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Shape-Controlled Nanoparticles from a Low-Energy Nanoemulsion
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Nanoemulsion technology enables the production of
uniform nanoparticles for a wide range of applications. However, existing
nanoemulsion strategies are limited to the production of spherical
nanoparticles. Here, we describe a low-energy nanoemulsion method to
produce nanoparticles with various morphologies. By selecting a macro-
RAFT agent (poly(di(ethylene glycol) ethyl ether methacrylate-co-N-(2-
hydroxypropyl) methacrylamide) (P(DEGMA-co-HPMA))) that dra-
matically lowers the interfacial tension between monomer droplets and
water, we can easily produce nanoemulsions at room temperature by
manual shaking for a few seconds. With the addition of a common ionic &
surfactant (SDS), these nanoscale droplets are robustly stabilized at both
the formation and elevated temperatures. Upon polymerization, we
produce well-defined block copolymers forming nanoparticles with a wide range of controlled morphologies, including spheres,
worm balls, worms, and vesicles. Our nanoemulsion polymerization is robust and well-controlled even without stirring or external
deoxygenation. This method significantly expands the toolbox and availability of nanoemulsions and their tailor-made polymeric
nanomaterials.
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spheres.24_27 This is a significant limitation, as the morphology
has been demonstrated to determine both the properties and

Nanoemulsions are kinetically stable dispersions of oil droplets
in water with a typical size of between 20 and 500 nm.' ™ They
have affected a number of fields ranging from drug delivery,*”
pharmaceuticals, and medical imagingé’7 to cosmetics,”’
food,"”"" rheology, and polymer synthesis.'”~"* A particularly
exciting application is the combination of nanoemulsions with
controlled radical polymerization strategies such as reversible
addition—fragmentation chain-transfer (RAFT) polymeriza-
tion. This paves the way for the synthesis of uniform
nanoparticles and high-end-group-fidelity polymers.”>~"" In
comparison to traditional solution polymerization, compart-
mentalization and segregation within nanoscale droplets enable
higher polymerization rates and require a much lower
concentration of free radical initiator, thus significantly
minimizing termination events.”’">* Furthermore, due to the
increased stability and uniform size of nanoemulsions, the free
transfer of monomer and propagating radicals between the
droplets is suppressed.”” Since each droplet contains at least
one propagating radical, all monomer droplets are converted
into polymer nanoparticles, and the resulting particles have a
size similar to that of the original monomer droplets (a 1:1
copy feature).”

Notwithstanding these unique advantages and properties,
nanoemulsion polymerizations still suffer from two significant
drawbacks that hinder their full potential. First, current
nanoemulsion polymerizations can produce only nano-
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applications of nanoparticles.”**” For instance, in comparison
to nanospheres, nanoworms exhibit a longer circulation time,
higher drug loading, enhanced photostability and catalytic
efficiency, and faster diffusion of reagents to the core.”” On the
other hand, vesicles or polymersomes can encapsulate both
hydrophilic and hydrophobic drugs.’** Second, the vast
majority of available nanoemulsion technologies require high
mechanical energy to disperse the oily monomers and form
small nanodroplets.*>** However, high energy may degrade
shear- and/or heat-sensitive monomers (e.g., prodrug mono-
mers).” In addition, in order to produce these intense and
disruptive forces, highly specialized equipment is required such
as high-pressure homogenizers, ultrasound generators, and
high-shear stirrers.'>** This equipment is not widely available
to nonexperts, further complicating the polymerization setup,
poses a high risk of metal contamination, and increases the
overall costs, thus hindering the widespread use of nano-
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Figure 1. Schematic representation of the low-energy nanoemulsion. Azobis(isobutyronitrile), a hydrophobic radical initiator, was dissolved in the

monomer for polymerization.

emulsions.” As such, there is an urgent need to develop new
methods that can prepare nanoemulsions without the need for
a high-energy supply and, importantly, with the ability to
obtain nanoparticles in different morphologies.

To this end, considerable efforts have been devoted to
produce nanoemulsion via low-ener%y methods.”*® For
example, phase inversion composition3 B8 s a widely used
low-energy method in which the slow addition of water to an
inverse water-in-oil macroemulsion reduces the emulsifier
curvature and interfacial tension between water and the oil,
thus decreasing the energy needed to generate nanoemulsion
droplets.”” However, this method typically produces large and
polydisperse nanoemulsion droplets. External stimuli, such as
temperature, have also been exploited to induce a similar phase
transition, although such stimuli may affect heat-sensitive
compounds and restrict the available materials.*” Another
popular method is to dilute an oil-in-water microemulsion
containing thermodynamically stable oil droplets below 20 nm.
Key to this self-emulsification dilution method is the use of
highly water soluble coemulsifiers or solvents that diffuse from
the microemulsion droplet interface to the water phase during
the water addition, thereby yielding nanoemulsion drop-
lets.*"** This approach, however, is limited to specific
microemulsion compositions and requires a large amount of
organic solvents or coemulsifiers that are often toxic and
incompatible with many applications.*' Most other low-energy
nanoemulsion methods are also time-consuming and challeng-
ing to implement, require complex phase transitions or the use
of additional components, and cannot be employed to produce
nanoparticles with different morphologies such as nanoworms
and nanovesicles.””~** A simple low-energy method that can
form nanoemulsions at room temperature and produce
nanoparticles with different morphologies is highly desirable.

