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ABSTRACT: Reversible Pickering emulsions, achieved by switchable, interfacially-
active colloidal particles, that enable on-demand emulsification/demulsification or phase
inversion, hold substantial promise for biphasic catalysis, emulsion polymerization,
cutting fluids, and crude oil pipeline transportation. However, particles with such
responsive behavior usually require complex chemical syntheses and surface
modifications, limiting their extensive use. Herein, we report a simple route to generate
emulsions that can controllably and reversibly undergo phase inversion. The emulsions
are prepared and stabilized by the interfacial assembly of polyoxometalate (POM)-
polymer, where their electrostatically interact at the interface is dynamic. The wettability
of the POMs that dictates the emulsion type, can be readily regulated by tuning the
number of polymer chains bound to POMs, that, in turn, can be controlled by varying the
concentrations of both components and the water/oil ratio. In addition, the number of
polymer chains anchored to the POMs can be varied by controlling the number of
negative charges on the POMs by an in situ redox reaction. As such, a reversible inversion
of the emulsions can be triggered by switching between exposure to ultraviolet (UV) light
and introduction of oxygen (O,). Combining the function of POM itself, a cyclic
interfacial catalysis system was realized. Inversion of the emulsion also affords a pathway
to high-internal-phase emulsions (HIPEs).The diversity of the POMs, the polymers, and
the responsive switching groups open numerous new, simple strategies for designing a
wide range of responsive soft matter for cargo loading, controlled release, and delivery in
biomedical and engineering applications without time-consuming particle syntheses.

KEYWORDS: reversible emulsion, POM—polymer assemblies, redox responsiveness,

cyclic catalysis, HIPEs



INTRODUCTION

Pickering emulsions are droplets of one liquid dispersed in a second immiscible
liquid that are stabilized by colloidal particles, as opposed to traditional surfactants or
block copolymers.'? The adsorption of particles to the oil-water interface is irreversible,
since the reduction in the interfacial energy per particle is large, due to the size of the
particles. This strong binding energy per particle prevents droplet coalescence, stabilizing
the emulsions.*® This stability coupled with the dense packing of the particles at the
interface imparts robust mechanical properties to the emulsions, enabling applications in
the food, cosmetics, and pharmaceutical industries.” For some applications emulsions
with a transient stability are desirable, e.g., with interfacial catalysis, where
demulsification or phase inversion is needed to easily extract products from the

continuous phase.*'*"

If one could reversibly realize a phase inversion or de-
emulsification, product separation and catalyst recovery would be facilitated.'*'
Reversible emulsion manipulation, therefore, could significantly impact multiphase
catalysis, emulsion polymerization, and froth flotation for the purification of precious
mineral extracts.'”'8

Tuning the hydrophilicity/hydrophobicity ratio of particles by changing their surface
wettability has emerged as the most convenient and effective method to build controllable
emulsions, where hydrophilic particles preferentially stabilize o/w emulsions while
hydrophobic particles form w/o emulsions. Molecular adsorption or chemical grafting of
stimuli-responsive small molecules or polymers onto the surface of the particles allows
for tailoring hydrophilic/hydrophobic properties, that can be switched by external stimuli,

d,»? redox,” ions,” or light'*?. Kosif et

like temperature,'* CO,,”' pH,*?** magnetic fiel
al. designed Au nanoparticles (NPs) decorated with ligands having acid-labile
tetrahydropyranyl (THP) ether chain-ends as stabilizers for acid-responsive emulsions.

The in situ phase inversion from w/o to o/w emulsions was achieved as the Au NPs were



converted from oil-dispersible to water-dispersible by cleaving the labile chain-end by
introducing acid. Unfortunately, the transition was irreversible.” Li er al." achieved the
reversible transition between emulsification and demulsification of a light-responsive
emulsion based on Pd-supported silica particles modified by azobenzene ionic liquid
molecules. The phase behavior was attributed to the trans- (relatively less polar) and cis-
(relatively more polar) isomers of azobenzene groups triggered by UV/visible light
affecting the adsorbed amount of ionic liquid molecules onto the particles and thus
determining whether the particles can be stably adsorbed to the interface. Chen et al.*
proposed another reversible phase inversion of a light-triggered emulsion by using
photochromic spiropyran-grafted functional particles as emulsifiers, where the spiropyran
can be reversibly switched between the hydrophobic, ring-closed spiropyran and the
hydrophilic, ring-opened zwitterionic merocyanine with near-infrared (NIR)/visible light.
With this method, product recovery, catalyst and emulsifier recycling were easily realized,
significantly advancing sustainable chemical engineering. Although progress has been
made in reversible emulsions, complex chemical syntheses and surface modifications of
responsive ligand functionalized particles pose an impediment to their further
development. Consequently, designing a simple method to realize reversible emulsions is
needed.

