b) and 

(c): 200µm, and scale bars in (d), (e) and (f): 50 µm 

The formation of the hemispherical shell was confirmed by the green fluorescence 

selectively localized at the hydrocarbon-water interface in Figure 2b. The fluorescent rings 

of smaller droplets in Figure 2b appeared dimer because they were out of focus. Figure 2c 

reveals that the Janus morphology was maintained after interfacial polymerization and Figure 
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2d shows an image of the solid residual of hemispherical shells after drying in vacuum oven 

overnight. The hemispherical shells shrank and wrinkled in high vacuum, which was typical 

of polymeric hollow capsules and vesicles made through other methods.
27

 Using a confocal 

laser scanning microscope (CLSM), we were able to further characterize hemispherical shells 

in 3D (Figure 2e and 2f). Because gravity oriented the Janus droplets with denser fluorous 

phase downward, we proved that the interfacial polymerization only occurred at the 

hydrocarbon-water interface because only the top hemisphere in Figure 2e emitted green 

fluorescence. Figure 2f shows the bottom portion of a hemispherical shell and confirms that 

the polymer was only present at the interface. Most importantly, we found that the formation 

of hemispherical shells on the Janus droplets had negligible effect on their optical 

transparency in z-direction after in-situ UV polymerization (Figure S3). This result could be 

explained by the small thickness of polymer shells formed, which was estimated previously 

to be on the order of ∼10 nm by transmission electron microscopy (TEM).
25

 

Expansion of the range of the Janus morphology 

After confirming the formation of hemispherical shells on Janus droplets, we endeavored 

to test if the hemispherical shells could inhibit the morphological transformation of Janus 

droplets into double emulsions (H/F/W or F/H/W, Figure 1a). The changes in the 

morphology of droplets were monitored when surfactant concentrations in solution were 

systematically perturbed. To gradually drive the system towards F/H/W, we incrementally 

added aliquots of 0.2 wt% solution of hydrocarbon-water surfactant. Alternatively, to drive 

the system towards H/F/W, we incrementally added aliquots of 0.2 wt% solution of Zonyl 

instead. From here forward we will refer to the changes in concentration of surfactants in 
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solution by volume ratio of surfactant-containing solution. For example, 70% 

hydrocarbon-water surfactant will indicate that we have changed the solution to contain 70% 

by volume of the 0.2 wt% hydrocarbon-water surfactant solution (the remaining 30% by 

volume is 0.2 wt% Zonyl solution). Alternatively, 70% Zonyl will indicate that we have 

changed the solution to be 70% by volume of 0.2 wt% Zonyl solution (the remaining 30% by 

volume is 0.2 wt% hydrocarbon-water surfactant solution). 

In order to make a comparison, we first constructed a regular phase diagram of dynamic 

complex emulsions without hemispherical shells, i.e., a diagram that describes droplet 

morphology at different hydrocarbon-water surfactant volume ratios (Figure 3, top row). 

Hexadecane containing 20 wt% dibutyl maleate served as hydrocarbon phase and ethyl 

nonafluorobutylether served as fluorocarbon phase. Dynamic complex emulsions were 

independently emulsified at each listed hydrocarbon-water surfactant volume ratios. 

Figure 3. Phase behavior of dynamic complex emulsions without hemispherical shells (top 

row) and modified phase behavior of dynamic complex emulsions with hemispherical shells 

(bottom row). The droplets inside the green boxes in (a) and (b) define the range of the Janus 

morphology. Note: for the bottom row, polymer shells remained intact on the droplets in all 

cases except 30% hydrocarbon-water surfactant where polymer shells had dissociated from 

droplets. Scale bars: 50 µm 
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Here we defined a droplet as having the Janus morphology as long as one of its phases 

does not completely encapsulate the other phase. According to the top row of Figure 3, 

droplets took H/F/W morphology when the volume ratio of hydrocarbon-water surfactant was 

below 60% and F/H/W morphology when the volume ratio of hydrocarbon-water surfactant 

was above 80%. Detailed investigation confirmed the range of Janus morphology to be from 

55% to 85% hydrocarbon-water surfactant (Figure S5). Here cropped images of droplets 

were used due to their polydispersity; while all droplets in a full image were uniform in 

morphology, only a few were in focus. Examples of the full images are shown in Figure S6. 