Here, we present a low-energy method that allows the
formation of nanoparticles with complex morphologies (Figure

1976

1). In particular, nanoemulsion droplets were formed at room
temperature by mixing an oily monomer (styrene), water, and
emulsifiers. Robust nanoemulsification was achieved through
the synergistic combination of two compounds: (i) the small-
molecule surfactant sodium dodecyl sulfate (SDS) and (ii) a
macromolecular chain transfer agent (macro-CTA or macro-
RAFT agent, poly(bis(ethylene glycol) ethyl ether methacry-
late-co-N-(2-hydroxypropyl) methacrylamide) (P(DEGMA-co-
HPMA)) (M, = 8900; Figures S1 and S2 and Table S1). Upon
shaking for 10 s, a turbid white dispersion was formed,
indicating the formation of nanodroplets. Dynamic light
scattering (DLS) revealed a diameter of 180 + 13 nm
(Table S2). When the vial was shaken for a shorter time (i.e., 2
s), slightly larger nanodroplets (~214 nm) were formed.
Instead, longer shaking times (i.e., 1 min) resulted in
nanodroplets with a similar size (~179 nm, Table S3). The
final nanodroplet size was independent of the method used to
mix (manual shaking by hand or using a vortex/vibrator mixer,
a magnetic stirrer, or a mechanical shaker). Therefore, the
remainder of the experiments were conducted by manually
shaking the vial to further simplify our approach and preclude
the use of additional equipment and/or a stirring bar.
Importantly, the observed size was within the nanoemulsion
range (20—500 nm), and the nanodroplets remained stable at
room temperature for at least 3 days (Figure S3). Phase
separation was initiated on the fourth day and continued for 2
weeks. When the vial was shaken again, the nanoemulsion was
re-formed (Figure S3 and Table S4). This suggests that our
nanoemulsion droplets are kinetically stable but thermody-
namically unstable, another typical characteristic of nano-
emulsion systems.

To reveal the mechanisms underlying this system exceptional
ability to make stable nanoemulsions with low-energy mixing,
we compared the surface tension and emulsion stability under
a variety of conditions. Pure mixtures of oil and styrene cannot
form an emulsion (Figure 2a). The surface tension of the bare
oil/styrene interface, revealed by pendant drop tensiometry
(Figure S4a),* is about 32 mN/m (Figure 2e,gh and Table
SS). When SDS was added at 0.125 mg/mL (well below the
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Figure 2. Visual representation of nanoemulsion formation upon shaking, surface tension measurements by the pendant drop method for a styrene
droplet just about to detach (scale bar 1 mm), and proposed mechanism of nanoemulsion formation by the low-energy method.

critical micelle concentration of SDS, 2.36 mg/mL),47 phase
separation occurred immediately after shaking (Figure 2b) and
the surface tension dropped slightly to 26 mN/m (Figure 2f).
While stable emulsions could be produced at higher
concentrations (up to 12.5 mg/mL), we could not reach the
nanoemulsion regime with low-energy mixing (Figure S5). On
the other hand, macro-CTA (12.5 mg/mL) enabled the
formation of styrene nanodroplets, but they rapidly coarsened
to diameters between 400 and 560 nm (Figure 2c and Table
S6). When replacing the macro-CTA with a polymeric
surfactant (Pluronic F108), nanoemulsion was not formed,
although the interfacial tension was reduced to 9 mN/m
(Figures S6—S7, Table SS). The macro-CTA had a dramatic
effect on the surface tension, which was too low to be reliably
measured using the pendant droplet method (Figure 2gh).
Instead, we measured the surface tension with the sessile
droplet method (Figure S4b)** and found an extremely low
surface tension of 0.15 mN/m (Figure S8 and Table S7). Even
though the macro-CTA/SDS combination yielded essentially
the same surface tension (Figure S8 and Table S7), the size of

the resulting droplet is much smaller (180 nm; Figure 2d and
Table S2).

We hypothesized that the hydrocarbon tail of SDS binds to
the hydrocarbon backbone of the macro-CTA to form a strong
emulsifier thanks to the negatively charged sulfate groups of
SDS (Figure 2ij).*” To evaluate this hypothesis, we measured
the { potential of styrene droplets formed in the presence of
the macro-CTA alone or macro-CTA and SDS. As expected,
the { potential of the droplets stabilized by both the macro-
CTA and SDS was much higher (—53 mV) than that without
SDS (—20 mV, Table S8), indicating that SDS might
contribute to the electrostatic stabilization of the nano-
emulsion. This finding was further supported by the
monovalent and divalent salt effect: a lower molar concen-
tration of a divalent salt (6.7 mM for CaCl,) was needed to
destabilize the nanodroplets in comparison to that of a
monovalent salt (25.3 mM for NaCl, Table S9). The divalent
salt reduced the Debye length and the repulsion between
charged nanodroplets more in comparison to the monovalent
salt, leading to the destabilization of nanodroplets at a lower
concentration. This result suggests that the nanodroplets are
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Figure 3. (a) Scheme of RAFT nanoemulsion polymerization of styrene. Kinetics and nanoparticle size tracking: (b) 'H NMR spectra; (c) TEM
image (scale bar 500 nm); (d) SEC traces; (e) molecular weights and dispersities; (f) DLS size (by number).

stabilized via charge repulsion.’® Altogether, we discovered
that the key to the formation of nanoemulsions by the present
method is the synergistic combination of a macro-CTA, which
dramatically reduces the surface tension to facilitate the
formation of droplets, and a small-molecule surfactant that
further stabilizes the droplets electrostatically.

