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Hypothesis: When a liquid is confined between two parallel plates, the pressure field at its
bulk alters, because of the concave meniscus at the air-water interface. For an aqueous
surfactant solution in contact with an oil, like an oil-in-water emulsion, this effect can alter the
surfactant concentration at the interface of the two phases thereby changing the interfacial
energy. Alteration of interfacial energy is expected to affect morphology of a complex system

consisting of three immiscible phases.

Experiments: A drop of crosslinkable silicone liquid was placed on a glass slide and was
immobilized by partial crosslinking. An aqueous solution of surfactant, with SiO2
microspheres dispersed in it, was dispensed on this drop to create a liquid pool. It was then

confined between two parallel plates to create a meniscus.

Finding: Consequently, the particles got embedded at the oil-water interface to different extent,
depending on the degree of confinement. Force balance along tangents to different interfaces
showed that the interfacial energy of silicone-water (aqCTAB 0.3 mM) interface increases from
33.3+0.5 mJ/m? for an unconfined system to 45.4 + 2.2 mJ/m? for the confined one. This effect
then elucidates how confinement alters complex emulsion morphologies in multiphase

systems.
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Introduction:

When a liquid layer is confined between two parallel plates with wettable surface, a concave
meniscus appears at the liquid-air interface [1]. Across this meniscus, there occurs a pressure
difference, associated with the surface tension of the liquid, known as the Laplace pressure.
Because of this effect, the pressure at the liquid side of the meniscus decreases below the
atmospheric pressure thereby altering the pressure field within the liquid [1]. Question arises
how such alteration in pressure in the bulk liquid would affect the energetics of an interface
submerged within it, for example the liquid-liquid interface of an emulsion or a solid-liquid
interface of dispersion of particles. This question is important for large number of practical
applications, e.g. efficiency of particle separation in a froth floatation cell [2], complex
emulsions in pharmaceutical, food and beverage and wellness-product industry [3, 4, 5],
alteration in morphology of complex emulsion, e.g. core-shell to Janus [1, 6] morphology of
droplets of dispersed phase within the a continuous liquid, generation of pickering emulsion
[7, 8], generation of complex adhesives embedded with viscoelastic domains [9], generation of
adaptable optical lenses via emulsion route [10] and so on. While in most these examples,
behavior of the bulk liquid under the influence of various internal and external factors like
temperature [16], light [17], pH [18] has been studied in detail, how exactly confinement of the
bulk liquid would affect the dynamics of a phenomena, or the equilibrium morphology of a

buried interface has not been examined in any detail.

It is to address this question that we have presented here an experiment in which migration of
colloidal particles, dispersed within a liquid, to the interface with another liquid, has been
examined under varying degree of confinement. In essence, here we have a partially
crosslinked drop of silicone submerged within a pool of aqueous solution of a surfactant,
thereby mimicking an oil in water emulsion. The aqueous phase contains also suspended
colloidal silica (SiO2) microspheres. We show that when we confine this liquid dispersion

between two parallel plates, the colloidal particles migrate to the oil-water interface and get
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adsorbed within it forming a contact angle which is different from that for an unconfined
system. In fact, this effect varies systematically with the degree of confinement thereby
signaling a change in the energy of an interface buried within. Manifestation of this
phenomenon was visible also in a complex emulsion consisting of three immiscible phases, in
which alteration in its confinement triggered change in morphology of the emulsion drops. Our
controlled experiments, performed in absence of surfactant molecules in the bulk liquid, didn’t
show the above effects. These results confirmed that confinement induced alteration in pressure
field results in desorption of surfactant molecules from the oil-water interface which increases

the interfacial energy and triggers consequent migration of particles to the interface.

Materials and Methods:
Materials:

SiO2 microparticles (diameter: 9-13 pum) and Trichloro(1H,1H,2H,2H-perfluorooctyl) silane
(FC) were procured from Sigma Aldrich. Paraffin Oil (0.830 — 0.880 gm/ml at 20°C ), Silicone
Oil (330-370 cSt) and N-Cetyl-N,N,N Trimethyl Ammonium Bromide 99% (CTAB) and
Agarose were procured from Loba Chemie Private Limited, and sodium lauryl sulphate (SDS)
was bought from Fisher Scientific. Liquid silicone rubber (LSR) was used as the oil phase and
was purchased from Momentive. Single cavity-glass slides were bought from AIM Scientific.
The chemicals were used as received without purification. In all experiments, degasified DI

water was used for preparing samples.

Method:

Preparation of degasified water: Preparation of degasified water: Method of preparation of
degassed water has been described in reference [11]. Briefly, deionized water was first, purged
with Nitrogen gas (N2) for 30 min, following which, water was refrigerated for 24 hours. The
ice was then thawed and brought to room temperature; it was further heated to 45°C and

subsequently cooled to room temperature. It was purged again with N> for another 30 mins.
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Finally, this water was degassed at ~ 10 milli bar vacuum pressure for 1-2 minutes before

preparing any sample.

