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Abstract

Pickering emulsions play a significant role in generating advanced materials and have widespread
application in personal care products, consumer goods, crude oil refining, energy management,
etc. Herein we report a class of wettability tuned silica-based Pickering emulsifiers which stabilize
a diverse range of fluid-fluid interfaces: oil/water, ionic liquid/oil, and oil/oil, and their use to
prepare microcapsules via interfacial polymerization. To alter particle wettability, colloidal
suspensions of SiO, particles (22 nm) were modified via silanization with reagents of varied
hydrophilicity/hydrophobicity, giving particles that could be dispersed in solvents that became the
continuous phase of the emulsions. To test the viability of this system as templates for the
fabrication of composite materials, the different particle-stabilized emulsions were coupled with
interfacial polymerization, leading to microcapsules with polyurea/silica shells. These results
demonstrate that a single particle feedstock can be coupled with fundamental chemical
transformation to access a versatile toolkit for the stabilization of diverse fluid interfaces and serve
as a template for the preparation of hybrid architectures.

Introduction

Fluid-filled microcapsules find widespread application in biomedicine,! cosmetics,”> foodstuffs,?
and energy management,* among other industries. Commonly spherical and tens of microns in
diameter, microcapsules comprise a liquid core surrounded by a shell material (e.g., polymer or
carbon).’ Encapsulation imparts thermal stability to the core, resistance to leakage, and enhanced
protection against undesired reactions with external agents.® Additionally, encapsulation resolves
challenges with bulk active liquid processing (e.g., high viscosity) and increases the active surface
area, which may assist in the mass transfer of small molecules across the interface.” Most
commonly, encapsulation may be accomplished via hard-template approach, wherein a polymer
shell is grown around a sacrificial core (e.g., layer-by-layer assembly atop a silica particle),? or via
soft-template approach, which utilizes a stable biphasic system (e.g., interfacial polymerization in
emulsions).” Both cases enable the handling of fluids as solid powders, which facilitates their use
in specialized applications like direct air capture of CO,,!%!! contaminant removal,*!? and targeted
drug delivery.!3.14

The emulsion-based approach for encapsulation has garnered increased attention over the past
several decades.!® Being mixtures of immiscible fluids, emulsions are thermodynamically unstable
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and tend to macrophase separate over time, yielding, for example, an oil phase atop of water.!® To
stabilize emulsion droplets against coalescence, small molecule surfactants (e.g., sodium dodecyl
sulfate)!” or surface-active polymers (e.g., PEO-PPO-PEO block copolymers)'® have been
employed to minimize the interfacial tension between the phases. In complement to these systems,
Ramsden and Pickering recognized the role of finely divided particles in stabilizing emulsions in
the early twentieth century.'®?? These so-called Pickering emulsions have since demonstrated
unusually high stability against droplet coalescence and generally have lower toxicity compared
to traditionally-stabilized emulsions.?! Common Pickering surfactants include pristine or alkylated
graphene oxide nanosheets,>?24 exfoliated clay nanosheets,? cellulose nanocrystals,? and surface-
modified silica particles.?’

