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ABSTRACT: Sonication of gallium or gallium-based liquid
metals in an aqueous solution of vinyl monomers leads to rapid
free radical polymerization (FRP), without the need for
conventional molecular initiators. Under ambient conditions, a '
passivating native oxide separates these metals from solution and
renders the metal effectively inert. However, sonication generates

liquid metal nanoparticles (LMNPs) of ~100 nm diameter and iy —
thereby increases the surface area of the metal. The exposed Monomer y Son@mn
metal initiates polymerization, which proceeds via a FRP :

mechanism and yields high molecular weight polymers that EGaln

can form physical gels. Spin trapping EPR reveals the generation y;(

of free radicals. Time-of-flight secondary ion mass spectrometry
measurements confirm direct polymer bonding to gallium,
verifying the formation of surface-anchored polymer grafts.
The grafted polymers can modify the interfacial properties, that is, the preference of the metal particles to disperse in aqueous
versus organic phases. The polymer can also be degrafted and isolated from the particles using strong acid or base. The concept
of physically disrupting passivated metal surfaces offers new routes for surface-initiated polymerization and has implications for
surface modification, reduction reactions, and fabrication of mechanically responsive materials.

D 1 any metals and metal alloys, including aluminum and homolytic bond cleavage in response to heat, light, or redox

stainless steel, readily form passivating native oxides at reaction.'' ™7 In this Letter, we show that sonication of small

ambient conditions. Passivating oxide layers, typically a few nm volumes of gallium and EGaln can transiently rupture the
thick, protect the reactive metals from further reactions. The passivating oxide and disperse the metal as liquid metal
ability to expose a metal surface to a reaction medium by nanoparticles (LMNPs) with high surface areas. The exposed
stripping the protective oxide even temporarily might be metal can initiate polymerization, which proceeds via a free
advantageous for catalysis or redox reactions. Although radical polymerization (FRP) mechanism to form high
surface oxides can be eliminated by etching’ or reduction,”’ molecular weight polymers grafted directly to the metal
these oxides often reform rapidly and remain stable under surface. The polymer can be degrafted and isolated by
ambient conditions; thus, it is desirable to find alternative ways exposure to a strong acid or base. The grafted polymer
to expose the metal to a reactive medium. overcoat dictates how the LMNPs disperse in water or organic

Gallium and several of its alloys (includinég eutectic gallium solvents. The ability to modify the surface of LMNPs in a facile
o ; . Ls L0 : . L 18—24 o
indium, EGaln) possess low melting points,” " making it easy manner is 519_26&:’\70“}1}’ becausez ;)fothelf functionality, facile
to disrupt mechanically the passivating oxide shell that forms formation,” ™" low toxicity,”"" and applications including
on the surface of these liquids. Gallium’s atomic configuration drug delivery,”' ~*" inkjet printing,* thermal interface materi-
of [Ar] 3d'%4s%4p! is representative of odd electron species,”"’ als,” and soft electronics.' ******
making it a source of unpaired electrons that can potentially
act as radical initiators for polymerization. Conventional Received: October 6, 2019
radical polymerization, which is of great industrial relevance, Accepted: October 28, 2019
is normally initiated by molecules that form free radicals via Published: November 1, 2019
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We initiated polymerization by sonicating gallium or eutectic
gallium indium (EGaln) in an aqueous solution of vinyl-based
monomers such as acrylamide (AAm; vide infra). Under
ambient conditions, both Ga and EGaln form a passivating
oxide on their surface.”"® Sonication breaks the liquid metal
into smaller particles (~100 nm in diameter, Figure S1) within
minutes, thereby increasing the surface area of the metal to
~50 m*/g. Sonication of Ga or EGaln in the presence of water-
soluble, vinyl-based monomers results in polymerization and
formation of a hydrogel, as shown in Figure 1. Sonicating
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Figure 1. Liquid metal particles initiate free radical polymerization
without the need for conventional molecular free-radical initiators. (a)
A passivating oxide isolates the metal from the solution. Sonication
breaks the liquid metal into small particles and thereby greatly
increases surface area and exposes the metal, which initiates radical
polymerization. (b) The resulting PAAm forms a physically cross-
linked hydrogel. (c—e) Schematic illustration of the polymerization.
(f) The suggested mechanism of initiation and chain growth.

monomer in the absence of Ga or EGaln does not result in
polymerization. The polymerization also occurs without any
noticeable difference when the solution containing liquid metal
and monomer was sparged with nitrogen. Although the
LMNPs initiate polymerization of a variety of vinyl-based
monomers (vide infra; Figure S2), we focus primarily on AAm.

For clarity, we first propose a FRP mechanism (Figure 1f)
and then provide the evidence to support it. An unpaired
electron from the gallium can react with the z-bond of the
vinyl monomer. Thus, the polymerization initiates by the
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formation of a covalent bond between gallium and carbon and
proceeds through the generation of carbon-based free radicals
that further react with nearby monomers.