Preparation of Glass slides: The single cavity-glass slide was cleaned thoroughly using
ethanol-water after being treated in Piranha solution (70%v/v H2SO4 + 30%v/v H20,) for 5-6
hours. This plate was coated with a self-assembled monolayer (SAM) of FC molecules by the
conventional dip coating method. In brief, the glass plate was first plasma-oxidized (4 minutes
of plasma and 1 minute of oxygen) at 1-2 milli bar vacuum pressure inside a Harrick Plasma
cleaner. Then this plate was submerged inside a pool of Toluene consisting of FC molecules at
1:1000 v/v ratio for 4-5 hours, during which the FC molecules chemisorbed on the glass
surface. After removing them from the solution, they were cleaned thoroughly with ethanol-
water. This oleophobic glass slide ensured that the silicone drop forms a finite contact angle on

it and after curing, the crosslinked lens detaches easily from the slide.

Preparation of silicone drop: LSR was mixed with curing agent (10% w/w), degasified in a
vacuum chamber at ~ 1-2 milli bar pressure for 3 to 4 minutes; 0.3 to 0.5 ml of this liquid was
dispensed as a sessile drop on the cavity of the FC functionalized glass slide using a micro-
pipette tip (figure 1a,b). Due to the oleophobic effect of the FC surface, the droplet formed a
spherical lens (of diameter 0.7 to 1.2 mm), with advancing contact angle of ~60°, as shown in
figure 1(c). The maximum height of drops was 0.2 - 0.3 mm so that they were small enough to
get accommodated within the cavity of height 0.35 - 0.4 mm. Yet, the drop was much larger in
size than that of the SiO2> microspheres which implied that the particles essentially interacted

with a flat silicone surface and didn’t feel the effect of its curvature.

Preparation of aqueous dispersion of SiO2 microspheres: Aqueous solutions of | mM SDS
(agSDS) and 0.3 mM CTAB (aqCTAB) solutions were prepared by mixing required amount of
the respective surfactant in DI water. Magnetic stirring was used for mixing CTAB and SDS in

water, whereas Agarose powder was dissolved in water at elevated temperature inside a
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microwave oven. SiO; particles were dispersed in the surfactant solution at concentration of
0.5 mg/ml (figure 1b); to make a uniform dispersion, the liquid was subjected to sonication for

10 to 15 minutes. It was then immediately used for further experiments.

Preparation of complex emulsion: The process of making complex emulsion has been
described in detail in reference [1]. In brief three immiscible liquids: paraffin oil, silicone oil
(330-370 cst) and aqueous surfactant solution were taken at 1:2:10 v/v ratio. First the paraffin
oil was dispersed in the surfactant solution by stirring it at 10000 rpm for 1 min to form a
simple emulsion. Then the silicone oil was added to it while stirring the liquid at 10,000 to
12,000 rpm for ~10 min. This process resulted in a complex emulsion with core-shell droplets
dispersed in the aqueous phase: paraffin oil at the core and silicone oil at the shell. The core-
shell morphology altered to Janus morphology when a small quantity of the emulsion was

confined between two parallel plates with sufficiently small gap in-between.

(a) (b) micropipette (c)
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Figure 1: (a-c) The schematic depicts the sequence of steps in the experiment in which a
drop of silicone (mixed with the curing agent) was first dispensed on an FC-coated single
cavity glass slide. Followed by it, the silicone drop was immobilized by crosslinking to a
limited extent and then a small quantity of aqueous dispersion of SiO2 microspheres was
released into the cavity using a micropipette. The liquid pool was confined by placing
another glass slide on top of it; the slides at the top and bottom were kept uniformly

separated by placing two spacers of equal thickness between them. (d) The scanning
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electron microscopy image represents a typical crosslinked silicone lens on the glass slide
with cavity. (e, f) Schematic of SiO2 particles embedded on the silicone surface and its

magnified view.

Method of carrying out the particle-probe experiment: The silicone liquid drop was allowed
to crosslink partially for 35 - 45 minutes at 25° C temperature, which rendered it immobile on
the glass surface. The glass plate with the silicone lens on it, was then flooded with the aqueous
surfactant solution dispersed with the SiO» particles and the liquid pool thus formed, was
sandwiched by placing another glass slide from top (Figure lc); two spacers of identical
thickness were placed between the slides, at their two ends, to create a uniform gap between
the slides (figure 2a-d). Preliminary experiments showed that a drop of uncrosslinked silicone
tends to get displaced while confining the liquid pool. On the other hand, if the silicone gets
completely crosslinked, the interfacial effect that we wish to probe, can’t kick in. Therefore,
the silicone drop was crosslinked only sufficiently that it remained liquid like, yet didn’t flow
out during the course of the experiment (figure 1d). The extent of confinement was varied by
using spacers of thickness varied from 4 =5 mm to 50 pm between the two glass slides. The
gap between the plates could not be reduced further as it was difficult to form a meniscus
without flooding also the spacers. Care was taken also that the top slide does not contact the
silicone drop immobilized on the bottom slide. The whole set-up was kept inside a chamber
with controlled humidity to prevent any evaporation of water from the sandwiched layer. After
2 hours, during which the silicone crosslinked completely, the top glass slide was removed, the
slide with the crosslinked silicone lens attached to it was washed off the aqueous phase. In a
second set of experiments, the pool of liquid containing the particles was left unconfined. In
both these experiments, the SiO2> microspheres were expected to migrate to the interface with
the silicone and get embedded into it but to different extent depending on the degree of
confinement (figure le,f). It is known that interfacial energy of silicone alters with change in

environment because of switching of its molecular configuration [19]. Therefore, to ensure that
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such alteration in interfacial energy doesn’t lead to release of the adsorbed SiO2 microspheres,
the silicone lens along with the glass slide was stored inside the aqueous solution of the same
surfactant in which it was first crosslinked; this liquid was devoid of any SiO, microspheres in
it.