From the point of view of the size of the particles, the binding energy of particles to
the interface increases with the square of the particle radius. Microparticles have a strong
binding energy to the interface, several orders of magnitude greater than thermal energy,
kgT, that benefits to the stabilization of emulsions but, on the other hand, requires careful
control over their wetting characteristics to realize a reversible phase inversion (i.e.,
significant changes to the hydrophilic/hydrophobic properties).”** Nanoparticles (NPs)
with diameters of ~ 10 nm have binding energies that are comparable to thermal energy

and, as such, their interfacial assemblies are dynamic with constant adsorption and



desorption of the NPs to the interface and cannot stabilize emulsions .**' A range of
tunable electronic, optical and catalytic properties of NPs make them attractive, if the
binding energy can be increased.

Here, we report a simple strategy to realize redox-switchable reversible emulsions by
tailoring the co-assembly of functional POMs with polymers having a complementary
functionality at the oil-water interface. The negatively charged POMs are dissolved in
water, while the amine-terminated polydimethylsiloxanes (PDMS-NH,) are dissolved in
toluene, and the two electrostatically interact at the interface, forming POM—polymer
assemblies. The number and distribution of the anchored polymers across the surface of
the POM dictates its wettability and the type of emulsion stabilized. As such, emulsion
inversion was realized by adjusting the concentration ratio of the POM in the aqueous
phase and the PDMS-NH, in toluene, or the water/oil mixing ratio. The surface properties
of POMs can be altered to mediate the self-assembly behavior. A typical redox POM—
phosphomolybdic acid (PMA, diameter ~ 1.1 nm), was selected, where the number of
negative charges can be enhanced by UV light exposure, that will return to its original
state upon interacting with O,. With these redox reactions of PMAs, the emulsions
stabilized by the PMA-PDMS-NH, assemblies can be reversibly changed between o/w
and w/o. Such reversible emulsion inversion was further conducted on the cyclic catalytic
oxidative desulfurization of benzothiophene (BT), along with product separation. The
light-induced emulsion inversion affords a new strategy for the preparation of high-
internal-phase emulsions (HIPEs, dispersed phase volume fraction over 74%) and related
porous materials. By circumventing complex particle syntheses, our strategy opens
exciting new avenues to advanced, responsive soft matter for remotely controlled delivery

vehicles and release of encapsulated cargo.



RESULTS AND DISCUSSION

Before utilizing PMA—polymer assemblies to stabilize emulsions, the interfacial
assembly kinetics of PMA and PDMS-NH, at the water—toluene interface were
investigated by the time evolution of the interfacial tension (y) using a pendant water
droplet within an oil phase. Dissolved in water, H;PMo,,0,, is stable and is a discrete
anion with 3 negative charges on its surface (balanced by countercations), usually written
as [PMo0,,04]*. [PMo0,,04]* is not active at the water—toluene interface (Figure S1), due
to the inherent negative charge of the interface,* where the y between an aqueous solution
of [PMo0,,0,4]* and toluene is 33.5 mN m™, close to that between pure water and toluene
of 36 mN m™. PDMS-NH, (molecular weight, MW = 2,000 g mol™), dissolved in toluene
on the other hand, assembles into a monolayer at the interface, reducing y to 30 mN m'
within 500 s at a PDMS-NH, concentration of 0.02 mM (Figure S1). With PMA (0.05 mg
mL™") in the aqueous phase, a very rapid reduction in p to 17 mN m™ was observed (Figure
la), indicating that the negatively charged [PMo,O4]" electrostatically interacts with
protonated PDMS-NH,, i.e., PDMS-NH;*, where the pH of PMA aqueous solution is ~
4.0 and the pK, of -NH, is ~ 9, forming a monolayer of PMA—polymer assemblies at
the interface (Figure S2).** In a typical PMA—polymer system, when the concentration of
the PDMS-NH, solution was varied and the aqueous solution of PMA was fixed at 0.05
mg mL", the initial rate at which the y decreased was found to increase with increasing
PDMS-NH, concentration and y reached lower value. Above a concentration of 0.2 mM, y
did not decrease further and remained constant at ~ 15 mN m™.. If, on the other hand, as
the concentration of PMA was increased from 0.005 mg mL™" to 1 mg mL™" with a fixed
PDMS-NH, concentration of 0.02 mM, the results in Figure 1b were obtained. For low
concentration of PMA (0.005 mg mL™"), the reduction in y was gradual, with y decreasing
to 27 mN m™'. As the concentration of PMA was increased, the reduction in y was much

