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Abstract: Using amphiphilic molecular brushes to stabilize
emulsions usually requires the synthesis of specific side
chains, which can be a time-consuming and difficult
challenge to meet. By taking advantage of the electrostatic
interactions between water-soluble molecular brushes and
oil-soluble oligomeric ligands, the in-situ formation,
assembly and jamming of molecular brush surfactants
(MBSs) at the oil-water interface is described. With MBSs,
stable emulsions including o/w, w/o and o/w/o can be easily
prepared by varying the molar ratios of the molecular brush
to the ligands. Moreover, when jammed, the binding energy
of MBSs at the interface is sufficiently strong to allow the
stabilization of liquids in nonequilibrium shapes, i.e.,
structuring liquids, producing an elastic film at the interface
with exceptional mechanical properties. These structured
liquids have numerous potential applications in fields of
chemical biphasic reactions, liquid electronics, and all-liquid
biomimetic system.

Emulsions have been widely studied and applied in a
broad range of fields, including pharmaceutics,
cosmetics, and food industries.’* In general,
amphiphilic small molecules, linear diblock copolymers,
and colloidal particles are used as emulsifiers to stabilize
the liquid-liquid interface, reducing the interfacial
energy and preventing the coalescence between
emulsion droplets.'®® By fine-tuning the hydrophilic-
lipophilic balance of the emulsifiers at the interface or
the volume ratios of the two liquids, different types of
emulsions, e.g., oil-in-water (o/w) and water-in-oil (w/0)
emulsion can be achieved.”” Recently, a newly
developed emulsifier, termed a nanoparticle surfactant,
formed by the interactions between nanoparticles and
polymeric/oligomeric ligands at the oil-water interface,
has shown promising potentials in stabilizing emulsion
droplets and, more attractively, locking the shape of the
liguids in nonequilibrium shapes by the interfacial
jamming of the nanoparticle surfactants at the interface.
110131 By taking advantage of nanoparticle surfactants,
liquids can be processed into arbitrary shapes, using
liquid molding or all-liquid 3D printing strategies,
opening a pathway to fabricate complex, reconfigurable
liguid devices for mass or ion transport,

compartmentalized reactions, and encapsulation.!+18l
This cooperative assembly approach is universal, and
can be applied to nanoparticles of different sizes,
shapes, and chemical compositions. For example,
spherical silica NPs (0D),"**?% cellulose nanocrystals
(1D),2*22 and MXenes/graphene oxides (2D)?*2?%! have
been used to generate nanoparticle surfactants to
structure liquids.

Among the numerous nanomaterials, molecular
brushes (MB), polymers having numerous polymeric side
chains that are densely grafted to a macromolecular
backbone, have attracted attention due to their unique
molecular architecture.?®?! Unlike linear polymers that
are entangled, the steric crowding of the side chains in
the molecular brushes stiffen the backbone, leading to
the formation of cylindrical nanostructures with lengths
that can exceed hundreds of nanometers.®*® A broad
variety of structural diversity can be achieved with
molecular brushes. The grafting density,
side-chain/backbone length, as well as the chemical
composition can be tailored to meet specific demands.
1300 By grafting both hydrophobic and hydrophilic side-
chains to the backbone, the amphiphilic MB can behave
as a polymeric surfactant to stabilize emulsions, with
higher emulsifying efficiencies in comparison to their
linear diblock analogues (Figure 1a).3'3% Less attention,
though, has been given to amphiphilic molecular
brushes, due, in part, to the chemical specificity and the
lineal densities of the side-chains needed to ensure
solubility of the resultant MB in either the oil or water
phase.?**! This complicates the synthesis of the MBs
and limits their application.

Here, we report a simple and versatile strategy to
generate molecular brush surfactants (MBSs) at the oil-
water interface, using interfacial interactions between a
hydrophilic MB in the aqueous phase and hydrophobic
ligands in the oil phase (Figure 1b). A “Janus-type” MBSs
forms in-situ at the interface, significantly reducing the
interfacial energy. The “Janus-type” MBSs are very
efficient emulsifiers that stabilize o/w and w/o emulsions
and, unexpectedly, multiple emulsions. Due to the
increased rigidity of the backbone chain and the high
binding energy of MBSs at the interface, a jamming



MBSs at the interface occurs at the interfaces when the
interfacial area is decreased, leading to robust
assemblies with exceptional mechanical properties that
stabilize nonequilibrium liquid shapes (Figure 1c).
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Figure 1. Schematic representation of a spherical droplet stabilized
by (a) amphiphilic MB and (b) MBS. (c) Schematic representation of a
droplet in a nonequilibrium shape, with MBSs jammed at the
interface. (d) Schematic representation of amphiphilic MB,
hydrophilic MB and hydrophobic ligand.