Preparation of samples for SEM imaging: Before carrying out SEM of the silicone lenses,
the glass slide, with the silicone lens adhered to it, was first withdrawn from the liquid pool in
which it was stored, was rinsed thoroughly with DI water and was blow dried with Nitrogen
gas. The lens was then transferred to a second piece of glass slide (0.5 cm X 1cm) with the help
of a sharp surgical blade which was placed vertically and was then coated with gold using
sputter coater to attain a thickness of ~5 nm. The side view of this lenses were captured using

ZEISS EVO 18 SEM.
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Results and discussion:
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Figure 2: (a) Schematic shows the formation of a meniscus at air-liquid interface when a
puddle of liquid is confined with two glass slides separated by spacers of desired thickness.
The Laplace pressure across the concave meniscus creates pressure field in the liquid
below atmospheric. (b-d) The optical images show the menisci for confinement heights
1.7 mm, 0.5 mm and 0.09 mm respectively. (e-g) Scanning electron micrographs (SEM)
show SiO: particles embedded on silicone elastomer lens for three different aqueous

medium: water, ImM aqSDS and 0.3 mM aqCTAB solutions. In each case, images at left
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and right panels represent respectively the unconfined (/

unconfined

=5mm) and confined

state (7,,,;,,, = 50 pm).

Effect of confinement on particle migration to the silicone-aqueous (SA) interface: Figure
2e-g summarise the results which show that SiO» microspheres get adsorbed on the silicone-
water interface to different extent depending on the extent of confinement of the liquid pool.
Three different aqueous media were used for forming the liquid pool and in each case, the SEM
images of the particles showed the effect of confinement. The sequence of images (e-g)
represents the SEM of silicone lenses with particles embedded in it. For the image of figure
2(e), the aqueous dispersion of SiO; particles was devoid of any surfactant. When this liquid
was used to form the pool on the silicone drop, the particles were found to get embedded into
the silicone to the identical extent for the both confined and unconfined liquid pool. In other
word, confinement driven alteration of pressure field within the liquid pool didn’t alter the
interfacial energy of the silicone-water interface in absence of surfactant in the aqueous phase.
On the other hand, when an aqueous solution of a surfactant, e.g. 1 mM aqSDS was used as the
liquid pool, the particles were found to get embedded to different extents for the confined and
unconfined states (Figure 2f). In the confined state, the particles got embedded into the silicone
to a larger extent than when the liquid pool was unconfined. Similar was the observation for
0.3mM aqCTAB solution (figure 2g), thereby emphasizing the point that this phenomenon
occurred irrespective of the type of surfactant used, provided that the liquid pool was
sufficiently confined. Furthermore, this phenomenon was observed irrespective also of size of
particles. The SEM images in figure S3 show that for a 0.3mM aqCTAB solution, SiO; particles
of wide-ranging sizes: ~ 5 — 15 um got embedded to identical extent to the silicone lens in the
confined and unconfined state respectively. To examine further, if the trapping of the SiO»
particles was driven by gravity induced settling, the arrangement as in figure 1(c) was flipped

upside down, so that the cavity slide with the pendant drop of silicone now remained on top
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(figure 3a); 1 mM aqSDS with SiO» particles dispersed in it, was used as the liquid pool as
before. The experiment was done in both unconfined and confined states and here too the SiO»
particles got embedded into the silicone in the same way as before. The SEM images in figure
3(b,c) show that at the unconfined state, the particles were hardly trapped; whereas, in the
confined state, the extent to which the particles got embedded into silicone, was similar to that
in the figure 2(f). These observations buttressed the point that it was the confinement of the
liquid pool that determined the extent of entrapment for the particles within the silicone layer:

with increase in confinement of the liquid pool, the wettability of the particles increased.

Confined state

(a)
cavity-glass slide
with silicone drop

Figure 3. (a) Schematic of experiment in which the silicone drop was placed upside down
by flipping the arrangement of figure 1(c). 1ImM aqSDS was used as the liquid pool, in
which the silicone drop was kept immersed. SiO:2 particles were dispersed in the liquid
pool. (b, ¢c) The images, representing SEM micrographs of SiO: particles bonded to the
silicone lens correspond respectively to the unconfined and confined states of the liquid

pool.