As demonstrated previously, droplet morphology is controlled by three interfacial tensions: 

γH, γF and γHF.
22

 γH, γF, and γHF represent the interfacial tension between hydrocarbon-water 

interface, fluorocarbon-water interface and hydrocarbon-fluorocarbon interface respectively. 

When γHF is significantly smaller than the other two, droplets adopt spherical conformation to 

minimize total hydrocarbon-water and fluorocarbon-water interfacial area. As γHF increases, 

droplets tend to minimize hydrocarbon-fluorocarbon interfacial area and become 

“snowman-shaped.”
28

 All droplets without hemispherical shells shown in the top row of 

Figure 3 appeared spherical in shape, indicating insignificant hydrocarbon-fluorocarbon 

interfacial tension. We also observed the symmetrical Janus droplets to appear at 70% 

hydrocarbon-water surfactant. 

After constructing the regular phase diagram, interfacial polymerization was performed 

on symmetrical Janus droplets at 70% hydrocarbon-water surfactant. After confirming the 

shell formation via fluorescence microscope, droplet morphologies with hemispherical shells 

at various hydrocarbon-water surfactant volume ratios were obtained by adding either an 
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excess of 0.2 wt% hydrocarbon-water surfactant solution (for morphologies above 70% 

hydrocarbon-water surfactant) or an excess of 0.2 wt% Zonyl solution (for morphologies 

below 70% hydrocarbon-water surfactant) before imaging. Solvent exchange with pure 0.2 

wt% hydrocarbon-water surfactant solution gave 100% hydrocarbon-water surfactant. We 

found that Janus droplets with polymer shells adopted non-spherical or “snowman-shaped” 

conformation compared to those without shells (Figure 3, bottom row), indicating increased 

interfacial tension between hydrocarbon and fluorocarbon, which may be the result of dibutyl 

maleate consumption (Figure S2 for hydrocarbon-fluorocarbon interfacial tension vs. dibutyl 

maleate wt%). Morphologies of droplets with hemispherical shells at various 

hydrocarbon-water surfactant volume ratios are summarized in the bottom row of Figure 3. 

Detailed investigation confirmed the Janus morphology at 95% hydrocarbon-water surfactant 

and H/F/W morphology at 35% hydrocarbon-water surfactant for droplets with polymer 

shells (Figure S5). By tracking the fluorescence from polymeric shells, we found that they 

dissociated from the droplets at around 35% hydrocarbon-water surfactant because the 

ring-shaped fluorescence images disappeared and the fluorescence was localized to 

aggregates of polymer shells (Figure 4a). However, the shells and droplets remained intact at 

hydrocarbon-water surfactant volume ratios above 70% (Figure 4b). The less intense 

fluorescence brightness in Figure 4b was the result of scattering by the F/H/W double 

emulsions with incident excitation light. 
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Figure 4. (a) Tracking fluorescence from the polymer shells at 35% hydrocarbon-water 

surfactant (b) Tracking fluorescence from the polymer shells at 100% hydrocarbon-water 

surfactant. Scale bars: 200 µm 

From the bottom row of Figure 3, we found that the range over which the Janus 

morphology was stable was nearly doubled (from 40% to 95% hydrocarbon-water surfactant) 

compared to the case without hemispherical shells (from 55% to 85% hydrocarbon-water 

surfactant). This result indicated that the formation of hemispherical shells created Janus 

droplets that were resistant to morphological changes upon large surfactant concentration 

change in solution. To better demonstrate this phenomenon quantitatively, we had endeavored 

to characterize the “degree of Janus” of a droplet based on its transient image, i.e. how close 

the droplet is to a symmetrical Janus droplet. An example of analysis is illustrated in the inset 

of Figure 5 wherein the junction point where all three phases (H, F, and W) came into contact 

was first determined and then three tangential lines representing the direction of γH, γF and 