The resulting nanoemulsions were stable not only at room
temperature but also at 70, 80, and 90 °C. DLS confirmed that
their size did not change at elevated temperatures, in contrast
to the phase inversion temperature approach (PIT; Figure S9
and Table S10).>" When all of the components were combined
without shaking, the solution remained macroscopically phase
separated, with two transparent phases, ruling out spontaneous
emulsification (Figure S10). Also, when macro-CTA was
dissolved in styrene and SDS in water, mixing these two
components led to rapid coarsening and creaming, although
the interfacial tension was low (<1 mN/m, Figure 2i and
Figures S11 and S12 and Tables S11 and S12). A similar
phenomenon was found when both macro-CTA and SDS were
mixed in the styrene phase, as we noticed that SDS does not
dissolve well in styrene (Figure S11). Therefore, we propose
that the macro-CTA and SDS complex before adsorbing to the
oil/water (Figure 2i—k). In addition, comparable nanodroplet
sizes were observed when the macro-CTA concentration was
increased and decreased by 2-fold (Table S13). We also found
that, by increasing the SDS concentration, the droplet size was
decreased (Figure S13 and Table S14).

1978

Since the nanoemulsion produced by our low-energy method
is stable at both room temperature and elevated temperature, it
is an excellent candidate for droplet-localized controlled radical
polymerization for the production of well-defined polymers
and polymeric nanoparticles. To evaluate the compatibility of
the present low-energy method with radical polymerization
techniques, we conducted a RAFT polymerization.”>™>” To a
preformed aqueous solution containing both SDS and macro-
CTA, we added a hydrophobic monomer (i.e., styrene) in
which a small amount of free radical initiator (AIBN) was
previously dissolved. Upon shaking, DLS confirmed the
formation of nanoemulsion droplets of size comparable to
those formed in the absence of AIBN, thus indicating that the
small amount of free radical initiator has no effect on the
nanoemulsion size (Figure S14 and Table S15). It is noted that
macro-CTA has a functional trithiocarbonate group attached at
the chain end (Figure 3a), which allows it to also act as a
macro-RAFT agent, thereby enabling the formation of a
diblock copolymer after the polymerization.

We also sought to minimize the headspace in the reaction
vessel by using a nearly full vial, thus limiting the amount of air
within the vial.**~®® Without prior deoxygenation, the vial was
sealed and placed in a preheated oven at 70 °C (Figure 1).
After 6 h, the polymerization was stopped by opening the vial
to air. An analysis of the turbid white latex by nuclear magnetic
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Figure 4. Morphologies of nanoparticles obtained after RAFT nanoemulsion polymerization: (a—d) TEM images (scale bar 500 nm); (e—h) cryo-
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resonance (NMR) and size-exclusion chromatography (SEC)
showed quantitative monomer conversion (~99%, Figure 3b)
and a well-defined diblock copolymer shifting to higher
molecular weights in comparison to that for the macro-CTA,
with a relatively low dispersity (M, = 18400, D = 1.28; Figure
3 and Table S16, entry 7). Importantly, the product of this
RAFT nanoemulsion polymerization was not only a well-
defined diblock copolymer but also relatively uniform
nanospheres, a typical morphology of nanoemulsions (poly-
dispersity (PDI) = 0.12; Figure 3c and Table S16, entry 7).
The transmission electron microscopy (TEM) image in Figure
3c also confirmed that the particle size of the nanoemulsion
polymerization product (i.e., aggregates of polymer chains
stabilized by SDS) was around 180 nm, which is in agreement
with DLS data (number distribution) and is in the range of
nanoemulsion particles (Table S16). In the absence of SDS,
the polymerization was still controlled but precipitation was
observed after the polymerization (Figure S15 and Table S17).
Pleasantly, with larger headspaces (up to 50%), the polymer-
izations were successful, although a longer reaction time was
required (8 h; Figure S16 and Table S18). When the scale was
increased 10-fold (i.e, 20 mL), a nanoemulsion was also
formed, followed by an efficient polymerization (Figure S19).

To further investigate this RAFT nanoemulsion polymer-
ization, a detailed study of polymerization kinetics was
performed alongside particle size tracking by DLS. To avoid
the introduction of oxygen during sampling, five additional
polymerization vials were prepared and placed in the oven.
The vials were removed at different timeframes (i.e., one vial
was removed every 1 h) and analyzed by NMR, SEC, and DLS
(Figure 3 and Table S16). In the first hour, no polymerization
occurred (Table S16). This induction period was attributed to
the consumption of dissolved oxygen by the initiator radicals.

1979

Upon full oxygen consumption, the polymerization was
expected to commence and proceed smoothly. Indeed, by an
analysis of the subsequent vials, a linear increase in molecular
weight with increasing conversion was observed, and the
molecular weight distributions clearly shifted from lower to
higher molecular weights (Figure 3). These data support a
well-controlled RAFT nanoemulsion polymerization and
suggest the formation of a diblock copolymer. Notably, the
size profiles of the resulting nanoparticles were nearly identical
with those of the starting monomer droplets and remained
constant throughout the polymerization, highlighting the
distinct 1:1 copy feature of an ideal nanoemulsion polymer-
ization (Figure 3f and Table S16).