To quantify these observations, angle between tangents drawn at different interfaces were
measured. It was noted that for the unconfined state, the silicone surface was almost flat and
undeformed as shown in the schematic of figure 4(a). In contrast, for the confined state, the
silicone surface appeared undeformed away from the particle, but was deformed at the vicinity

of it (figure 4b). The tangents were drawn accordingly, with y,, representing interfacial tension
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between silicone and aqueous medium and y, and y,, representing those at the particle-

silicone and particle-aqueous medium interface respectively. It is worth noting here that

tangents y,, and y,, appear co-linear because of the spherical shape of the particle.

aqueous media (b) confined

}/p2

(a) unconfined

47!

Figure 4. (a, b) The figures show schematic representation of SiO2 microspheres
embedded inside the silicone surface for the unconfined and confined case respectively.
Tangents drawn along different interfaces depict the balance of interfacial forces. (c, d)
Images depict angle between tangents drawn along different interfaces. Set of images
correspond to ImM aqSDS solution. The images show also the angle between tangents
drawn along the silicone-aqueous medium and particle-aqueous medium interface. For
any given system, this angle was found nearly identical for different particles. For the
unconfined state, angle & between the SiO2 micro-sphere and the silicone surface is found

to be 50.4°£3° and that for the confined state is found to be 68° +3.4°.

Figure 4(c, d) show the tangents drawn at different interfaces and angle & shows that between

tangents corresponding to 7,, and y,, . For the aqueous medium without any surfactant, & was

found to be 66° £ 2° irrespective of the confinement of the liquid pool. On the other hand, for
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aqueous solution of surfactant, & was remarkably different for the confined and unconfined
state. For example, in the case of aqSDS it increased from 52° + 4° at unconfined state to 114°

+ 4° when the liquid pool was confined.

aqueous phase Vsio,sit | Vsioy-aq Unconfined State Confined State
mim?) | mim?) | 0 | e | O 2
(deg) (mJ/m?) (deg) (mJ/m?)

Water 3.6 66.8+23| 402+40 |655+13 | 38.1+£19

ImM SDS 1.7 51.7+3.5 | 28.6+22 113.7 + 49.6+£9.3
19.3 3.8

0.3mM CTAB 1.4 573+0.6 | 33.3+0.5 111.7+ 454+2.2
1.2

Table 1: SEM images as in figure 4 are used to estimate the interfacial energy of SiO2-aq

and SiO:-Sil interface at the unconfined and confined state respectively.
Estimation of interfacial energy

The interfacial energy, yg,, of the silicone-aqueous (SA) interface can be obtained by

balancing forces [13] represented by tangents drawn along different interfaces as shown in
figure 4(c, d). For example, from the known values of interfacial energy of particle-aqueous

solution, yg, ,, and particle-silicone y, ; interfaces and the measured value of angle &, the

angle between tangents drawn at particle-medium 1 and particle-medium 2 interfaces, g,

_ Tsio,-sit ~7si0,-aq

can be written as yg ., = g , which essentially is the Young’s equation [12].
cos

Surface energy components of SiO2 particles, aqueous media and silicone material have been
listed in Table S1. From these values, y ,,and 7 g are estimated using Owens and Wendt
equation [20] as detailed in Table S2. Using these values of yg, ,,and g g, and the angle

between tangents drawn at particle aqueous medium interface and silicone-aqueous medium
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interface as in figure 4, yg; ,, was estimated. Table 1 summarizes these results for experiments

carried out at confined and unconfined state respectively. For water, without any surfactant in

it, the interfacial energy, g, does not differ from confined to unconfined state of the
experiment. However, yg,,, becomes significantly different for the confined and unconfined

states (Table 1). For example, for ImM aqSDS solution, it increases from 28.6 + 2.2 mJ/m? at
unconfined state to 49.6 + 9.3 mJ/m? for the confined case. Similarly for 0.3mM aqCTAB
solution, it increases from 33.3 + 0.5 mJ/m? to 45.4 + 2.2 mJ/m? for unconfined to confined

state of the experiment. Detailed calculations of interfacial energies are presented in Table S3.

Possible mechanism of alteration in interfacial energy:

Alteration in interfacial energy of silicone-aqueous (SA) interface in presence of surfactant
molecules suggest that this phenomenon is essentially mediated by adsorption / desorption of
the surfactant molecules at the interface. In fact, the surfactant concentration at the SA interface
is expected to remain at equilibrium with the pressure field in the bulk liquid. When the
pressure in the liquid pool increases, more surfactant molecules is expected to get adsorbed at
the interface; desorption is expected when the pressure gets diminished because of the concave
meniscus at the air-water interface in confined state. The schematic in Figure 5(a-d) presents a
qualitative picture of this phenomenon. Here, decrease in concentration of surfactant at the SA
interface, increases its interfacial energy and therefore, its ability to wet the colloidal SiO2
microspheres. As a result, the particles now get embedded into the silicone phase to a larger
extent. This equilibrium between interfacial concentration of surfactant at the interface and the
bulk however alters, when the surfactant concentration at the bulk aqueous phase exceeds the
critical micelle concentration (CMC). In fact, CMC presents a limit on the range of surfactant
concentration in the aqueous phase, within which the above effect is expected to be observed.
Noting that the CMC of agSDS and aqCTAB are ~8.25 mM [23] and 1mM [24] respectively,