more rapid, and p decreased to 11 mN m™'. This behavior demonstrates the dependence of



the assembly kinetics on the concentration of both components. It should also be noted
that the initial rapid reduction in y was followed by a second, slower process that leads to
a continued slight decrease in y with time. This slow process can be attributed to the

rearrangement of the PMA-PDMS-NH, assemblies at the interface to increase the areal

density.
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Figure 1. (a) Dynamic interfacial tension of 0.05 mg mL"' PMA aqueous solution in contact with a
toluene solution of PDMS-NH, at different concentrations. (b) Dynamic interfacial tension for a fixed
concentration of PDMS-NH, (0.02 mM) with an increasing concentration of PMA from 0.005 to 1 mg
mL". (c) Emulsions prepared by the combination of PMA aqueous solution and PDMS-NH, toluene
solution at different conditions: (i) [PMA] = 20 mg mL™', [PDMS-NH,] = 10 mM, water/oil ratio is 5:5

(v/v); (i) [PMA] = 20 mg mL™", [PDMS-NH,] = 40 mM, water/oil ratio is 5:5 (v/v); (iii) [PMA] = 5 mg



mL™, [PDMS-NH,] = 10 mM, water/oil ratio is 5:5 (v/v); (iv) [PMA] = 20 mg mL™, [PDMS-NH,] =
10 mM, water/oil ratio is 3:7 (v/v). The oil phase was stained with Nile red (0.01 mM).

Having quantified the kinetic profiles for PMA-PDMS-NH, assembly, the formation
and stabilization of emulsions was investigated. Neither PMA or PDMS-NH, stabilized
emulsions (Figure S3), as would be expected. When agitated, equal-volume mixtures of
aqueous solutions of PMA and PDMS-NH, solutions in toluene formed emulsions. The
emulsified systems coalesced rapidly at low concentration of either PMA (2 mg mL™' for a
fixed concentration of PDMS-NH, (40 mM)) or PDMS-NH, (0.5 or 2 mM for a fixed
concentration of PMA (5 mg mL™")) (Figure S4), where PMA-PDMS-NH, assemblies
show extreme hydrophobicity (a number of PDMS-NH, chains attached on one PMA) or
hydrophilicity (PMAs anchored few PDMS-NH, chains), corresponding to the slow
reduction in and higher ultimate value of y (Figure 1a,b). Increasing the PMA or PDMS-
NH, concentration to a critical value, e.g., 5 mg mL"' PMA for a fixed concentration of
PDMS-NH, (40 mM), resulted in stable emulsions.

Insight into the formation and control of these stable emulsions was obtained by
investigating the parameters that govern the emulsion type and droplet size. We first
considered a system formed from equal-volume mixtures of 20 mg mL"' PMA aqueous
solution and solution of 10 mM PDMS-NH, in toluene. Typical o/w droplets were
observed (Figure 1c(i)). If the concentration of PMA aqueous solution is fixed, and that of
PDMS-NH; in toluene increased to 40 mM and, a w/o emulsion was observed (Figure
Ic(ii)). This phase inversion arises from the variation in the wettability of PMAs by
attaching more PDMS-NH, chains that leads more hydrophobic characteristics. The
increase in PDMS-NH, concentration resulted in the reduction in droplet size from 18.5 +
2.1 to 8.4 = 1.1 um, which arises from the increased interfacial area that is stabilized in
these emulsions. The dramatic decrease of the electrical conductivity (from 1955 to 0.011