As a proof-of-concept, we use poly(2-hydroxyethyl
methacrylate)-g-poly(acrylic acid) (PHEMA-g-PAA) and
amine-functionalized polyhedral oligomeric
silsesquioxane (POSS-NH;) to generate MBSs at the
toluene-water interface (Figure 2a). A detailed synthesis
of PHEMA-g-PAA is given in the Supporting Information
(Scheme S1, Figure S1-S4). The grafting ratio of PAA
side chains is ~90%, and the length of cylindrical
PHEMA-g-PAA is several hundreds of nanometers, with a
diameter of ~30 nm (Figure S5). MB-90 designates
PHEMA-g-PAA with 90% grafting ratio of PAA side chains.
Prior to investigating the kinetics of the MBS formation
and assembly at the toluene-water interface, the effect
of pH on the interfacial activity of MB-90 and POSS-NH,
is systematically studied. As shown in Figure 2b-c, with
MB-90 dissolved in water against pure toluene, weak
interfacial activity is observed at higher pH (> 7.0), with
an equilibrium interfacial tension of ~34 mN m™, close
to that of the pure toluene-water system (~36 mN m™).
As the pH decreases, a gradual reduction in the
interfacial tension is obtained, indicating an increased
interfacial activity of MB-90. Since MB-90 is rich in
carboxylic acid groups, at lower pH, the degree of
protonation of the carboxylic acid groups increases,
leading to the enhanced hydrophobicity of MB-90 and,
therefore, the spontaneous segregation of MB-90 at the
toluene—water interface (Figure 2b). For POSS-NH,
dissolved in toluene against pure water, the relatively
low interfacial tension over a wide pH range (2.0-8.0)
indicates the surfactant nature of POSS-NH, (Figure S6).
As the pH decreases, an enhanced interfacial activity of
POSS-NH, is also observed due to the increased degree
of protonation of the amine groups and enhanced
hydrophilicity. However, when the interfacial assemblies
of either PHEMA-g-PAA or POSS-NH, are com-pressed, no
wrinkling is observed, indicating that the binding
energies of MB-90 and POSS-NH, are not sufficient to
with-stand the compressive force, and the molecules are
ejected from the interface (Video S1).

The pH dependence of the interfacial activity of the
MBSs is manifest in the behavior of MB-90 dissolved in
water against POSS-NH, dissolved in toluene, and is
dictated by the carboxylate-ammonium ion pairing. As
shown in Figure 2d-e, by decreasing pH from 9.0 to 3.0,

a reduction in the interfacial tension from ~28 to
extremely low ~4 mN m? is observed, indicating the
formation and assembly of MBSs at the interface,

significantly decreasing the interfacial energy. At a pH of
3.0, when the volume, and, therefore, interfacial area of
the droplet is reduced to compress the interfacial
assembly, a wrinkling of the interface is observed,
indicating a jamming of the MBS assembly and the
“solid-like” characteristics of the assembly (Video S2).
We note that no relaxation of wrinkles is observed, due
to the mechanical strength of the interface (Figure S7).
These results give strong evidence that the binding
energy of MB-90 is markedly increased due to the
interfacial interactions with POSS-NH,. The surface
coverage of MBSs decreases with the increasing pH,
which is related to the interfacial activity of MBSs (Figure
2e). As shown in Figure 2f, by increasing pH, both MB-90
and POSS-NH, are less protonated, weakening the
electrostatic interactions and suppressing the formation
of MBSs at the interface. By varying the concentration of
either MB-90 or POSS-NH,, the interfacial activity, as well
as the surface coverage of MBSs can be adjusted, as
shown in Figure S8. In the following experiments, the pH
of the aqueous phase is fixed at 3.0, to ensure that the
interfacial activity and surface coverage of the MBSs are
sufficiently high for the generation of all-liquid
constructs,

including emulsions and structured liquids.
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Figure 2. (a) Chemical structures of the PHEMA-g-PAA (MB-90) and
POSS-NH,. (b) Time evolution of interfacial tension and (c)
equilibrium interfacial tension between MB-90 aqueous solution and
pure toluene with different pH values. [MB-90] = 0.1 mg mL™. (d)
Time evolution of the interfacial tension and (e) equilibrium
interfacial tension between MB-90 aqueous solution and POSS-NH;
toluene solution with different pH values. [MB-90] = 0.1 mg mL?,



[POSS-NH,] = 0.1 mg mL? (f) Schematic representation of the
interfacial activity of MBSs with different pH values.