experiments were carried at surfactant concentration above these values. For example, for 10
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mM agSDS, y,,¢ps Was measured to be 35 mJ/m?, for which, the interfacial energy of silicone

elastomer and the surfactant solution was found to diminish to ~7 mlJ/m? (Supporting
information, Figure S2). Similarly, for 3mM aqCTAB, the interfacial energy of SA interface
was estimated to be ~4 mJ/m?. Such small value suggests that the interface was already at a
state of low energy, at which its ability to wet the SiO> microspheres diminished significantly.
SEM images in Figure 5(e-i), for experiments carried out at unconfined state, show that as the
surfactant concentration increases in the aqueous media, the extent of deposition of SiO»
microspheres on silicone surface decreases. Almost no particle gets adsorbed for surfactant
concentration exceeding CMC (figure 5g,i). Confinement of this liquid pool doesn’t alter this
state, as now, a new equilibrium gets established between the SA interface, the bulk aqueous
phase and the micelle phase. Micelles act as the reservoir of surfactant molecules and their
effect dominates over the pressure field within the bulk liquid. In other word, increase in
confinement diminishes the pressure in the aqueous medium, but the equilibrium between
micelles and the bulk liquid ensures that no net desorption of surfactant molecules from the SA
interface occurs and the interfacial energy of SA interface, and consequently its ability to wet

the SiO2 microspheres, does not increase.
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(a) Below CMC — Unconfined (b) Below CMC — Confined

$E2S222 22 Sttt

(¢) Above CMC — Unconfined (d) Above CMC — Contined

Figure 5: The schematic diagrams (a and c¢) show the arrangement of surfactant
molecules at the silicone/aqueous media interface without confinement, while (b and d)
show the arrangement with confinement, both above and below the critical micelle
concentration (CMC). (e-i) SEM micrographs show the particles adsorbed on Silicone
elastomer at the unconfined state of the experiment depicted in figure 1. Here, surfactant
solutions of increasing concentration were used. Images e-g represent respectively 0.03

mM, 0.3 mM and 3 mM aqCTAB and h-i represent respectively 1 mM and 10 mM aqSDS.

Effect of confinement on interfacial energy at a liquid-liquid interface:

So far, we focussed on alteration in interfacial energy of a crosslinked solid and a liquid
(aqueous surfactant solution) driven by effect of confinement. We will now show that similar

effect can be observed also at a liquid-liquid interface, particularly in the context of complex
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emulsion. Experiments [1] show that when an emulsion consisting of three immiscible liquids,
e.g. paraffin, silicone as dispersed phases and aqueous solution of a surfactant (used as
emulsion stabilizer) as the continuous phase, is confined between two parallel plates as in figure
2(c), the core-shell morphology of the emulsion droplets, with paraffin as core and silicone as
the shell, change to the Janus morphology. Figure S4 shows that in the absence of a surfactant,
the emulsion destabilizes leading to phase separation. Figure 6 illustrates such morphological
transitions in presence of a surfactant in the aqueous medium: ImM SDS (figure 6a,b), 0.3mM
CTAB (figure 6¢,d), and 0.1% Agarose (figure 6¢). In all these cases core-shell morphology
with paraffin and the core and silicone at shell is the energetically favourable one at the
unconfined state. For example, for the 1mM aqSDS-paraffin oil-silicone oil system, the

interfacial tension of various interfaces are, .., =41.44 mN/m, yg,, =31 mN/m and
Vpwsy =0.78  mN/m (Table 2) which results in the spreading coefficient,
S = Vparaq — Vsicag — Vrarsi > 0- Positive S leads to formation of core-shell morphology with

paraftin oil at the core and silicone oil at the shell. Furthermore, appearance of this morphology
remains independent of the relative quantity of the two liquids as expected. When this emulsion
is sufficiently confined as in figure 6(a,c), core-shell alters to Janus morphology (figure 6b,d)
signifying that at this state, this morphology was the energetically favoured one, i.e. spreading

coefficient, S <0 . To examine if it is indeed so, an estimate of yg, . and ., Were obtained

by measuring the angles between tangents representing different interfacial tensions and by
balancing the horizontal and vertical component of forces as in figure 6e. These angles (Table

2) can be related to interfacial tension values [15] by the following equation:

2 2 2 2 2 2
Vot “Va1 Va8 gnq cos 6, = Yar Vo1 " 748 Here I, A and B represent respectively the

cosd, =
! 2757 4 27417 45

aqueous medium, paraffin oil and silicone oil. The g, . values estimated from these relations

(Table 2), were used to obtain S, which show that S was indeed negative for this Janus
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morphology. S turned negative for other surfactants as well at the confined state. It is worth
noting that y,, increased significantly at the confined state; for ImM SDS solution, it
increased from 31 mN/m at the unconfined to 40.9 mN/m (Table 2) at the confined state. Such

alteration in the interfacial tension values couldn’t have occurred without desorption of the

surfactant molecules from the silicone-aqueous media interface.