uS cm™) provided further evidence of the emulsion inversion. If, on the other hand, the



concentration of PDMS-NH, was fixed at 10 mM and the PMA concentration reduced to 5
mg mL™", a transition to a w/o emulsion occurred as well (0 uS cm™) (Figure 1c(iii)),
where the droplet diameter increased to 21.5 £ 2.2 um due to a decrease in the amount of
interfacial assemblies. The phase inversion was also induced by lowering the volume ratio
of water and oil to 3:7 with the fixed concentrations of PMA aqueous solution (20 mg
mL™") and PDMS-NH, toluene solution (10 mM) (Figure 1c(iv)). This was accompanied
by an increase in droplet size (32.9 £ 5.1 um). This transition can be attributed to the
decrease in the PMA/PDMS-NH, ratio that yields more hydrophobic PMAs, and the
increase in the volume fraction of the oil phase, tending to invert the continuous phase. To
demonstrate these, we conducted two control experiments. First, the emulsions were

prepared such that the volume ratio of water and oil was 5:5, and the concentrations of

PMA aqueous solution and PDMS-NH, in the toluene were 12 (= 20 x %) mg mL"' and 14
(=10 x ;) mM, respectively, having the same ratio of PMA/PDMS-NH, with the system
in Figure 1c(iv). Second, 33 (= 20 + %) mg mL"' PMA aqueous solution and 7 (= 10 +

%) mM PDMS-NH, solution in toluene were used to generate emulsions with a volume

ratio at 3:7, where they kept the same ratio of PMA/PDMS-NH, with the sample in Figure
Ic(i). Emulsion inversion was observed for both cases by controlling one of the variables
(Figure S5a,b).

On the basis of the dynamic assembly behavior of PMA-PDMS-NH,, tailor made
emulsions were produced by engineering either one component of these two or both
simultaneously, or the water/oil mixing ratio. In situ changing the attributes of one

component, especially photolytically, capitalizing on controlling the number of negative
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charges on the surface of the PMAs, affords a straightforward, practical means to
customize their emulsion behavior. We assessed the redox-responsive properties of PMAs,
that can be photochemically reduced in the presence of an electron (e”) donor, such that
they have more negative charges, and be reoxidized in air or by use of any of a number of
oxidizing agents.”?** A water-soluble O-(2-Aminoethyl)polyethylene glycol (PEG-NH,,
MW = 3,000 g mol") was used here, as the e~ donor (derived from protonated amine
group on the polymers, i.e., -NH;"), providing a model molecule to redox responsively
interact with the PMA. The PMA aqueous solution (containing PEG-NH,) had a light
yellow color with no obvious absorption from 380-800 nm wavelength. After UV
irradiation for 15 min, the solution changed to a blue color, a characteristic of the valence
of Mo (V) or Mo’***44! with a proton and charge transfer mechanism between PMA
molecule and —NH;* species (Scheme S1).*>3¢ This had a broad absorption in the visible
centered at ~ 660 nm (Figure S6). Pumping in O, (1 h) converted the appearance and
absorption spectrum of the solution back to the pristine state along with the return of the

Mo atoms to VI or Mo® 3>

To quantify the impact of the Mo atom valence on the surface charge properties of
PMAs, we used X-ray photoelectron spectroscopy (XPS) to probe the details of the redox
processes. Zooming in the spectra, where the sample was prepared from aqueous solution
of PMA and PEG-NH,, allows us find the binding energy level of the 3d orbital of Mo
(Mos,) in PMAs (Mo®") decomposed into two spin-orbitals of 3ds, and 3d,, with peaks at
231.49 and 234.69 eV, respectively (Figure S7).* Two new shoulder peaks at 230.18 and
233.29 eV appeared for the sample prepared from the solution after UV irradiation that
are assignable to the 3ds, and 3d,, levels of Mo, respectively. The ratio between integral
area of the peaks at 230.18 and 231.49 eV, i.e., As30.18/A231.49, after peak-differentiation, or
As3320/Az460, 18 0.51. This demonstrates that around one third of the Mo atoms were

converted from Mo to Mo in the PMAs, resulting in an average of 7 negative charges
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on the surface of PMAs after reduction (based on the assumption that one PMA molecule
carries 15 negative charges on its surface if all Mo atoms are reduced”). The
characteristic peaks for Mo’ disappeared as the sample was oxidized by O,. Zeta
potential of PMA aqueous solution after photoreduction and subsequent oxidation
changed from -39.4 to -66.9 and to -42.2 mV (Figure S8), providing further evidence for
the enhancement and return of the number of negative charges on the surface of PMAs in
these processes.