Of the varied particles that serve as surfactants, colloidal silica (Si0O,) particles are chemically
stable and relatively simple to covalently functionalize via known techniques. For emulsion
systems, particle wettability is characterized by the contact angle theta (8) formed by the particle
at the interface of the two immiscible fluids. Per the Bancroft rule, hydrophilic particles (6 < 90°)
prefer contact with the aqueous phase, inducing the formation of an oil-in-water (o/w) emulsion,
whereas hydrophobic particles (6 > 90°) favor contact with the nonpolar phase, generating water-
in-oil (w/0) emulsions (Figure 1).282° In pioneering work, Binks and colleagues systematically
investigated various factors that impact SiO,-stabilized Pickering emulsions, including pH,
particle concentration, and salinity. Pristine SiO, particles, for example, are too hydrophilic to
stabilize Pickering emulsions due to the negative surface charge and electrostatic repulsion
between particles; consequently, appropriate surface modification of neat silica is needed for
emulsion stabilization.’® The central role of particle wettability in the preparation of Pickering
emulsions has inspired numerous studies to investigate this phenomenon. Sadeghpour and
colleagues modified SiO, particles in dispersion via adsorption of oleic acid to surface silanol
groups (e.g., via hydrogen bonding); this increased hydrophobicity and led to the stabilization of
oil-in-water emulsions.’! Further, Saigal and coworkers modified SiO, particles with poly(2-
(dimethylamino)ethyl methacrylate) brushes grafted from surface via atom-transfer radical
polymerization (ATRP), increasing particle hydrophobicity and thereby conferring the ability to
stabilize cyclohexane-in-water and xylene-in-water emulsions.?? As such, most previous reports
provide a particle modification strategy customized for a specific interface. However, the ability
to tune particle wettability via a common chemical process to stabilize a range of emulsions (i.e.,
hydrocarbon-in-water, ionic liquid-in-oil, polar oil-in-oil) is, to the best of our knowledge,
unreported. Such a toolkit would enable researchers to prepare a variety of different composite
structures, including microcapsules by interfacial polymerization with the dispersed phase serving
as the liquid core.
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Figure 1. Illustration of contact angle () made by (A) hydrophilic and (B) hydrophobic particles
at an oil-water interface and the types of emulsions they stabilize.

Herein, we report a class of SiO,-based Pickering emulsifiers, modified via fundamental chemical
transformation to stabilize a diverse range of fluid-fluid interfaces, and the use of these emulsions
to prepare microcapsules. Our focus is to provide a facile route to modify particles to stabilize a
variety of fluid-fluid interfaces in Pickering emulsions and leverage these phase-separated systems
for microcapsule formation, as relevant to critical applications such as direct air capture, thermal
energy management, and contaminant removal. Colloidal SiO, particles were functionalized with
silane reagents of varied hydrophilicity/hydrophobicity to prepare particles with different
wettabilities, as confirmed by sessile drop experiments. These particles demonstrated distinct
dispersibility, interfacial activity, and the ability to stabilize different emulsions, generating
hydrocarbon-in-water, ionic liquid-in-toluene, and polar oil-in-octane emulsions. To further probe
interfacial dynamics, pendant drop tensiometry was employed to investigate the hydrocarbon-
water interface at equilibrium with and without particle surfactants dispersed in the continuous
phase. We then coupled these particle-stabilized emulsions with interfacial polymerization to yield
microcapsules with a polyurea/silica composite shell and core liquid of the dispersed phase. This
study demonstrates that application of the same chemical process can generate a versatile toolkit
to stabilize different fluid-fluid interfaces, which can then serve as a template for the construction
of hybrid architectures.

Experimental Section

Materials. LUDOX® TMA colloidal silica (34 wt% suspension in H,O, 7631-86-9), sodium
dodecyl  sulfate  (151-21-3), (3-aminopropyl)trimethoxysilane  (97%,  13822-56-5),
trimethoxy(octyl)silane (96%, 3069-40-7), trimethoxy(octadecyl)silane (technical grade, 3069-42-
9), ethylenediamine (EDA, >99%, 107-15-3), 1,6-hexanediisocyanate (HDI, >99%, 822-06-0),
propylamine (107-10-8), potassium bromide (FTIR grade, >99%, 7758-02-3), acetone (67-64-1),
and hexanes (110-54-3) were obtained from MilliporeSigma. Trimethoxy(methyl)silane (98.0+%,
1185-55-3), trimethoxy(propyl)silane (98%, 1067-25-0), N,N-dimethylformamide (68-12-2), and
toluene (108-88-3) were obtained from Fischer Scientific. Ammonium hydroxide (28-30%
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solution in water, ACS reagent, 1336-21-6) and n-octane (111-65-9) were obtained from Oakwood
Chemical. Mesitylene (108-67-8) was obtained from Acros Organics, 1-butyl-3-
methylimidazolium hexafluorophosphate ([BMIM][PF¢], 99%, 174501-64-5) was obtained from
Iolitec, ethanol (200 proof, 64-17-5) was acquired from VWR, and acetone-d6 (666-52-4) was
obtained from Cambridge Isotope. Poly(a-olefin),z; (PAQy3,) was received from ExxonMobil and
Chevron Phillips Chemical Company. All chemicals were used as received without further
purification.