(a) Unconfined (b) Confined (c) Unconfined (d) Confined
aqSDS aqCTAB
o

Paraffin oil

Veasit ||

\ Vparaq

) ’ 7 par-aq

: n Silicone oil
Fanitin 011Silicone oil _Silicone oil Parafiia of

(e) Confined

50 pm-
agAgarose VB
(0.1% w/w)

paraffin oil ———

silicone oil

Unconfined Confined

Figure 6: Images (a) and (c) shows the optical micrograph of core-shell droplet of a
complex emulsion in aqgSDS and aqCTAB respectively at the unconfined state. Images
(b) and (d) show the Janus morphology of emulsion droplet upon confinement in aqSDS
and aqCTAB. (e) Representative image of a Janus drop and the schematics, depict the
balances forces from which the interfacial energy at different interfaces are estimate. (f,

g) A complex emulsion was prepared by using Paraffin and Silicone oil as the dispersed
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phase and 10 mM aqSDS as the continuous medium. The optical micrographs show that

at both confined and unconfined states, the dispersed droplets of oils assume core-shell

morphology.
aqueous media unconfined emulsion confined emulsion
Ysiag | S =Vpuag 64 Vsitaq S = Vraraq
(mN/m) | ~7siaq ™ Vearsit (deg) (mN/m) ~7silag — VParssil
(mN/m) (mN/m)
ImM SDS 31.0 9.6 133.8+2.6 | 40.9+0.03 | -0.25+0.03
0.3mM CTAB 28.7 9.3 1323 +4.0 | 383+£0.04 | -0.26+0.04

Table 2: The images as in figure 6(b-d) are used to estimate the interfacial energy, 7si.q

at the interface of Silicone and aqueous-surfactant solution at the confined state of the

emulsion. The table show also the corresponding 7si., Values at the unconfined state and

the spreading coefficient values at both the states.

To examine if similar alteration in morphology was expected for increased concentration of
surfactant at the aqueous phase, a complex emulsion was prepared using aqSDS of surfactant
concentration 10mM (>> CMC value of 8.25 mM [23]) as the continuous phase (figure 6f,g);
Paraffin and Silicone oil were used as the dispersed phase as before. The liquid pool was

confined between two parallel plates as in figure 1. At the unconfined state, with 4 >100 um,
the dispersed droplets assumed core-shell morphology (figure 6f); and it didn’t alter to Janus
as the confinement was increased, e.g. 4 decreased to ~ 45 um, it continued to remain core-
shell (figure 6g). Thus, this observation corroborates with earlier observation that presence of
micelles dominates over the effect of confinement and as a result, in spite of decrease in
pressure within the bulk liquid, driven by its confinement, desorption of surfactant molecules

does not happen from the SA interface; and the interfacial energy too doesn’t alter.
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Summary

While interfacial energy of a solid-liquid or a liquid-liquid interface is generally altered by
external means like addition of a surfactant [16, 25], alteration of temperature, pH [26,27] or
even UV light induced reforming of a surfactant [17], we have shown here that the same can
be accomplished by an alternate method: by tweaking a geometric parameter like confinement
of the material (Table 3). In essence, our system consisted of an oil-water interface buried
within an aqueous surfactant solution that contains also suspended colloidal particles. We
showed that at the unconfined state, the particles were hardly wetted by the interface. However,
increase in confinement of the aqueous medium decreased the pressure field within it, which
in turn resulted in desorption of surfactant molecules from the oil-water interface. Consequent
increase in interfacial energy resulted in enhanced wetting and trapping of the colloidal
particles. In similar vein, we demonstrate also alteration in morphology of complex emulsion
drops in a multi-phase system: from core-shell to Janus, driven by confinement. While
conventional stimuli like temperature, pH or concentration of a dissolved chemical species
does change the energy of a buried interface, but in all possibility brings about also undesirable
collateral effects like denaturing of a thermally-sensitive molecule [28] or change in inter- or
intramolecular interactions and also make those changes irreversible [29], confinement, as
shown here, provides a benign mechanism of altering interfacial energy of a specific interface.
This mechanism of altering interfacial energy can be relevant for many engineering
applications, e.g. micro-nano patterning [30], manufacturing of biomimetic fluidic devices
[31], implants for controlled droplet motion, drug delivery, and tunable adsorption [32]; it may
also shed light in many biological processes, e.g. transportation and adsorption of molecules

on intra-cellular interfaces.
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aqueous
] Unconfined State Confined State
media
]/Sil—aq unconfined (mJ/mz) ]/Sil—aq confined (mJ/mz)
Owens and SEM images of Janus emulsion SEM images of
Wendt Method Si0; particles droplets Si0O; particles
ImM
31.0 28.6+£2.2 40.9+£0.03 49.6£9.3
SDS
0.3mM
28.7 333+0.5 38.3+£0.04 454+£22
CTAB

Table 3: The interfacial energy values of the silicone — aqueous media interface at the

unconfined and confined states are summarized here.