γHF were drawn. By definition, the angle between γH and γHF is θH and angle between γF and 

γHF is θF. We decided to use θF to estimate degree of Janus for all transient images of droplets 

in Figure 3 as a result of the fact that θF is 90 degrees in the symmetrical Janus state, 0 degree 

represents a H/F/W double emulsion, and 180 degrees indicates a F/H/W double emulsion. 

The results of this analysis are summarized in Figure 5. 
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Figure 5. θF vs. hydrocarbon-water surfactant volume ratio. Inset: example of “degree of 

Janus” estimation based on the transient image of Janus droplets without shells at 60% 

hydrocarbon-water surfactant. Three blue lines represent the direction of three interfacial 

tensions while their lengths are arbitrary 

In Figure 5, for droplets without the shells, θF increased sharply with respect to 

hydrocarbon-water surfactant volume ratio from 55% to 85%. However for droplets with the 

shells, the upward slope of θF was reduced significantly from 40% to 95% hydrocarbon-water 

surfactant, which indicated a stronger tendency to stay in the Janus morphology. As a result, 

the range of Janus morphology was expanded 15% on the left (towards H/F/W) and 10% on 

the right (towards F/H/W). 

Explanation for the expansion of Janus stability relative to H/F/W and F/H/W 
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We attributed the increased stability of Janus droplets to (1) the polymer shells which are 

wrapping the hydrocarbon hemisphere of Janus droplets and (2) hydrocarbon-fluorocarbon 

interfacial tension increase resulting from polymer shell formation. In the bottom row of 

Figure 3, hexadecane (hydrocarbon phase) contained 20 wt% dibutyl maleate before UV 

exposure (same as the “without shells” case, Figure 3 top row) but some dibutyl maleate in 

hexadecane was consumed during polymerization and the hydrocarbon-fluorocarbon 

interfacial tension increased after the polymerization as indicated by the reduction of 

interfacial area between hydrocarbon and fluorocarbon. A reluctance of the droplets to 

increase hydrocarbon-fluorocarbon interfacial area, which accompanied the Janus to double 

emulsion transition, can provide increased relative stability of the Janus droplet. In order to 

decouple the relative contributions from two factors, we designed the following experiment: 

Janus droplets after interfacial polymerization at 70% hydrocarbon-water surfactant were first 

tuned to H/F/W double emulsion at 35% hydrocarbon-water surfactant so that the polymer 

shells dissociated from the droplets and no longer affected the droplet morphology. These 

H/F/W double emulsions were then tuned back to various hydrocarbon-water surfactant 

volume ratios above 35% before checking their morphologies. The comparison of 

morphologies between “with shell,” “after shell dissociation,” and “without shell” is 

summarized in Figure 6. 
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Figure 6. (a) Comparison of morphologies between “with shell (Case 1)”, “after shell 

dissociation (Case 2)” and “without shell (Case 3)” going towards H/F/W (b) Morphology 

comparison between “with shell (Case 4)”, “after shell dissociation (Case 5)” and “without 

shell (Case 6)” going towards F/H/W. The yellow arrow indicates a Janus to H/F/W 

transition, or a Janus to F/H/W transition; Scale bars: 50 µm 

Case 1 

Case 2 

Case 3 

Case 4 

Case 5 

Case 6 

(a) 

(b) 
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In Figure 6a, by comparing Case 2 and Case 3 where the only difference was monomer 

consumption in hexadecane, the Janus to H/F/W morphology transition occurred between 

55% and 50% hydrocarbon-water surfactant when dibutyl maleate was not consumed (Case 