Instrumentation. Emulsification was accomplished with a BioSpec Products Inc. hand-held
emulsifier (model number 985370). Centrifugation was completed with a Thermo Scientific
Sorvall ST 8 centrifuge. Ultrasonication was completed with a QSonica Q55 Sonicator, bath
sonication was accomplished with a Fisherbrand CPX3800 Ultrasonic Bath 5.7 L, and vortex
mixing was completed with a Fisherbrand vortex mixer. Fourier transform infrared spectroscopy
(FTIR) was collected in ATR or transmission mode, depending on the sample. For ATR mode, a
JASCO FT/IR-4600 with a ZnSe/diamond prism was used with 32 scans per sample. For
transmission mode, a Thermo Nicolet 6700 FTIR equipped with a liquid-nitrogen-cooled MCT A
(HgCdTe) detector was used with 64 scans at a resolution of 1 cm™!. Approximately 5 mg of sample
was added to 100 mg of KBr in a mortar, ground into a uniform powder with a pestle, then pressed
into a pellet using a Specac 15 Ton Hydraulic KBr Press. '"H NMR nuclear magnetic resonance
spectroscopy was carried out using a Bruker Avance NEO 400 mHz NMR spectrometer and
residual solvent used as reference. Thermogravimetric analysis was carried out using TA
Instruments TGA 5500 (under N, ramp 20 °C/min to 900 °C). Contact angle determination was
accomplished using sessile drop technique with a contact angle/pendant drop goniometer
(DataPhysics OCA 11). To produce a flat surface, samples were pressed into a 7 mm KBr pellet
die set. A 1 uL droplet of deionized water was gently deposited on the sample and the air-droplet-
substrate contact angle was measured by the software. All reported measurements represent an
average of five trials. Pendant drop tensiometry was completed on the same instrument. A droplet
of PAQOys;, held by a U-shaped blunt-tipped needle, was dispersed in a continuous phase of pure,
deionized water (for measuring interfacial effects without particle surfactants) or containing 1
mg/mL suspended SiO,-NH,. The oil droplet was filled to 45 pL at a rate of approximately 0.5
uL/s. Optical microscopy images were taken using an AmScope 150C-2L microscope equipped
with an 18 MP USB 3.0 camera. To prepare emulsions for imaging, one drop of emulsion sample
was placed on a glass slide and diluted with one drop of continuous phase. Particle size analysis
was completed on a Horiba Partica LA-960 particle sizer. For modified silica particles, a small
sample (<50 mg) was dispersed in an appropriate solvent and ultrasonicated at 30% amplitude for
at least 15 min prior to characterization. For microcapsules, a small sample (<50 mg) was gently
dispersed in methanol. Analysis was accomplished via laser diffraction, while the sample was
under magnetic stirring. Scanning electron microscopy (SEM) images were taken using a
TESCAN VEGA SEM with an accelerating voltage of 10 kV. SEM samples were sputter coated
with 10 nm of Au prior to imaging.
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Particle Functionalization. LUDOX® TMA colloidal silica was functionalized per a modified
method reported by Schoth and colleagues.?® Silica suspension (50 mL), ethanol (50 mL), and
sodium dodecyl sulfate (50 mg) were charged to a 250 mL round-bottom flask with a large stir
bar. Under vigorous stirring, the pH of the mixture was raised from approximately 7.5 to 9.0 via
dropwise addition of aqueous ammonium hydroxide. Excess silane reagent (0.02 mol) [(3-
aminopropyl)trimethoxysilane, trimethoxy(methyl)silane, trimethoxy(propyl)silane,
trimethoxy(octyl)silane, or trimethoxy(octadecyl)silane] was added dropwise and the dispersion
was stirred for 24 h under ambient conditions to allow equilibration. After 24 h, additional ethanol
(~100 mL) was added to overcome any gelation that occurred overnight. The temperature was then
increased to 80 °C and the mixture was refluxed for 2 h. Modified particles were isolated via
centrifugation (4500 rpm, 30 min), washed thrice with acetone, and dried in vacuo overnight. Of
note, for the Si0,-C1 synthesis, modified silica remained dispersed after extended centrifugation;
thus, particles were first isolated by solvent evaporation under reduced pressure and then
washed/dried as described above.