We next examined the programmable interfacial assembly behavior of PMA with
PDMS-NH, and their stabilized emulsions that are produced by the in situ triggered
change on PMAs. Here, we began with o/w emulsions prepared from equal volumes of 20
mg mL™"' solution of PMA in water and a 10 mM solution of PDMS-NH, in toluene. Upon
UV irradiation (5 min of exposure at 365 nm) and re-emulsification, the emulsions were
inverted to the w/o type (Figure 2a). As demonstrated above, UV irradiation led to an
increase in the number of negative charges on the surface of PMAs, such that more
PDMS-NH, chains can anchor to the PMAs. Consequently, the phase inversion can be
attributed to the increased hydrophobicity of PMA-PDMS-NH, assemblies. Bubbling O,
into the emulsions led to the oxidation of PMAs, allowing the w/o emulsions return to o/
w emulsions. Replacing O, with nitrogen (N,) as a control, yielded no change (Figure S9).
The reversibility of the emulsion inversion was highly repeatable, without substantial

change to the emulsion morphology in 3 cycles for each corresponding point (Figure S10).
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Figure 2. (a) Macroscopic and fluorescence microscopy images of reversible emulsions achieved by
PMA-PDMS-NH, assemblies through UV light/O, triggers. [PMA] = 20 mg mL™', [PDMS-NH,] = 10
mM, water/oil ratio is 5:5 (v/v). (b) Conductivity of emulsions stabilized by 20 mg mL"' PMA aqueous
solution and PDMS-NH, toluene solution with varying concentrations (0.5-40 mM) in a redox
process. Water/oil ratio is 5:5 (v/v). (c) Average droplet diameter of emulsions stabilized by 20 mg mL"
' PMA aqueous solution and PDMS-NH, toluene solution with varying concentrations (0.5-40 mM) in

a redox process. Water/oil ratio is 5:5 (v/v).

To investigate the influence of the PMA/PDMS-NH, ratio on the redox-induced
emulsion inversions, we prepared a series of emulsions from equal volumes of a 20 mg
mL" aqueous solution of PMA and toluene solutions of PDMS-NH, varying the
concentration from 0.5-40 mM. In keeping with the results in Figure 1c, for
concentrations of PDMS-NH, < 10 mM, o/w emulsions were found, while at higher
concentration of PDMS-NH, (40 mM), w/o emulsions were found (Figure S11). For
lower concentration of PDMS-NH,, fewer polymer chains anchored to the PMAs at the
interfaces, leading to a greater hydrophilicity of the interfacial assemblies, a higher

conductivity and a larger droplet size (Figure 2b,c). Decreasing the concentration of
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PDMS-NH, to 0.2 mM prevented emulsion formation. Upon exposure to UV light, w/o
emulsions formed even though the PMA-PDMS-NH, assemblies have strong hydrophilic
characteristics for the case of 0.5 mM PDMS-NH, (Figure S11), where the conductivity
of the emulsions decreased to near zero and the size of droplets increased several times
(e.g., for a 0.5 mM concentration of PDMS-NH,, the conductivity decreased from 4590 to
0.058 uS cm™ and the droplet size increased from 10.6 £ 1.0 to 31.7 £ 2.7 um). The
increase in the droplet size arises, more than likely, from the increased electrostatic
repulsion between PMAs at the interface that causes the separation distance between
PMAs to increase. Subsequent oxidation (by injecting O,) caused the emulsions invert to
the o/w state. However, the emulsion droplets were larger than those in the original
emulsions. This may arise from the relatively weaker emulsifying ability for the in situ
changed interfacial assemblies compared to the pristine ones.