We performed two essential control reactions to highlight
the importance of our nanoemulsion polymerization method.
First, we attempted a polymerization without the prior
formation of a nanoemulsion (i.e., just adding styrene on the
top without shaking). The vial remained transparent after 6 h
of heating at 70 °C. An analysis of the solution by SEC showed
no shift in molecular weight distribution (Figure S17 and
Table S19), proving that the formation of a nanoemulsion is
critical to a successful oxygen-tolerant RAFT polymerization.
The compartmentalization effect (physical confinement of
styrene into tiny spaces within nanoemulsion droplets) might
reduce the amount of AIBN needed for oxygen consumption
and polymerization, allowing the reaction to proceed with a
low amount of radical initiator.

In the second control experiment, a magnetic stirring bar
was placed in a vial containing all of the polymerization
components also in the absence of prior shaking and heating.
Upon heating and stirring at the same time in a preheated oil
bath, large emulsion droplets were formed as the macro-CTA
aggregated at high temperature, forming large emulsion
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Figure 5. Reproducibility of RAFT nanoemulsion polymerization of styrene showing (a) SEC traces (B4—B6) and (b) TEM images (scale bars S00
nm) of nanoworms and (c) SEC traces (B7—B9) and (d) TEM images (scale bars 500 nm) of nanovesicles.

droplets (Table S20). In addition, an SEC analysis revealed
two distinct molecular weight distributions and a very high
dispersity (P ~ 1.99), which indicates increased termination
events (Figure S18). Collectively, the preformation of a
nanoemulsion is essential for a controlled RAFT polymer-
ization and allows for well-defined diblock copolymers
exhibiting all the typical features of both a well-controlled
radical polymerization and a nanoemulsion polymerization.

Encouraged by these findings, we next explored potential
avenues to tailor the morphology of nanoparticles synthesized
by our low-energy nanoemulsion method. It is noted that, at
high temperature, the formed diblock copolymer is hydro-
phobic with one block consisting of polystyrene and the
second block being the thermoresponsive macro-CTA.
However, at room temperature the thermoresponsive macro-
CTA is water-soluble, thus becoming the corona of the
nanoparticles, while the PS block will form the core. To obtain
nanoparticles with different shapes, we first varied the
molecular weight of the polystyrene block by adding three
different amounts of styrene prior to the start of polymer-
ization (Table S21). In principle, changing the molecular
weight of the hydrophobic block used for polymer self-
assembly may lead to different morphologies due to an
increase in the critical packing parameter, although such an
effect has never been demonstrated for nanoemulsion
particles.®®%’

All three polymerizations were allowed to commence for 6 h,
yielding well-defined block copolymers of different molecular
weights while exhibiting low dispersity values and quantitative
conversions (B1—B3, Mn = 10800, 12100, 18300, Figure S20
and Table $22). Prior to cooling of the nanoemulsion mixture,
a small amount of toluene was added to the hot latexes to
reduce the rigidity of the polystyrene block and aid in the
morphological transformation®*” (i.e., due to the high glass
transition temperature of polystyrene, the polymer chains are
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rigid and, as such, without toluene, the particle morphology is
trapped within the original nanoemulsion spheres). It should
be noted that postaddition of toluene was not needed when
the polymerization was stopped at low conversion, as
unreacted styrene can also aid the morphology transformation
(Figure S21 and Table S23). However, it is much more
challenging to reproducibly obtain the same nanoparticle shape
by targeting low conversions, as a small variation in
polymerization conversion could result in a different shape,
and therefore we recommend the toluene addition post-
polymerization.

Significantly, by variation of the polystyrene molecular
weight and optimization of the amount of added toluene, a
wide range of morphologies could be obtained from nano-
emulsion polymerization latexes, including nanospheres
(micelles ~10 nm), worm balls, nanoworms, and nanovesicles
(Figure 4a—d). Interestingly, the size of the nanovesicles was
much smaller than that of previously synthesized vesicles from
a traditional emulsion polymerization, most likely due to the
smaller size of the original nanodroplets. It is noted that
nanoworms could maintain their shape after 1 h of sonication
(Figure S22). Also, we employed cryogenic electron
microscopy (cryo-EM) to confirm that the nanoparticle shapes
observed in their dry state are analogous to those found in the
solution (Figure 4e—h).

It is important to note that the observed variation in
morphologies is only possible thanks to the use of this special
macro-CTA, which first reduces the interfacial tension,
costabilizes the initial droplets, and subsequently allows for
the synthesis of well-defined block copolymers and conversion
to the nanoparticle’s shell postpolymerization (Figures 1 and
2). It is highlighted that most, if not all, previously developed
low-energy nanoemulsion methods employed small-molecule
emulsifiers that were not covalently linked to the hydrophobic
polymers after polymerization; as such, the possibility to obtain
different morphologies was prohibited. To the best of our
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Figure 6. RAFT nanoemulsion polymerization of methyl methacrylate: (a) scheme and (b) morphologies illustrated by TEM images (scale bars

500 nm).

knowledge, using a macro-RAFT agent to form nanoemulsions
via a simple low-energy method while it also acts as a macro-
CTA during polymerization and as the corona of the resulting
nanoparticles has not been previously reported, thus
representing a significant step forward in emulsifier design
and nanoemulsion technology.