Emulsion Preparation. Suspensions of modified SiO, particles were prepared by adding an
appropriate amount of Si0,-NH, or SiO,-C1 to distilled water, Si0,-C3 to toluene, and SiO,-C8
or Si0,-C18 to octane. All suspensions were ultrasonicated at 30% amplitude for at least 30 min
prior to use to ensure particle dispersion. To generate an emulsion, unless otherwise stated, 5 mL
of continuous phase containing 5 wt% functionalized silica was added to a vial, followed by 1 mL
of dispersed phase (PAQy3,, [BMIM][PF¢], or DMF). The resulting mixture was emulsified with
a hand-held emulsifier for three cycles of 20 s on followed by 5 s off.

Microcapsule Synthesis. Emulsions were prepared as detailed above, with the exception that HDI
or EDA was added to the PAQy3,, [BMIM][PF¢], or DMF (see Table S1 for detailed amounts).
After emulsification, an additional 1 mL of continuous phase was added to dilute the emulsion,
then a solution of the complementary monomer to what was in the discontinuous phase (i.e., HDI
or EDA) diluted with 1.25 mL of continuous phase was added dropwise with gentle hand swirling.
The emulsion was allowed to stand undisturbed for 72 h. Then, the reaction mixture was added to
100 mL of distilled water or hexane (depending on the continuous phase identity) and quenched
via addition of 7 mL propylamine to ensure complete reaction with any residual isocyanate groups.
After 5 h, quenched microcapsules were then isolated via gravity filtration and washed again with
distilled water or hexanes until the supernatant was neutral, as determined by litmus test. Finally,
microcapsules were dried in vacuo overnight, resulting in a white powder.

Determination of [BMIM][PF¢] Weight Percent of Microcapsules via '"H NMR. Per a previously
reported procedure,'! approximately 20 mg of the [BMIM][PF¢] microcapsules were added to a
vial containing a 0.039 M solution of mesitylene (internal standard) in acetone-d6. The mixture
was then sonicated/vortex mixed to extract all [BMIM][PF;] from the microcapsule core. Next,
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the solution was passed through a poly(tetrafluoroethylene) syringe filter (0.45 pm pore size) to
remove the broken shell material and the eluent placed in an NMR tube for 'H NMR analysis.
Weight percent encapsulated [BMIM][PF4] was then determined by comparing the relative
integration of the methyl peak from mesitylene (2.09 ppm) to the methyl peak of the [BMIM]
cation (3.93 ppm) (Figure S1). This procedure was replicated thrice.

Determination of PAQ4;3, Weight Percent of Microcapsules via Mass Difference. Hexanes (10 mL)
was added to 70 mg PAQOy;3, microcapsules. This mixture was sonicated/vortex mixed to extract

the PAQO,;, from the microcapsule core. The solution was then passed through a
poly(tetrafluoroethylene) syringe filter (0.45 pm pore size) into a tared vial to remove the broken
shell material. Hexanes was removed from the mixture via rotary evaporation, leaving behind
PAQy;, as a viscous oil. The mass of this oil was determined and then compared to the initial
microcapsule mass to determine weight percent. This procedure was replicated thrice.

Results & Discussion

To achieve a family of particle surfactants with a range of wettability, SiO, particles (22 nm in
diameter) in aqueous suspension were functionalized through a modified procedure, based on that
reported by Schoth and colleagues.’® This method was selected over other modification routes
(e.g., drying and resuspending in an organic solvent), as a recent study found that functionalization
at lower pH (~8.5) led to weaker silica-silane bonding at the LUDOX surface and resulting in
interfacially inactive particles.3* Thus, an aqueous solution of LUDOX TMA SiO, was diluted in
ethanol and reacted with excess silane for 24 h. It is commonly accepted that surface
functionalization occurs by a combination of base-catalyzed hydrolysis of a trimethoxy silane and
subsequent condensation with surface silanol groups on the colloidal SiO, particles, leading to
covalent attachment of the silane to the particle surface (Figure 2A).3 Particles modified with
amino, methyl, propyl, octyl, or octadecyl trimethoxysilane are named SiO,-NH,, Si0,-C1, SiO,-
C3, Si0,-C8, or Si0,-C18, respectively.