3). However the same transition took place from 50% to 45% hydrocarbon-water surfactant 

when dibutyl maleate was consumed (Case 2). This result indicated that the range of Janus 

was extended 5% as a result of dibutyl maleate consumption in hexadecane. Similarly, by 

comparing the Case 1 and Case 2 wherein the only difference was the polymer shells, the 

Janus to H/F/W transition happened from 40% to 35% hydrocarbon-water surfactant with the 

polymer shells whereas the same transition took place from 50% to 45% hydrocarbon-water 

surfactant without the polymer shells. Hence, the polymer shells stabilized the Janus 

morphology over a range resulting from an increase of 10% of 0.2 wt% Zonyl solution. These 

results confirmed that polymer shell was the major reason for the Janus range expansion 

towards H/F/W. Indeed the polymer shells were amphiphilic and behaved as a highly 

effective and stable surfactant expanding the range of Janus towards H/F/W. 

In Figure 6b, by comparing Case 4 and Case 5, the Janus to F/H/W transitions both 

occurred from 95% to 100% hydrocarbon-water surfactant regardless of whether the polymer 

shells were present. However, by comparing Case 5 and Case 6 where the only difference 

was the consumption of dibutyl maleate, Janus to F/H/W transition occurred from 85% to 

90% hydrocarbon-water surfactant when dibutyl maleate was not consumed (Case 6) whereas 

the same transition happened from 95% to 100% hydrocarbon-water surfactant when dibutyl 

maleate was consumed (Case 5). These results showed that although polymer shell did not 

directly help stabilize the Janus morphology towards F/H/W, interfacial tension increase 
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associated with polymer shell formation contributed to the Janus range expansion towards 

F/H/W. This observation can be explained because our crosslinked polymer shell surfactants 

had a defined area and were pinned at the interface and thus cannot directly stabilize Janus 

morphology towards F/H/W. To further understand the effect hydrocarbon-fluorocarbon 

interfacial tension on droplet morphology, hexadecane with different wt% of dibutyl maleate 

and ethyl nonafluorobutylether were mixed and emulsified at various hydrocarbon-water 

surfactant volume ratios. We found that when hexadecane contained 12 wt% dibutyl maleate, 

the Janus to H/F/W transition occurred from 50% to 45% hydrocarbon-water surfactant, 

whereas the Janus to F/H/W transition occurred between 95% to 100% hydrocarbon-water 

surfactant (Figure S4). These transitions were close to the case wherein our polymer shells 

dissociated from the droplets. This observation verified that the Janus range expansion 

towards F/H/W was related to a decrease in wt% of dibutyl maleate in hexadecane as a result 

of its incorporation into the polymer shell. 

Conclusions 

In summary, we have developed stabilized Janus morphologies in dynamic complex 

liquid emulsion without harming their optical transparency in z-direction. The selective 

formation of polymer surfactant shells on the hydrocarbon hemisphere of the Janus droplets 

endowed them with extra stability. They displayed resistance to morphology changes upon 

external chemical perturbation and the range of Janus morphology was nearly doubled 

compared to the Janus droplets without hemispherical shells. This phenomenon can be 

explained by the surfactant nature of the polymer shell itself as well as the interfacial tension 

increase between hydrocarbon and fluorocarbon due to polymer shell formation. We foresee 
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great potential of using these stabilized Janus droplets as chemical/biological sensing 

platform as well as components for dynamic microlens arrays. 

 

Supporting information 

Supporting information is available free of charge on the ACS Publication website at DOI: 

 Interfacial polymerization experiments; Interfacial tension between hydrocarbon and 

fluorocarbon vs. dibutyl maleate wt%; θF vs. hydrocarbon-water surfactant volume ratio; 

Light transmission experiments; Janus to H/F/W and Janus to F/H/W transition at 12 wt% 

dibutyl maleate; Extended regular phase diagrams and modified phase diagrams; Examples of 

uniform droplet morphology in a full image; 
1
H and 

13
C NMR of 6, 7 and 3; Videos of a 

fluorescent hemispherical shell and the bottom portion of a fluorescent hemispherical shell 
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