To understand the robust nature of the interfacial
assemblies formed by MBSs, linear PAA (L-PAA, M,, = 2.0
K) was used as a control to interact with POSS-NH; at the
interface. As shown in Figure S9, with L-PAA dissolved in
water against POSS-NH, dissolved in toluene, the
interfacial tension decreases to ~5 mN m™, similar to
that seen for the toluene-water system having MBSs at
the interface. However, when the droplet is compressed,
no wrinkling is observed, indicating the binding energy
of linear PAA is too low to support the compressive load
at the interface (Figure 3a and Video S3). In comparison
to MBSs with a cylindrical nanostructure, L-PAA is a
random coil in the aqueous phase with a much smaller
characteristic size at the interface, and the reduction in
the interfacial energy for each L-PAA chain is very low.
As a result, L-PAA easily desorbs from the interface even
with electrostatic interactions between PAA and POSS-
NH,, and the interface exhibits  “liquid-like”
characteristics. The mechanical properties of the
interfacial assemblies can also be adjusted by varying
the grafting ratio of the side chain. As shown in the
atomic force microscope images (Figure S5), in
comparison to MB-90, MB-40, PHEMA-g-PAA with a 40%
grafting ratio of PAA, shows a more flexible structure.
When using MB-40 and POSS-NH, to generate MBSs at
the interface, it is found that, at different pH values, the
measured interfacial tensions are almost the same as
the data shown in Figure 2 (Figure S10-S11, the degree
of polymerization (DP) of the backbone and, therefore,
length of MB-40 and MB-90 are equal). However, due to
the significant reduction in the number of PAA side
chains in MB-40, the surface coverage has slightly
decreased. At a pH of 3.0, nearly full surface coverage
(~100%) is reached with the MB-90-based system, while
only ~75% surface coverage is obtained with the MB-40-
based system (Figure 3a and Video S4). To quantify the
mechanical properties of MB-40 and MB-90-based
interfacial assemblies, the storage moduli E’'(w) and loss
moduli E"(w) were measured by oscillatory pendant
drop tensiometry/rheometry at low concentrations. As
shown in Figure 3d-e, for both MB-40 or MB-90-based
assemblies, E'(w) is always higher than E”(w) in the
frequency range from 0.01 tol Hz, indicating the elastic
nature of interfacial assemblies. Moreover, the E’'(w) of
the MB-90-based assemblies is significantly higher than
that of the MB-40-based assemblies, indicating the more
solid-like nature of MB-90-based assemblies.
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Figure 3. The snapshots of droplet’s morphology evolution in an
extraction of different oil-water systems including (a)
L-PAA@water/POSS-NH.@toluene, (b) MB-40@water/POSS-
NH.@toluene, and (c) MB-90@water/POSS-NH.@toluene, [L-PAA] =
0.1 mg mL? (0.05 mM), [MB-40] = 0. 06 mg mL* (6 x 10 mM), [MB-
90] = 0.1 mg mL?* (6 x 10* mM), [POSS-NH,] = 0.1 mg mL?, pH =
3.0. Storage and loss dilatational moduli, E'(w) and E"(w), of (d) MB-
40/POSS-NH, assemblies and (e) MB-90/POSS-NH, assemblies, [MB-
40] = 0.012 mg mL? (1.2 x 10 mM), [MB-90] = 0.02 mg mL* (1.2 x
10* mM), [POSS-NH,] = 0.02 mg mL?, pH = 3.0.

Emulsions were prepared by vigorous mechanical
agitation of the MB-90 solution in water with the POSS-
NH, solution in toluene. Absent POSS-NH,, emulsions do
not form, since the interfacial activity of MB-90 at the
toluene-water interface is weak. With POSS-NH;
dissolved in the toluene, MBSs form in-situ and assemble
at the interface, significantly reducing the interfacial
energy, facilitating the stabilization of emulsions. Figure
4a-c and Figure S13-S14 show the emulsions produced
with varying mass ratio of MB-90 to POSS-NH. from
0.1/10 to 10/0.1, at a constant 1/1 volume ratio of water
and toluene. An evolution of the emulsion from w/o to
oil-in-water-oil (o/w/0), then to o/w is observed, as
evidenced by the creaming/sedimentation of the
dispersed phase and the fluorescent signals from the
dispersed/continuous phases. This demonstrates that
the hydrophilic-lipophilic balance of MBS at the interface
can be effectively adjusted. To the best of our
knowledge, this is the first observation of multiple
emulsion formation, using MB as the emulsifier, in a one-
step process. By varying the water/toluene volume ratio
from 1/8 to 8/1 with a 1 mg mL™* solution of MB-90 in the
water phase and a 1 mg mL™* solution of POSS-NH; in the
toluene phase, w/o and o/w emulsions can also be
obtained (Figure 4d-g and Figure S16-S17). It should be
noted that at a constant water/toluene volume ratio, the
size of emulsion droplets are relatively large, and
irregular shapes are observed, indicative of the
interfacial jamming of MBSs during droplet coalescence,
kinetically trapping these structured emulsions (Figure
S17). All the emulsions studied show excellent stability