Modified particles were characterized via laser diffraction, Fourier-transform infrared (FTIR)
spectroscopy, and thermogravimetric analysis (TGA). Individual colloid size (22 nm) is not
expected to change significantly during silanization; however, modified particles exhibit an
average size of 0.2-12.2 um (Figure S2). We attribute this apparent size increase to particle
aggregation during drying. Particle modification was confirmed via FTIR spectroscopy (Figure
2B). All samples of modified particles show three characteristic FTIR stretching frequencies: Si-
O-Si (~1100 cm™), Si-OH (~955 cm!), and broad O-H (~3500 cm™!). Notably, the presence of the
O-H stretching frequency indicates the presence of residual silanol and/or adsorbed water. The
spectrum of the SiO,-NH, particles reveals the appearance of a stretching frequency due to sp?
C-H group at ~2900 cm™!; a peak at ~3300-3500 cm™! would be expected due to the -NH, group
but cannot be distinguished from O-H peak. In comparison to SiO,-NH,, intensity of the C-H peak
increases significantly for Si0,-C1, SiO,-C3, SiO,-C8, and SiO,-C18 particles.
Thermogravimetric analysis (TGA) was used to qualitatively characterize particle modification

6
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(Figure 2C). Pristine SiO; particles are extremely hydroscopic due to the abundant silanol groups
on the surface. Accordingly, most mass loss occurs < 100 °C and can be attributed to desorption
of water. With the exception of SiO,-Cl1, all functionalized samples demonstrate significantly
lower mass loss below 100 °C, suggesting less adsorbed water than the pristine particles. The
primary mass loss event for SiO,-NH,, SiO,-C3, SiO,-C8, and SiO,-C18 occurs above 200 °C,
which can be attributed to thermal degradation of grafted organic species.’® SiO,-C1 shows the
lowest mass loss; though surprising, this is likely due to the loss mass of the organic component
being obscured by the loss of water (though the particles have less water adsorbed than the pristine
particles).

A.
s .
on AN, SiO,-NH,
Ho, | oH - s| +.CHs
HO— oH o o R= >~ Si0,-C3
zOlEtOH . ‘
oo | OH 24 h e Si0,-C8
OH )
SiO,-Pristine SiO,-Functionalized e Si0,-C18
B. C.
100 -
98 -
f
. i/ 96
3
- g
= =
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= " R ‘O Ii.
E — 5!02 NH, z gl S!O2 Pristine
] Si0,-C1 |—— Si0,-NH,
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——si0,-C8 . Si0,-C3
—— Si0,-C18 Si0,-C8
84— Si0,-C18
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Figure 2. (A) Schematic demonstrating particle functionalization; (B) FTIR spectra and (C)
TGA weight loss profiles of modified particle surfactants.

The sessile drop technique (e.g., static water contact angle) was used to characterize the relative
wettability of silica particles and the five modified derivatives. As shown in Figure 3A, samples
were prepared via compression of the particles into an FTIR window to generate a flat film of
particles for characterization; of note, other methods such as plate compression led to surface
defects and irreproducible results. Using a contact angle/pendant drop goniometer, a 1 uL droplet
of water was deposited onto the sample and the contact angle measured. Pristine silica is so
hydrophilic that the water droplet immediately spread across the surface and no measurement
could be recorded. Similarly, for Si0,-NH; and Si0,-C1, the water droplet wet the entire surface
and no contact angle could be measured, which we attribute to the hydrophilicity of the particles
(Figure S3). However, particles functionalized of with longer alkyl chains led to measurable
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contact angles, with the length of the alkyl chain dictating the hydrophobicity: Si0,-C3 showed a
contact angle of 98.0° = 7.4° (Figure 3B), while SiO,-C8 and SiO,-C18 gave higher contact angles
of 128.6° + 1.6° and 129.1° £ 3.1°, respectively (Figure 3C,D). These measured contact angles
were consistent across at least five samples of each particle type and highlight that particles
coupled with longer alkyl chains are more hydrophobic, as expected.