These reversibly switchable emulsions, are well-suited for biphasic cyclic catalysis
and product separation, since PMAs not only act as interface immobilizers (assisted by
polymer ligands) but also are effective catalysts for many reactions (e.g., esterification of
benzoic acid and butane-1-ol, Diels—Alder reaction of quinone, and oxidation of ethylene
to acetic acid). The oxidation of sulfide compounds to sulfone products was selected as a
model example (Figure 3a), since the removal of sulfur in fuel oils is an environmentally
important topic, it undergoes conventionally complex multi-step operations, and it
characteristically has low efficiency.* For a typical experiment, an n-octane solution (1
mL) of benzothiophene (BT, a typical sulfur compound, 100 ppm) and PDMS-NH, (10
mM) was mixed with the aqueous phase (1 mL) containing PMA (20 mg mL™) and
hydrogen peroxide (H,0,, ca. 0.24 mg mL", slightly higher than stoichiometry) to give o/
w emulsions. The oxidation reaction of BTs (in the dispersed oil phase) took place at the
interfaces using PMA as the catalyst with the participation of oxidizing agent H,0O, in

water. The emulsions were stirred at 40 °C. The reaction process was monitored by
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UV-vis spectroscopy by analyzing the oil phase that was collected after centrifugation
and subsequent extraction with dimethyl formamide (DMF) at different reaction stages
(Figure 3b). Pure BTs show four characteristic absorption peaks at 269, 280, 289, and 298
nm. As the reaction proceeded, the characteristic adsorption of BTs became weaker. The
UV-vis spectra of the DMF solution had a broad adsorption from 265 to 340 nm and its
intensity leveled off, corresponding to the adsorption of the oxidation products. The
reaction was completed in 4 h. The S, S-dioxide product, benzothiophene 1,1-dioxide
(BTDO), was verified by nuclear magnetic resonance (NMR) results (Figure S12). The
oxidation conversion of BTs to BTDOs, or the sulfur removal efficiency (S,-S/S,), where
So and S, are the BT content in the extracted oil phase at time O h and ¢ h, respectively, was
determined using a fluorescent UV sulfur analyzer and plotted as a function of reaction
time (Figure 3c). The sulfur removal reached 90.7% after reaction time of 4 h, which was
far superior to that of the planar oil-water interfacial catalysis (no more than 45% after 4
h reaction), indicating the superiority of the emulsion process for biphasic catalysis and
product extraction or removal. The BT removal value is likely to be related to the
extraction efficiency rather than the catalytic reaction. Therefore, the extraction with DMF
on centrifuged n-octane solution was further conducted three times and, the BT removal

reached up to 99.6%, meaning that 0.4 ppm BTs was left.
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Figure 3. (a) Schematic illustration showing a redox-switchable reversible emulsion for cyclic catalytic
oxidative desulfurization of BT. (b) UV—vis spectra of DMF solution extracting the reacting oil phase
once (equal volume) over reaction time. (¢) Sulfur removal of the reacting oil phase extracted once by
equal volume of DMF as a function of reaction time. (d) Sulfur removal of the oxidized oil extracted 3
times by equal volume of DMF in 4 cycles.

Aside from extracting the oxidation products from the centrifuged oil, analyzing the
interfacial catalysis, and collecting related compounds can be achieved by inverting the o/
w emulsions into w/o emulsions. Specifically, an emulsion system prepared with the same
parameters in Figure 3c was irradiated by UV light for 5 min after completing the
catalysis reaction (4 h). Subsequently, the emulsion was converted to w/o type with re-
emulsification and the microscopic morphology is similar to the middle sample in Figure
S4a, containing 0.55 mL of a nearly clear upper oil phase and 1.45 mL bottom stable
emulsion. The oil was carefully extracted and rinsed three times with fresh n-octane. The

oil was then extracted with DMF solvent three times and, concentrated to around 1 mL to
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allow the next step of oxidation product analysis. A removal yield of BTs (99.7%) was
found (Figure 3d). Finishing the oxidation and product separation, refilling n-octane
solution of BT (0.3 mg, keep total concentration still at 100 ppm) and PDMS-NH, (7.4
umol, details about replenished stocks are given in the Catalytic Reaction Section in
Supporting Information) to around 2 mL of total system was followed for the next cycle of
sulfur removal. Before the second catalytic cycle, the w/o emulsion was inverted back to
o/w emulsion by injecting O, and re-emulsification and, H,O, (0.24 mg) was also added to
the aqueous phase. As shown in Figure 3d, the BT removal was 99.6% with the same
treatment methods of the first cycle for product separation. This value remained at 98.4%
after four consecutive runs. Such a slight decrease was, more than likely, caused by the
partial loss of the catalyst during the reaction cycle. This highly efficient and cyclable
catalytic oxidative desulfurization not only avoids sophisticated catalyst design but also
provides a simple strategy to streamline the oxidative desulfurization of fuel oil, in which
the catalyst loss, filter blocking, intensive energy consumption of catalyst separation, and
recycling (usually undergo centrifugation, filtration, and purification steps) are inevitable
with homogeneous catalysis or conventional emulsion catalysis.