with no obvious morphology change after one month
(Figure S15 and Figure S18).

Figure 4. Laser confocal microscope images showing different types
of emulsions including (a) w/o, (b) o/w/o, and (c) o/w with different
mass ratio of MB-90 to POSS-NH; from 10/5 to 10/3, then to 10/0.1 at
a constant 1/1 volume ratio of water and toluene. Nile red is loaded
in toluene. (d-e) Optical and fluorescent microscope images showing
the w/o emulsions at 1/6 volume ratio of water and toluene, with
fluorescein isothiocyanate-conjugated dextran (FITC-dextran) loaded
in water. (f-g) Optical and Laser confocal microscope images
showing the o/w emulsions at 6/1 volume ratio of water and toluene,
with Nile red loaded in toluene. From (d) to (g), [MB-90] = 1 mg mL?,
[POSS-NH;] = 1 mg mL?, pH = 3.0.

Due to the high interfacial activity and rigid nature of
MBSs, the construction of all liquid device with complex
shapes was investigated. As shown in Figure S19, by
jetting an aqueous MB-90 solution into silicone oil with
dissolved POSS-NH,, Plateau—Rayleigh (PR) instabilities
of the aqueous phase are completely suppressed,
forming tubular liquids encapsulated with jammed MBSs.
Using a 3D printer to control the spatial arrangement of
the liquids, spiral tubules of water are produced, which
can be used to transport small molecules (e.g., Nile
blue) and polymers (e.g., dextran) (Figure 5a-c, Figure
S20 and Video S5-56). Also, by using all-liquid molding,
liquid letters spelling “BRUSH” are shown that have
exceptional structural stability, and can be reconfigured
by external environmental stimuli, e.g., pH (Figure S21
and Video S6). Considering the high structural diversity
of MB, tremendous potential applications such as
biphasic reactors and chemical separation can be
imagined by introducing functional groups into the side-
chain or the backbone of MB, which is hard to achieve
by using traditional nanoparticle surfactants.

¥4
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Figure 5. (a-b) Optical microscopy image showing the aqueous
spiral produced by all-liquid 3D printing. (c) Fluorescence microscopy
image showing the transmission of FITC-dextran in the aqueous
spiral. (d) Dyed liquid letters “BRUSH” fabricated by all-liquid
molding. [MB-90] = 10 mg mL?, [POSS-NH,] = 30 mg mL?, pH = 3.0.

In summary, we have described a facile approach to
stabilize biphasic systems by using MBS, which is
formed by the electrostatic interactions between
PHEMA-g-PAA and POSS-NH, at the oil-water interface.
The interfacial activity of MBSs can be effectively
adjusted by varying the pH or concentration of PHEMA-g-
PAA/POSS-NH, solutions. Using MBSs as emulsifiers,
different emulsion types, included o/w, w/o and o/w/o
can be easily obtained by varying the molar ratios of
PHEMA-g-PAA to POSS-NH,. By taking advantage of the
rigid nature and interfacial jamming of MBSs, interfacial
assemblies with excellent mechanical properties can be
generated, and liquids can be structured to desired
shapes using either 3D printing or molding strategy.
More importantly, the inherent structural diversity of
MBSs opens a new pathway for generating
multifunctional all-liquid objects, such as polymersomes
and nanoreactors.
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By taking advantage of the cooperative assembly between hydrophilic molecular brushes and hydrophobic
oligomeric ligands, the formation, assembly and jamming of a new type emulsifier, termed molecular brush
surfactant (MBS), is present. With MBSs at the oil-water interface, stable emulsions including o/w, w/o and o/w/o can
be easily prepared in a one-step process. Moreover, when jammed, the binding energy of MBSs at the interface is

sufficiently strong to allow the stabilization of liquids in highly nonequilibrium shapes, e.g., liquid letters, producing
an elastic film at the interface with exceptional mechanical properties.