D. __,1290

Si0,-C18

Figure 3. (A) Sessile drop preparation set-up; Contact angle determination for (B) SiO,-C3, (C)
Si0,-C8, and (D) SiO,-C18 particles.

Moditied Si0, particles were investigated for capacity to stabilize different emulsion systems, with
the approach that the solvent the particles are dispersible in would become the continuous phase.
Pristine Si0; is dispersible in water but is too hydrophilic to adsorb to the fluid-fluid interface. In
contrast, Si0,-NH; and SiO,-C1 are both dispersible in water and interfacially active. Addition of
a hydrocarbon oil phase (e.g., PAO43;) to an aqueous dispersion of SiO,-NH; or Si0,-C1 followed
by shear mixing led to a stable PAQOy;3;-in-water emulsion (Figure 4A, S4), with the modified
particles expected to reside at the fluid-fluid interface. Alternatively, the more hydrophobic SiO,-
C3 is dispersible in toluene and could be used to prepare emulsions with droplets of a hydrophilic
fluid (e.g., [BMIM][PF¢]) in toluene (Figure 4B). Finally, Si0,-C8 and Si0,-C18 were both
readily dispersible in the nonpolar oil octane, stemming from the longer alkyl chains grafted to the
particle surface. Upon shear-mixing with a polar oil (e.g., DMF), oil-in-oil emulsions were realized
(Figure 4C, S4). Of note, SiO,-NH,/S10,-C1 was too hydrophilic to stabilize the [BMIM][PF]-
toluene or DMF-octane emulsion systems; modified particles migrated into the more polar phase
upon shear-mixing, resulting in no emulsion formation for these combinations. Similarly, SiO,-
C8/Si0,-C18 was too hydrophobic to stabilize PAQys3,-in-H,O or [BMIM][PF¢]-in-toluene

Page 8 of 16
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emulsions, demonstrating too high an affinity for PAO,3; and toluene, respectively. All emulsions
remained stable upon standing for at least two weeks, as confirmed by optical microscopy.

40 pm *

PAO 5,-in-H,0 [BMIM][PF JJ-in-Toluene DMF-in-Octane
(SiO,-NH,) (Si0,-C3) (Si0,-C18)

Figure 4. Optical microscopy images of emulsions stabilized by modified silica particles. (A)
PAQy;,-in-water stabilized by Si0,-NH,; (B) [BMIM][PF]-in-toluene stabilized by SiO,-C3; (C)
N,N-dimethylformamide-in-octane stabilized by SiO,-C18.

From the images in Figure 4, qualitatively, a dramatic difference in droplet size across all three
systems is observed. As the concentration of particles, energy input, and fluid-fluid ratios were
consistent across all samples, we attribute this difference in droplet size to variations in the
interfacial tension between the two fluids in each system. Equation 1 relates droplet diameter to
the emulsification energy input ([]), interfacial tension (o), and density of the continuous phase
(p).>” When power input is held constant, droplet diameter is expected to (i) increase with higher
interfacial tension and/or decreased density and (ii) decrease under the opposite conditions.
Interfacial tension in oil/water systems typically ranges from 30 — 50 mN/m, but is dramatically
reduced for most oil-in-oil systems to 0 — 5 mN/m.3® Our emulsion systems agree with this trend:
the PAQOy3,-in-water system, having higher interfacial tension, gives larger droplets while the
[BMIM][PF¢]- and DMF-in-oil systems exhibit significantly smaller droplets.