To investigate the reproducibility of our method, we aimed
at repeatedly generating high-ordered morphologies (i.e.,
nanoworms and nanovesicles). Reobtaining the rare wormlike
morphology can be rather challenging, as even a minor
variation in the molecular weight can disrupt this morphol-
ogy.”” Yet, three different polymerizations led to nearly
identical molecular weight distributions and comparable
wormlike morphologies (B4—B6; Figure Sab and Table
S24), which highlights the reproducibility of the RAFT
nanoemulsion polymerization and the morphological trans-
formation. In addition, nanovesicles were also easily reobtained
(B7—B9; Figure Sc,d and Table S25). This high reproducibility
is attributed to the simplicity of the developed nanoemulsion
method, the quantitative monomer conversion attained for
each polymerization, and the facile morphological trans-
formation. Many commonly employed methods that produce
nanoworms or nanovesciles are often dependent on ceasing the
polymerization at a specific monomer conversion, which is
difficult to reproduce. Instead, this nanoemulsion polymer-
ization method can achieve quantitative conversions, thus
allowing for the reproducible formation of well-defined diblock
copolymers with identical molecular weights and morpholo-
gies. We finally sought to expand the scope of polymeric
materials synthesized and as such replaced styrene with methyl
methacrylate (MMA). This is challenging to achieve by other
methods such as PISA. The polymerization was reduced to 2 h,
as MMA has a faster propagation rate in comparison to
styrene. Similar to polystyrene, PMMA nanoparticles with
different morphologies could be obtained (B10—B12; Figure 6
and Figure S23 and Table $26), thus significantly expanding
the scope and availability of tailor-made polymeric materials
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produced by our nanoemulsion formulation. Our nano-
emulsion polymerization can also be applied to ethyl acrylate,
demonstrating compatibility across multiple vinyl families
(Figure S24 and Table S27). In comparison to well-known self-
assembly methods such as polymerization-induced self-
assembly (PISA), the preparation of shape-controlled nano-
particles using our approach operates through a new
mechanism and offers distinct benefits such as interesting
morphologies (e.g., worm balls) and the possibility to access
spheres, worms, and vesicles of both styrenic and methacrylic
moieties from the same macro-CTA.

We have introduced a simple low-energy method to produce
nanoemulsions by simple shaking at room temperature. It is
based on the synergistic effect of a macro-CTA, which
dramatically lowers the interfacial tension, and SDS, which
confers electrostatic stability. The nanoemulsion droplets can
be produced without the need for additional toxic components,
time-consuming dilution steps, special equipment, and change
in temperature or pH. In addition, the nanoemulsion is
kinetically stable at both low and high temperatures, enabling
the controlled radical polymerization of different hydrophobic
monomer classes. Oxygen-tolerant RAFT nanoemulsion
polymerization reached quantitative conversions without
noticeable termination, resulting in the formation of well-
defined diblock copolymers. Nanoparticles of different
morphologies were also reproducibly obtained through
nanoemulsion polymerizations. Key to our discovery is the
use of a special macro-CTA that facilitates the formation of the
initial nanoemulsion droplets by simply shaking, the successful
RAFT polymerization of different monomer classes, and
ultimately the formation of diblock copolymers yielding
various nanoparticle morphologies. Therefore, this work not
only significantly expands the toolbox of low-energy nano-
emulsion but also creates new opportunities for a myriad of
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applications in which the nanoparticle morphology plays a vital
role.

Material information and instrumentations are detailed in the
Supporting Information.

DEGMA (3.5 g, 0.0186 mol, 40 equiv), ECT (122.6 mg, 0.0005 mol,
1 equiv), HPMA (1.33 g, 0.0093 mol, 20 equiv), and ACPA (10.5 mg,
0.0004 mol, 0.1 equiv) were dissolved in DMSO (20 mL) and placed
in a 25 mL round-bottom flask. After the flask was closed with a
septum, the solution was degassed with nitrogen for 1 h and placed in
a preheated oil bath (70 °C) at 300 rpm. After 8.5 h, the reaction
mixture was cooled in an ice bath, exposed to air, and sampled to
determine the DEGMA and HPMA conversion by 'H NMR. The
solution was then dialyzed against acetone (S00 mL) for 1 h to
remove DMSO from the solution. Then, the solution was precipitated
in a mixture of petroleum ether and diethyl ether (1/1, v/v), isolated
by centrifugation, and redissolved in acetone. This step was repeated
three times to remove unreacted monomers. The product was dried in
a vacuum oven for 48 h and analyzed by SEC and 'H NMR. The
conversion of DEGMA was calculated by the integral area of a peak at
6.0 ppm (I4o) and a peak in the range 3.8—4.3 ppm (I;5_43) using the
following equation: conversion of DEGMA = 100 X [1 — (2 X I,/
Iis_43)]. The conversion of HPMA was calculated by the integral area
of a peak at 5.3 ppm (I;;) and a peak in the range 4.6—4.7 ppm
(I45_45) using the following equation: conversion of HPMA = 100 X

(1 = (Is3/Lis-48) ]

macro-CTA (25 mg, 0.0028 mmol) was Laced in a 2 mL glass vial and
was dissolved with an aqueous solution of SDS (0.25 mg of SDS in 2
mL of deionized water, 0.0009 mmol). Then, styrene (35 uL, 0.3045
mmol) was added on the top of the SDS and macro-CTA solution.
The vial was capped and then shaken by hand, vortexed (speed 10),
stirred (speed 300 rpm) or shaken using a mechanical shaker (speed
300 rpm) for 10 s. To compare, the vial was also shaken by hand for 2
s and 1 min. The resulting latexes were analyzed by DLS to determine
the particle size and polydispersity. Additionally, the vial shaken by
hand for 10 s was left on the bench at room temperature for 13 days
without touching and photos were taken regularly to monitor the
phase separation. Finally, after 13 days, the vial was shaken again and
DLS was used to determine the particle size.