The controllable ability to invert these emulsions by adjusting the PMA/PDMS-NH,
ratio by varying the concentrations of both components, the water/oil ratio, and the
number of negative charges on the PMAs, affords a simple route to high-internal-phase
emulsions (HIPEs), commonly referred to as super-concentrated emulsions, with a
minimum internal-phase volume fraction of 0.74. These are widely used in food
processing, pharmaceutical formulations owing to their tunable rheology, and tissue
engineering and materials science as templates to generate highly porous materials.*
We first produced a series of emulsions by mixing 20 mg mL"' PMA aqueous solution and
10 mM PDMS-NH, toluene solution in various volume ratios (1:9-8:2), and then

examined the responsive behavior of the emulsions upon exposure to UV trigger (Figure
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S13). Consistent with the results in Figure lc, the emulsions tended to be o/w for
water/oil ratio > 5:5. Exposure to UV light, the o/w emulsions were inverted to w/o for
samples with water/oil ratios of 5:5 and 7:3, but not for samples with a water/oil ratio
higher than 8:2. This inability of these emulsions to invert arises, more than likely, from
the insufficient number of polymers to render the photoreduced higher charged PMAs
hydrophobic. Increasing the concentration of PDMS-NH, to 100 mM, o/w emulsion was
found when the water/oil mixing ratio is 8:2 (Figure 4a(i)) and, a stable inverted w/o
HIPE was realized upon UV irradiation and re-emulsification (Figure 4b(i)), where close-
packed w/o droplets were observed. The cryo-scanning electron microscopy (cryo-SEM)
images further confirmed that the inverted w/o droplets were crowded and deformed,
while initial o/w droplets were loosely distributed in the continuous phase (Figure
4a(ii),b(ii)). The compacted droplets in the continuous phase had significant impact on the
viscoelasticity of the emulsion system, and, therefore, its processing.**** Figure 4c¢ shows
the change in the elastic modulus (G") and viscous modulus (G") of emulsions as a
function of shear strain. In the case of original o/w emulsion, both G' and G" showed low
values (< 1.6 Pa), and G" was consistently larger than G’ at all strains, exhibiting fluid
properties. For w/o HIPE, a linear viscoelastic region was observed at low strain values (<
0.25%), where G' and G" depended only slightly on strain and G’ (200.5 Pa) was
dominant over G" (56.6 Pa), which are hallmarks of elastic gel-like structures. In
comparison to HIPEs stabilized by modified nanoparticles, HIPE covered with PMA-
PDMS-NH, assemblies had significantly greater mechanical strength.** This can be
attributed to the entanglement of polymer chains anchored to the PMAs that improves the
adhesion and connectivity between the compacted droplets, resulting in the gel-like
rheological behavior of the HIPE system.*” For the shear strain over the linear viscoelastic
region, G' gradually decreased. Above a critical strain (24.99%), G" (69.8 Pa) became

larger than G’ (66.9 Pa), such that a solid-like to liquid-like transition occurred. The
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viscosity curves of these two systems are shown in Figure 4d, as a function of shear rate.
Compared to o/w emulsion having high fluidity with a shear-independent viscosity of
0.15 Pa-s, HIPE had high viscosity of 719 Pa-s at low shear rate of 0.1 s”'. The value
dropped rapidly and monotonically to 19.1 Pa-s at 10 s™', and finally leveled off (3.4 Pa-s)
at higher shear rates, showing typical shear-thinning behavior where high shear stress
destroys the entanglement of the polymer chains and even macrostructure of the
compacted droplets. Such elastic characteristic and shear-thinning behavior of the HIPE
system enable it to flow through a nozzle during pressure-driven extrusion and has
adequate mechanical strength to withstand the layer stacking after extrusion, making it
easy to process, as for example by 3D printing. As such, a rose-like sample was printed
with HIPEs (Figure 4d). The HIPE inks have the potential to diversify the applications of
3D printing in foods, cosmetics, drug delivery systems, and packaging materials.
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Figure 4. Macroscopic and fluorescence (i) and cryo-electron (ii) microscopy images of (a) original o/
w emulsion and (b) inverted w/o HIPE. [PMA] = 20 mg mL™', [PDMS-NH,] = 100 mM, water/oil ratio
is 8:2 (v/v). (¢) G' and G" as a function of shear strain of the corresponding emulsions shown in (a)
and (b). The frequency is kept constant at 1 Hz. (d) Viscosity as a function of shear rate of the