Equation 1. d,x = ﬁ-2/5 S35 - 1S

To gain a better understanding of these systems, loading of the surfactant particles was varied from
0.5 to 5 wt% of the continuous phase volume, keeping the fluid-fluid ratio constant (Figure S5).
For the PAQOy3,-in-H,O and [BMIM][PF¢]-in-toluene emulsions, optical microscopy images
support that droplet size decreased slightly as surfactant content is increased, reaching a plateau
around 3 wt%. As the particle concentration is increased, more surfactant is available to reside at
the fluid-fluid interface, resulting in smaller stable droplets. By contrast, larger and fewer droplets
form when surfactant concentration is lowered. Interestingly, the DMF-in-octane emulsion does
not appear to follow this general trend, showing droplets of varied sizes in all six images. We also

9
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evaluated the impact of the phase volume with constant particle loading for the PAQy3,-in-H,O
emulsion system (Figure S6). Binks and Lumsdon previously reported that oil-in-water emulsions
catastrophically invert to water-in-oil at volume fractions of oil around 0.7,3° and our experiments
also find this trend: droplet size increases significantly from the 6:4 to 7:3 o/w emulsion systems,
indicative of the phase inversion.

The role of interfacially active SiO, in lowering the interfacial tension (IFT) was investigated via
pendant drop tensiometry. For these studies, the PAQOy3,-H,O interface was selected as a model
emulsion system and evaluated in the presence and absence of SiO,-NH, particles in the aqueous
phase. In the absence of a particle surfactant, the equilibrium IFT of the PAO43,-H,0 system was
39.76 £ 0.13 mN/m. This measurement represents the mean of the final twenty IFT data points
from three consecutive trials, with propagated errors. When the water contained 1 mg/mL of SiO,-
NHj; particles, the equilibrium IFT was reduced to 33.24 + 0.17 mN/m (Figure SA). This particle
concentration was selected to maintain transparency of the continuous phase, allowing the
goniometer to capture a clear image of the droplet profile and attain a precise IFT measurement.
Of note, the initial IFT of the PAOy3,-H,O system, when measurement begins, is significantly
lower than the particle-free system, suggesting rapid adsorption of the particles at the interface
upon droplet formation. The first derivative of IFT with respect to droplet age for both systems is
depicted in Figure 5B. Notably, the fastest rate of change of IFT for both systems occurs when
the oil droplet is initially deposited in the continuous phase. In the first 4000 s, for example, the
interface with SiO,-NH, exhibits a broader 95% confidence interval (shaded) than the surfactant-
free interface; these data indicate that the presence of SiO,-NH, leads to highly variable rate of
change which may be attributed to periodic and rapid particle rearrangement at the PAQOy3,-H,O
interface. Figure 5C shows an equilibrium droplet of PAQO,;, suspended in a water containing
Si0,-NH; (1 mg/mL). Remarkably, SiO,-NH, particle aggregates can be observed at the PAOy;3,-
H,0 interface: the apparently higher concentration of particles at the base of the droplet compared
to the top half may be attributed to gravity. Taken with the observed particle aggregation in
solution observed by light scattering studies, modified silica particles may assemble at the fluid-
fluid interface in multilayers, providing a layered barrier to macrophase coalescence. Our ongoing
work in this area is directed toward probing this hypothesis.

10
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Figure 5. Pendant drop tensiometry measurements of PAQOg3; in deionized water. (A) IFT vs. time
with and without Si0,-NH,; (B) The first derivative of IFT with respect to time; (C) Equilibrated
PAQy;, droplet with Si0,-NH, at the hydrocarbon-water interface. Shaded regions represent the
95% confidence interval.

All emulsion systems were coupled with interfacial polymerization to produce microcapsules with
a composite polyurea/silica shell and liquid core of the discontinuous phase (PAQOys,,
[BMIM][PF¢], or DMF). Interfacial polymerization is possible if one monomer (e.g., EDA) is in
the polar phase and the second monomer (e.g., HDI) is in the nonpolar phase, resulting in step-
growth polymerization at the interface, around the particle surfactants. Critically, excess monomer
(either EDA or HDI, depending on the phase polarity) must be added to the continuous phase to
avoid unreacted monomer in the core (Table S1). After 72 h, propylamine is added to quench any
isocyanate groups and avoid inter-microcapsule fusing; microcapsules are then isolated by gravity
filtration, gently washed to neutral pH with an appropriate solvent, and dried under vacuum.