As illustrated in Figure S4, a stabilized droplet is illuminated by an
external light source and imaged through telecentric lens. For each
measurement of the interfacial tension, a series of 10 different droplets
were imaged and analyzed through MATLAB*® codes, where the
droplet contour is detected and fitted to its theoretical shape. It is
noted that, for the inverse pendant drop method, pictures were taken
upside down and flipped before analyzing with the MATLAB code.

macro-CTA (25 mg, 0.0028 mmol) was placed in a 2 mL glass vial
and was dissolved with an aqueous solution of SDS (0.25 mg of SDS
in 2 mL of deionized water, 0.0009 mmol). Then, styrene (35 L,
0.3045 mmol) was added on the top of the SDS and macro-CTA
solution. The vial was capped and then shaken by hand. The resulting
latex was dissolved 10 times with deionized water and analyzed by
DLS to determine the { potential. The same procedure was repeated
by excluding SDS (i.e., only macro-CTA and styrene).
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macro-CTA (25 mg, 0.0028 mmol) was placed in a 2 mL glass vial
and was dissolved with an aqueous solution of SDS (0.25 mg of SDS
in 2 mL of deionized water, 0.0009 mmol). Then, styrene (35 uL,
0.3045 mmol) was added on the top of the SDS and macro-CTA
solution. The vial was capped and then shaken by hand, resulting in a
white latex. In parallel, a stock solution of NaCl dissolved in deionized
water (100 mg/mL, 1.7 M) was prepared. This solution was gradually
added (1 uL (0.1 mg, 0.9 mM), 5 uL (0.5 mg, 4.3 mM), 10 uL (1 mg,
8.5 mM), 25 uL (2.5 mg, 21.1 mM), 30 uL (3 mg, 25.3 mM), S0 uL
(5 mg, 41.7 mM), and 100 xL (10 mg, 81.5 mM)) to the previous
solution (2 mL) while the change in size was monitored by DLS. The
same procedure was repeated with the divalent salt CaCl,. A stock
solution was prepared where CaCl, was dissolved in deionized water
(100 mg/mL, 901 mM). This solution was gradually added (1 uL
(0.1 mg, 0.5 mM), S 4L (0.5 mg, 2.2 mM), 10 L (1 mg, 4.5 mM), 15
uL (1.5 mg, 6.7 mM), and 20 xL (2 mg, 8.9 mM)) to a fresh sample
of the previous solution (2 mL) while the change in size was
monitored by DLS.

macro-CTA (12.5, 25, or 50 mg; 0.0014, 0.0028, 0.0056 mmol) was
placed in a 2 mL glass vial and was dissolved with an aqueous solution
of SDS (0.25 mg of SDS in 2 mL of deionized water, 0.0009 mmol).
Then, styrene (35 uL, 0.3045 mmol) was added on the top of the
SDS and macro-CTA solution. The vial was capped and shaken by
hand for 10 s. The resulting latexes were analyzed by DLS to
determine the particle size and polydispersity.

macro-CTA (25 mg, 0.0028 mmol) was placed in a 2 mL glass vial. A
stock solution of SDS in water was prepared (16 mg in 8 mL of
deionized water), and various amounts were placed in the 2 mL vial
(2 mL (4 mg, 6.94 mM), 1.25 mL (2.5 mg, 4.34 mM), 500 uL (1 mg,
1.74 mM), 250 uL (0.5 mg, 0.87 mM), 125 uL (0.25 mg, 0.43 mM),
12.5 uL (0.025 mg, 0.04 mM), and 0.125 uL (0.0025 mg, 0.004
mM)). A complementary amount of water was added to reach a final
volume of 2 mL of water for each vial. Then, styrene (35 uL, 0.304S
mmol) was added on the top of the SDS and macro-CTA solution.
The vial was capped and shaken by hand for 10 s. The resulting
latexes were analyzed by DLS to determine the particle size and

polydispersity.

macro-CTA (25 mg, 0.0028 mmol, 1 equiv) was placed in a 2 mL
glass vial and was dissolved with an aqueous solution of SDS (0.25 mg
of SDS in 2 mL of deionized water, 0.0009 mmol, 0.3 equiv). In
parallel, a stock solution was prepared containing 2 mg of AIBN
dissolved in 1166 uL of styrene. From this stock solution, 35 uL
(AIBN, 0.06 mg, 0.0004 mmol, 0.1 equiv; styrene, 0.3045 mmol, 108
equiv) was transferred on the top of the SDS and macro-CTA
solution. The vial was closed with a cap and shaken for 10 s by hand
at room temperature. Then, the sample was analyzed by DLS at 70
°C, to confirm the particle size at time O before polymerization. This
procedure was repeated six more times in order to obtain a total of six
vials. Those six vials were place in a preheated oven (70 °C) at the
same time, and one vial was taken out of the oven every 1 h.
Polymerization was stopped by exposing the latex to air. Aliquots of
the latex were analyzed by 'H NMR and SEC to determine the
conversion, molecular weight, and dispersity. The conversion was
calculated by the integral area of a peak at 5.8 ppm (I ) and a peak in
the range 6.5—7.7 ppm (Iz5_;,) using the following equation:
conversion of styrene = 100(1 — [SIgs/(Igs_77 — Iss)]). In parallel,
the hot latex (70 °C) was analyzed by DLS and TEM to determine
the particle size and polydispersity.