corresponding emulsions shown in (a) and (b). The strain is kept constant at 0.1%. Inset showing
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extrusion-printed rose pattern with inverted w/o HIPEs. (e) Scanning electron microscope (SEM)
image of HIPE-templated porous material. (f) The surface temperatures of porous PTMPTA with open

cells, dense PTMPTA, and commercial thermal insulation foam on a hot stage over time.

Following the 3D printing of HIPEs, we prepared porous materials by
polymerization and freeze-drying by adding (trimethylolpropane triacrylate, TMPTA,
20% vlv with respect to oil phase) and photoinitiators (2-hydroxy-2-methyl
propiophenone, 1% v/v) to the oil phase. As shown in Figure 4e, the porous sample
showed interconnected open-cell structures, where the pore size and shape were
commensurate with the corresponding emulsion droplets. Such interconnected porous
structures arise from the rupture of thin oil layers between compacted water droplets due
to interfacial instabilities induced by temperature and concentration gradients during the
polymerization.*® We then investigated the thermal insulation of HIPE-templated porous
materials—porous PTMPTA. Dense PTMPTA (polymerizing the monomers directly in
oil) and commercial thermal insulation foam (chemically cross-linked polyethylene foam,
XPE foam) with the same thickness were used for comparison. The time dependence of
the surface temperature of the three samples was recorded when holding on a hot stage set
at 42.2°C over time using a thermal imager. It was found that the porous PTMPTA had
the largest temperature difference between the hot plate surface and the sample surface
(6.4°C) after the surface temperature reached a constant value (~ 10 min), as shown in
Figure 4f. In contrast, the surface temperature of the commercial foam and dense
PTMPTA increased rapidly with smaller temperature differentials (4.3 and 1.5°C,
respectively) with the hot plate. These results indicate that the porous structure with open
cells contributes to excellent thermal insulation performance. This provides a simple
method to expand the library for creating HIPEs or related materials, including the
chemical selection of both interfacial immobilizers and mixing systems, since

conventional means inevitably require either the delicate surface modification or detailed
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synthesis of colloids to achieve a well-defined hydrophilic/hydrophobic ratio, allowing the
stabilization of HIPEs. We note that achieving the correct hydrophilic/hydrophobic ratio
is critical. The HIPE-templated materials described here may further find numerous
applications as tissue scaffolds, sensor materials, supports for solid phase synthesis, and

hydrogen storage.
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CONCLUSIONS

In summary, a simple method to achieve tailor made emulsions was demonstrated by
manipulating the co-assembly of PMA and PDMS-NH, at water/oil interfaces.
Programming the concentration of the components in each phase or PMA’s surface
properties by a redox-switchable means to controllably and reversibly invert emulsions not
only circumvents complex chemical syntheses and surface modifications of responsive
particles to pursue diversified emulsions, but it is general and readily replaced by a wide
range of nanoparticles, polymers, and responsive functionalities, well beyond the initial
model described here. As a proof of concept, two applications based on the customized
emulsion behavior were demonstrated, specifically, cyclable catalytic oxidative
desulfurization by using the catalytic function of PMAs and the reversible emulsion
inversion, and preparation of HIPEs and related porous thermal insulation materials based
on the regulation of the morphology and mechanical properties. A broad range of
applications is envisioned for these responsive soft matters or prescribed emulsion-based
materials in cosmetics, coatings, nanomedicines, biomedical tissues, chemical
engineering, and materials science by designing specific functionalities or stimuli for the

nanoparticles and/or polymer ligands.
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