Abbreviations

1. SDS — Sodium Dodecyl Sulfate

2. CTAB - N-Cetyl-N,N,N Trimethyl Ammonium Bromide

3. ¢St — Centi Stokes

4. aqSDS — Aqueous solution of SDS

5. aqCTAB — Aqueous solution of CTAB

6. LSR — Liquid Silicone Rubber

7. FC - Trichloro(1H,1H,2H,2H-perfluorooctyl) silane

8. rpm — revolution per minute

9. SEM — Scanning Electron Microscopy

10.DI water — Deionized Water

11. SA interface — Silicone — Aqueous Media Interface

12. 740, . - Interfacial energy of SiO; — aqueous medium interface
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13. 750,51 - Interfacial energy of SiO, — silicone interface

14. y5,.,- interfacial energy of silicone — aqueous medium interface

15. 7,505 - surface energy of aqueous SDS solution

16. ..., - Interfacial energy of paraffin — aqueous medium interface
17. yg1., - interfacial energy of silicone — aqueous medium interface
18. ...« - Interfacial energy of paraffin — silicone interface

19.S — spreading coefficient

20.CMC — Critical Micelle Concentration
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7’ 7! y=y"+y" | Reference
(mJ/m?) | (mJ/m?) | (mJ/m?)
0.3 mM aqCTAB 39.1 19.6 52.1 measured
1 mM aqSDS 41.9 20.7 62.6 [1]
Si0; 28.1 26.0 54.1 [21]
Water 51 21.8 72.8 [22]
Paraftin Oil 0.003 25.5 25.5 [1]
LSR 0.83 23.4 242 [1]

Table S1: Surface energy of different chemical species used in experiment. The data

show also polar and dispersive component of surface energy.

Phase - 1 Phase - 2 e
(mJ/m?)

SiO; particle water 3.57
SiO; particle LSR 19.34
SiOz particle 1 mM aqSDS 1.68
SiO2 particle 0.3 mM aqCTAB 1.36
LSR water 38.85
LSR 1 mM aqSDS 31.02
LSR 0.3 mM aqCTAB 28.71
silicone oil paraftin oil 0.78
paraffin oil 1 mM aqSDS 41.44
paraffin oil 0.3 mM aqCTAB 38.8

Table S2: Interfacial energy between different liquids, estimated by putting polar and

dispersive component of surface energy values of respective phases in Owens and Wendt
equation™: y,, =y, +y, - 2( Ny +NHY] ) :
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Section S1. Estimation of surface energy (SE) of 0.03mM aqCTAB solution:

(a) Water on Glass Surface (b) Nitromethane on Glass Surface (¢) 0.03mM CTAB on Glass Surtace

(d) Water on Polystyrene (e) Hexadecane on Polystyrene (f) 0.03mM CTAB on Polystyrene

b
|
|
‘ ‘

Figure S1: The surface energy (SE) of 0.03mM aqCTAB solution was found out by

following the Owens and Wendt method, in which the contact angle of this liquid was to
be found out on two solid surfaces of known SE. Polystyrene (PS) and Glass Cover slip
(CS) was used for this purpose. However, in order to know their SE, two liquids of known
surface energy (both dispersive and polar component) were required to be used. Water
and Nitromethane (NM) were used for this purpose. Images (a-c) show sessile drops of

water, NM and aqCTAB on CS and (c-e) represent that on the PS respectively.

The contact angles (CA) of water and NM as measured from the above images were first used
for estimating the SE of CS and PS respectively. The CAs of 0.03 mM aqCTAB on these
surfaces were used for estimating the SE of this liquid. Following equation [1] was used for

these calculations, the results from which have been summarized in table S1.

(1+ cos®)y; = (1 +cos®) (¥ +yP) =2 [\[yldyzd + \/yfyzpj
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Surface Liquid 7! 7’ 0 7y 24
(Phase 2) (Phase 1) (mJ/m?) | (mJ/m?) | (degree) | (mJ/m?) | (mJ/m?)
Water [2] 21.8 51 84
Polystyrene 27.39 4.89
Hexadecane [3] 27.64 0 8
Glass Cover Water [2] 21.8 51 46
_ 0.02 73.14
Slip Nitromethane [2] 20.3 16.5 23

Table S1(a): Estimation of dispersive and polar components of SE of PS and CS.

Liquid Surface e y’z’ 0 ve y’;
(Phase 1) (Phase 2) (mJ/m?) | (mJ/m?) | (degree) | (mJ/m?) | (mJ/m?)
0.03mM Polystyrene 27.39 4.89 75
19.6 39.1
aqCTAB Glass Cover Slip 0.02 73.14 32

Table S1(b): Estimation of dispersive and polar components of SE of 0.03 mM aqCTAB.
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Section S2. Estimation of interfacial energy (IE) of the interface between Silicone and

aqueous medium for surfactant concentration exceeding CMC:

10 mM aqSDS 3 mM aqCTAB
(b) H H

(a)

35.3 mJ/m? 39.6 mJ/m?