https://doi.org/10.1021/jacsau.1c00321
JACS Au 2021, 1, 1975—-1986


https://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00321/suppl_file/au1c00321_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00321/suppl_file/au1c00321_si_001.pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

macro-CTA (25 mg, 0.0028 mmol, 1 equiv) was placed in a 2 mL
glass vial and was dissolved in deionized water (2 mL). In parallel, a
stock solution was prepared containing 2 mg of AIBN dissolved in
1166 uL of styrene. From this stock solution, 35 uL (AIBN, 0.06 mg,
0.0004 mmol, 0.1 equiv; styrene, 0.3045 mmol, 108 equiv) was
transferred on the top of the macro-CTA solution. The vial was closed
with a cap, shaken for 10 s by hand at room temperature, and placed
in a preheated oven (70 °C) for 6 h. Aliquots of the latex were
analyzed by SEC and DLS to determine the molecular weight,
dispersity, size, and polydispersity.

macro-CTA (250 mg, 0.028 mmol, 1 equiv) was placed in a 20 mL
glass vial with an aqueous solution of SDS (2.5 mg of SDS in 20 mL
of deionized water, 0.009 mmol, 0.3 equiv). In parallel, a stock
solution was prepared containing 2 mg of AIBN dissolved in 1166 uL
of styrene. From this stock solution, 350 uL (AIBN, 0.6 mg, 0.004
mmol, 0.1 equiv; styrene, 3.045 mmol, 108 equiv) was transferred on
the top of the macro-CTA solution. The vial was closed with a cap,
shaken for 10 s by hand at room temperature, and placed in a
preheated oven (70 °C) for 6 h. Aliquots of the latex were analyzed by
SEC, TEM, and DLS to determine the shape, size and polydispersity.

macro-CTA (50 mg, 0.0056 mmol, 1 equiv) was placed in a 4 mL
glass vial and was dissolved with an aqueous solution of SDS (0.50 mg
of SDS in 4 mL of deionized water, 0.0018 mmol, 0.3 equiv). In
parallel, a stock solution was prepared containing 2 mg of AIBN
dissolved in 1166 uL of styrene. From this stock solution, 70 uL
(AIBN, 0.12 mg, 0.0008 mmol, 0.1 equiv; styrene, 0.6090 mmol, 108
equiv) was transferred on the top of the SDS and macro-CTA
solution. The vial was closed with a cap and shaken for 10 s by hand
at room temperature. Then, the solution was split into three different
2 mL vials (1.68 mL (one-sixth of headspace), 1.34 mL (one-third of
headspace), and 1 mL (half of headspace)) and closed with a cap.
Those six vials were placed in a preheated oven (70 °C) for 6 h.
Polymerization was stopped by exposing the latex to air. Aliquots of
the latex were analyzed by SEC to determine the molecular weight

and dispersity.

macro-CTA (25 mg, 0.0028 mmol, 1 equiv) was placed in a 2 mL
glass vial and was dissolved with an aqueous solution of SDS (0.25 mg
of SDS in 2 mL of deionized water, 0.0009 mmol, 0.3 equiv). In
parallel, a stock solution was prepared containing 2 mg of AIBN
dissolved in 1166 uL of styrene. From this stock solution, 35 uL
(AIBN, 0.06 mg, 0.0004 mmol, 0.1 equiv; styrene, 0.3045 mmol, 108
equiv) was transferred on the top of the SDS and macro-CTA
solution. Without shaking (the solution was transparent and the
styrene phase was on the top), the vial was closed with a cap and
placed in a preheated oven (70 °C). After 6 h, polymerization was
stopped by exposing the solution to air and the solution analyzed by
SEC to determine the molecular weight and dispersity.

macro-CTA (25 mg, 0.0028 mmol, 1 equiv) was placed in a 2 mL
glass vial, equipped with a stirring bar, and was dissolved with an
aqueous solution of SDS (0.25 mg of SDS in 2 mL of deionized water,
0.0009 mmol, 0.3 equiv). In parallel, a stock solution was prepared
containing 2 mg of AIBN dissolved in 1166 uL of styrene. From this
stock solution, 35 uL (AIBN, 0.06 mg, 0.0004 mmol, 0.1 equiv;
styrene, 0.3045 mmol, 108 equiv) was transferred on the top of the
SDS and macro-CTA solution. Without shaking (the solution was
transparent), the vial was closed with a cap and place in a preheated
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oil bath (70 °C) with stirring at 300 rpm. After 6 h, polymerization
was stopped by exposing the latex to air and the sample was analyzed
by SEC to determine the molecular weight and dispersity. The hot
latex (70 °C) was also analyzed by DLS to determine the particle size
and polydispersity.