Microcapsules were characterized by SEM, FTIR spectroscopy, and optical microscopy. As shown
in Figure 6A, microcapsules prepared from the SiO,-C3 stabilized [BMIM][PF¢]-in-toluene
emulsion template exhibit rough surface morphology and nonuniform size distribution, common
for microcapsules prepared from soft-template methods. Table S2 summarizes microcapsule
diameter, revealing a rough correlation between apparent emulsion droplet and microcapsule size
(Figure S7). Typically, the larger droplets of the oil-in-water emulsion produced slightly larger
microcapsules than those produced from the oil-in-oil emulsion, which may be indicative of
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localization of polymerization. The FTIR spectra of the three types of microcapsules are shown in
Figure 6B; stretching frequencies at 3400 cm™!' and 1600 cm™! indicate the presence of N-H and
C=0 bonds of polyurea, respectively, and no stretching frequencies attributed to isocyanates are
observed. Core identity can also be elucidated from these data. The strong sp? C-H stretching
frequency at ~2900 cm! for the PAQ43, microcapsules is indicative of the hydrocarbon core,*® for
example, while the [BMIM][PF¢] microcapsules demonstrate characteristic ionic liquid stretching
frequencies at ~3200 cm!, ~1170 cm!, and ~800 cm!.4! Figure 6C shows an optical microscopy
image of PAQys3;-filled microcapsules prepared from the SiO,-NH, stabilized emulsions, and
Figure 6D shows the same microcapsules after gentle compression. Also demonstrated in Video
1, upon compression, the core liquid (PAQ4,3,) is expelled from the microcapsules, resulting in a
dark wave that moves from right to left across the image. Extraction and characterization by mass
difference or '"H NMR was used to determine the loading of PAOy3, and [BMIM][PFq] in the
respective capsules; in both cases, the capsules were 70-80 wt% of core liquid. Notably, for
microcapsules with volatile cores (i.e., DMF), attempts to determine composition were not reliable,
likely due to evaporation (Table S3).

Transmittance (a.u.)

—— PAQ,4; Microcapsules
—— [BMIM][PF¢] Microcapsules|
—— DMF Microcapsules

r T T v - - \
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'")

. _ 5 ——— *f 2 s
Figure 6. (A) SEM image of [BMIM][PF¢] microcapsules; (B) FTIR spectra of three different

types of microcapsules; Optical microscopy images of PAQ43, microcapsules (C) pre-compression
and (D) post-compression.

Conclusions

In summary, silica particles were modified via silanization to obtain Pickering emulsifiers capable
of stabilizing oil-in-water, ionic liquid-in-oil, and oil-in-oil emulsions. Silane reagents of varied
hydrophobicity were chosen to impart particles with desired wettability, as confirmed by sessile
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drop technique, and further supported by dispersibility in different solvents. Hydrophilic SiO,-
NH,; and SiO,-Cl1 particles had excellent dispersibility in water and could stabilize PAQy3,-in-
water emulsions, whereas the more hydrophobic SiO,-C3 and SiO,-C8/Si0,-C18 particles were
only dispersible in nonpolar solvents and were suitable for stabilizing ionic liquid-in-oil and oil-
in-oil emulsions, respectively. The effect of SiO,-NH, on the hydrocarbon-water interface was
investigated via pendant drop tensiometry, revealing a dramatic reduction in IFT in the presence
of the modified particles. These particle-stabilized systems were coupled with interfacial
polymerization to yield microcapsules with a liquid core of the dispersed phase and a
polyurea/silica shell; average microcapsule diameter showed reasonable correlation to emulsion
droplet size. This demonstrates that the wettability and interfacial activity of silica particles can be
readily tuned using a common modification approach, giving access to stable Pickering emulsions
of different fluids and hybrid architectures for advanced applications. Our ongoing work in this
area focuses on probing the interfacial dynamics of these systems and developing alternative
particle surfactants (larger SiO, particles, anisotropic particles, etc.) to further elucidate the
fundamental principles behind emulsion stabilization and destabilization. Additionally, we are
applying these constructs for advanced applications, including separations, compartmentalized
reactors, carbon capture, and lubricants.
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