10 mM aqSDS (d) 3 mM aqCTAB

(c)

Siliéone
Vsiagsps = 6.9 mJ/m’ Vsiacta = 445 mJ/m’

Figure S2: (a, b) Pendant drop method was used to measure the SE of 10mM aqSDS and

0.3mM aqCTAB, which yielded the surface energy of these two liquids as 35.3 mJ/m? and

39.6 mJ/m? respectively. (c, d) Sessile drop of these liquids were dispensed on Silicone

surface to measure the advancing equilibrium CA. These CA values were used for

estimating the IE of the Silicone-aqueous interface via use of Young’s equation.
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Section S3a. Estimation of interfacial energy (IE) of silicone and water, y .. at the

unconfined state and at the confined state with /2 =50 pm:

IE of Silica-Silicone, yg, g =19.3 mJ/m’ and Silica-water, g e =3.6 mJ/m* [both from

Table 2] and the angle @ as obtained from experiment in figure 4 and 5, were used for

respectively. Table S2(a) presents the data from 4

estimating yg, ... and 7g e

unconfined confined

sets of experiments.

Unconfined Confined (/=50 um)

S' no. 0 COos (9) 7Sil—water 0 COsS (0) }/Sil»water

degree mJ/m? degree mJ/m?

1 63 0.45 34.70 67 0.39 40.30

2 68 0.38 42.03 65 0.42 37.27

3 67 0.39 40.30 66 0.41 38.72

4 69 0.36 43.94 64 0.44 35.93
Average | 66.8 40.0 65.5 38.1
Std. Dev | 2.6 4.0 1.3 1.9

Table S2a: Summary of calculation leading to estimation of IE of SA interface.
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Section S3b. Estimation of IE of silicone and 1 mM aqSDS, ;s at the unconfined

state and at confined state with /s =50 pm:

Interfacial energy (IE) of Silica-Silicone, g,  =19.3 mJ/m? and Silica-aqSDS (1 mM)

interface, ygo, uqsps =1.7 mJ/m? [both data from Table 2] and the angle @ as obtained from

and 7, Si0, -aqSDS

experiment in figure 4 and 5 were used for estimating 7o, ,qsps - o’
unconfine contine

Table S4(b) presents the data from 3 sets of experiments.

Unconfined Confined (/=50 um)
S. no. 0 Cos (‘9) 7 sil-agsDs 0 Cos (‘9) Vsil-agsDs
degree mJ/m? degree mJ/m?
1 48 0.67 26.38 66 0.41 43.36
2 52 0.62 28.67 73 0.29 60.28
3 55 0.57 30.77 67 0.39 45.13
Average | 51.7 28.61 68.7 49.59
Std. Dev 3.5 2.19 3.8 9.30

Table S2b: Summary of calculation leading to estimation of IE of Silicone-aqgSDS (1 mM)

interface.

Sample calculation:

Vsio,sit ~Vsio,aq  19.3—1.7 )
ag = == =45mJ/m
Vsiraq cosé cos (67” ) /
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Section S3c. Estimation of IE at the interface of silicone and 0.3 mM aqCTAB, y; .15

at the unconfined state and at the confined state with /2 =50 pm:

Interfacial energy of Silica-Silicone, yg, 5 =19.3 mJ/m? and Silica-aqCTAB interface,

Vsi0,aqctap = 1.36 mJ/m? [both data from Table 2] and the angle € as obtained from experiment

in figure 4 and 5 were used for estimating g qcras - and Yo qctan - respectively.
Table S4(c) presents the data from 3 sets of experiments.
Unconfined Confined (~ =50 um)
S. no. 0 cos(6) | Vsil-agcTaB 0 cos(6) | Vsil-aqcTaB
degree mJ/m? degree mJ/m?
1 57 0.55 26.38 68 0.38 47.93
2 58 0.53 28.67 66 0.41 44.15
3 57 0.55 30.77 66 0.41 44.15
Average | 57.3 33.29 66.7 4541
Std. Dev | 0.6 0.53 1.2 2.18

Table S2c: Summary of calculation leading to estimation of IE of Silicone - aqCTAB (0.3

mM) interface.
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Section S4. Estimation of IE at the interface of Silicone and 1 mM aqSDS, yg .« at

different extent of confinement.

IE of Silica-Silicone, yg, s =19.3 mJ/m’ and Silica-aqSDS interface, o, qsps =1.7 mJ/m’

[both data from Table 2] and the angle € as obtained from experiment in figure 5 was used for

estimating 7siLagsDs

. Table S4(d) presents the data from 3 sets of experiments.

confinement

Confinement height, Confinement height,
h =100 pm h=70-80 um

S. no. 0 cos (9 ) Vsil-aqsDs 0 cos (9) Vsil-aqsDs
degree mJ/m? degree mJ/m?

1 58 0.53 33.30 61 0.49 43.36

2 60 0.50 35.29 62 0.47 60.28

3 62 0.47 37.58 64 0.44 45.13
Average 60 35.39 62.3 38.07

Std. Dev 2 2.14 1.5 1.97

Table S3: Summary of calculation leading to estimation of IE of Silicone - aqSDS interface

at different extent of confinement.
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0.3mM aqCTAB

-
wa unconfined - .

Figure S3: The SEM images show that SiO2 particles of different sizes get embedded to
the silicone lens to similar extent. Here images (a) and (b) represent unconfined and

confined state respectively in presence of 0.3 mM solution of aqCTAB.

oil phase

aqueous
phase

Figure S4. The optical images show that without addition of any surfactant, the emulsion

doesn’t remain stable leading to phase separation.
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