macro-CTA (25 mg, 0.0028 mmol, 1 equiv) was placed in a 2 mL
glass vial and was dissolved with an aqueous solution of SDS (0.25 mg
of SDS in 2 mL of deionized water, 0.0009 mmol, 0.3 equiv). In
parallel, a stock solution was prepared containing 2 mg of AIBN
dissolved in 1166 uL of styrene. From this stock solution, 35 uL
(AIBN, 0.06 mg, 0.0004 mmol, 0.1 equiv; styrene, 0.3045 mmol, 108
equiv, B3) was transferred on the top of the SDS and macro-CTA
solution. The vial was closed with a cap and shaken for 10 s by hand.
After 6 h, polymerization was stopped by exposing the latex to air and
the sample analyzed by SEC to determine the molecular weight and
dispersity. Subsequently, 400 uL of warm latex (70 °C) was
transferred into four 1.5 mL vials (100 pL per vial). Bach vial
contained a different amount of toluene (0.1, 0.5, 0.8, or 10 uL). The
vials were then placed on the bench to cool the latexes to room
temperature. After 24 h, the latexes were analyzed by TEM. To vary
the DP and obtain B1 and B2 block copolymers, the same procedure
was followed and the amount of styrene was adjusted to 7 uL (0.0609
mmol, 22 equiv) and 14 yL (0.1218 mmol, 43 equiv), respectively,
while the amount of AIBN was kept constant at 0.06 mg (0.0004
mmol, 0.1 equiv).

macro-CTA (25 mg, 0.0028 mmol, 1 equiv) was placed in a 2 mL
glass vial and was dissolved with an aqueous solution of SDS (0.25 mg
of SDS in 2 mL of deionized water, 0.0009 mmol, 0.3 equiv). In
parallel, a stock solution was prepared containing 3.75 mg of AIBN
dissolved in 1000 uL of styrene. From this stock solution, 16 uL
(AIBN, 0.06 mg, 0.0004 mmol, 0.1 equiv; styrene, 0.139 mmol, S0
equiv) was transferred on the top of the SDS and macro-CTA
solution. The vial was closed with a cap and shaken for 10 s by hand.
After 4 h, polymerization was stopped by opening the vial to air and
the sample analyzed by SEC to determine the molecular weight and
dispersity. The vial was capped again and cooled to room
temperature. The capped vial was left overnight on the bench and
was then analyzed by TEM to determine the resulting morphology.
This procedure was repeated two times, for S h, by transferring 16 uL
of the styrene stock solution with an additional 4 pL of styrene
(AIBN, 0.06 mg, 0.0004 mmol, 0.1 equiv; styrene, 0.174 mmol, 61
equiv) and with an additional 69 uL of styrene (AIBN, 0.06 mg,
0.0004 mmol, 0.1 equiv; styrene, 0.739 mmol, 263 equiv) on top of
the SDS and macro-CTA solution in two distinct vials.

Nanoworms obtained with polymers B2 were dissolved in water (10
uL in 1 mL of deionized water) and sonicated for 15 min, 30 min and
1 h. The resulting samples were, each time, observed with TEM to
determine the nanoworm degradation.

macro-CTA (40 mg, 0.0045 mmol, 1 equiv) was placed in a 2 mL
glass vial and was dissolved with an aqueous solution of SDS (0.50 mg
of SDS in 2 mL of deionized water, 0.0017 mmol, 0.4 equiv). In
parallel, a stock solution was prepared containing 2 mg of AIBN
dissolved in 1666 uL of MMA. From this stock solution, 50 uL
(AIBN, 0.06 mg, 0.0004 mmol, 0.1 equiv; MMA, 0.4349 mmol, 100
equiv) was transferred on the top of the SDS and macro-CTA
solution. The vial was closed with a cap, shaken for 10 s by hand, and
place in a preheated oven (70 °C) for 2 h (B4), 2 h 15 min (BS), and
2 h 20 min (B6). The polymerization was stopped by exposing the
latex to air at 70 °C, and the vial was bubbled with air for 7 min at 70
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°C to remove the remaining monomer. The solution was analyzed by
SEC to determine the molecular weight and dispersity. Subsequently,
400 uL of warm latex (70 °C) was transferred into four 1.5 mL vials
(100 pL per vial). Each vial contained a different amount of MMA
(0.25, 0.5, 1, or 10 uL). The vials were then placed on the bench to
cool the latexes to room temperature. After 24 h, the latexes were
stained and analyzed by TEM.

macro-CTA (80 mg, 0.0089 mmol, 1 equiv) was placed in a 2 mL
glass vial and was dissolved with an aqueous solution of SDS (1 mg of
SDS in 2 mL of deionized water, 0.0035 mmol, 0.4 equiv). In parallel,
a stock solution was prepared containing 2 mg of AIBN dissolved in
1000 uL of EA. From this stock solution, 50 uL (AIBN, 1 mg, 0.0006
mmol, 0.1 equiv; EA, 0.452 mmol, 50 equiv) was transferred on the
top of the SDS and macro-CTA solution. The vial was closed with a
cap, shaken for 10 s by hand, analyzed by DLS, and places in a
preheated oven (70 °C) for S h. The polymerization was stopped by
exposing the latex to air at 70 °C. The solution was analyzed by SEC
to determine the molecular weight and dispersity.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.1c00321.
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