Electron paramagnetic resonance (EPR) spin-trapping
confirmed the formation of radical species in the reaction
mixture. A water-soluble diamagnetic spin trap S,5-dimethyl-1-
pyrroline-N-oxide (DMPO) was added to the mixture of
LMNPs and AAm in water 1 min after sonication. Figure 2a
shows the EPR spectrum of the spin adduct(s) formed. The
spectrum represents a superposition of spectra of at least two
different types of radicals. The first, a weaker four-line
spectrum (Figure 2a, spectral lines are marked with asterisks),
shows 1:2:2:1 peak-to-peak intensity pattern with approx-
imately equal interline splitting of 14.9 G. This is typical for the
isotropic hyperfine couplings reported for DMPO—OH® spin
adduct (Ay = Ay ~ 14.9 G).*® Another significantly stronger
six-line pattern is characteristic of a DMPO adduct with a
carbon-centered radical of the XCH,-HC®-Y general structure,
where X = C or H and Y = electron-withdrawing substituent.
The hyperfine coupling constants measured from the EPR
spectrum (Ay ~ 15.8 G, Ay =~ 22.8 G, see Figure 2a) are
similar to those reported for the DMPO adduct of CH;-HC®-
OH radical.*** Thus, the observed six-line EPR spectrum
corresponds most likely to the DMPO adduct with XCH,-
HC*-CONH, radical, where X = C or H. This carbon-centered
radical adduct does not form without AAm present. These
results suggest that polymerization occurs via a free radical
mechanism. We confirmed that the addition of hydroquinone,
a radical scavenger, inhibited polymerization (Figures 2b and
S3a—f). Replacing hydroquinone with diethyl hydroxylamine,
another radical scavenger, also inhibited polymerization
(Figure S3g).

To characterize the polymerization product, we degrafted
the polymer by etching the surface of the LMNPs with NaOH
solution (1 M, S min) and used centrifugation to separate the
LMNPs from the polymer solution (Figure S4). The FT-IR
spectrum of the polymer confirms the presence of poly-
acrylamide (PAAm; Figure 2c) and rules out the formation of
polyamide-3 (an anionic polymerization is highly unlikely due
to the presence of water)."’ To confirm the polymerization of
AAm we note that the C=C vibration band at 1610 cm™ in
AAm decreases with progressing AAm monomer conversion. "
The spectrum of the polymer is identical to PAAm prepared
using a conventional thermally initiated bulk FRP using
ammonium persulfate as an initiator (70 °C, 24 h).

'"H NMR further confirms the structure of PAAm. For the
NMR characterization, as shown in Figure 2d, LMNPs were
mixed with 0.5 M of AAm and glucono &-lactone (GDL) in
D,O (Figure SS). Protons from hydrolyzed GDL slowly etch
the oxide skin of LMNPs, exposing bare gallium to neighboring
monomer molecules to promote FRP. There was no signal for
LMNPs in the "H NMR spectrum (Figure S6a). The signals in
the NMR spectrum correspond only to monomer, polymer,
and the etchant. The signal of the etchant (~4 ppm) is distinct
from the monomer or polymer (Figure S6). The characteristic
peaks of PAAm in the "H NMR spectrum (methylene protons
~ 148 ppm and methine protons ~ 2.04 ppm) match well
with those from a previous study.”” FT-IR and 'H NMR
recorded after the polymerization of N-isopropylacrylamide
(NIPAAm) using LMNPs initiator confirm the formation of
poly(N-isopropylacrylamide) (PNIPAAm; Figure S7).

Water is the favorable solvent for the LMNP-initiated
polymerization. Every water-soluble vinyl monomer we studied
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Figure 2. Evidence of free-radical polymerization initiated from the surface of LMNDPs. (a) EPR spectrum of the spin adduct(s) of DMPO (100
mM) shows free radicals formed after sonication of an aqueous solution containing LMNPs and AAm. (b) A total of 0.1 g of EGaln liquid metal
was sonicated in the 4 M of AAm solution with hydroquinone present. Hydroquinone scavenged the free radicals, inhibiting polymerization and
changing color to orange. (c) ATR FT-IR spectra of the powder of polymer degrafted from LMNPs-polymer (blue), PAAm (red), and AAm
monomer (black). (d) The 'H NMR spectra (400 MHz, D,0) illustrates that PAAm was formed from a solution of LMNPs (1 mg), AAm (0.5 M),
and GDL (0.3 M). (e) TOF-SIMS spectra of the gallium-g-PAAm show Ga bonded directly to carbon from the monomer. (f) The polarity of the

grafted polymers dictates how the LMNPs partition.

underwent polymerization (Figure S2). In addition, AAm
polymerized in DMSO (dried by distillation), albeit at a slower
rate than in water. 2-hydroxyethyl methacrylate (HEMA) also
polymerized without water, and adding water did not
noticeably affect the kinetics. Conversely, monomers that are
not soluble in water (e.g, styrene) did not polymerize in
organic solvents. These observations suggest that polar
environments are important for the polymerization and that
the presence of water might be critical for the polymerization,
although the exact role of water remains unknown at this point.

The EPR spectrum in Figure 2a exhibits a pattern of small
lines attributed to DMPO adducts of OH® radicals. These
radicals have been employed previously to initiate polymer-
ization via redox chemistry, the most well-known being the
Fenton’s reaction.”* Although OH® radicals are capable of
initiating polymerization, prior studies report the rates of the
initiation to be slow, presumably due to the short-lived nature
of these radicals.*® For this reason, organo-peroxy radicals are
often utilized to improve initiation rates. It is thus unlikely that
OH" radicals initiate the polymerization. Instead, we propose
gallium acts as an initiator for the polymerization.

If gallium directly initiates FRP, the growing polymer chains
should be covalently attached to the metal. Previously, grafting
of polymer on LMNPs has been accomplished by employing
molecular initiators.*® In contrast, the LMNPs act as the
initiator in our study. The latter was confirmed by time-of-
flight secondary ion mass spectroscopy (ToF-SIMS) experi-
ment of LMNPs-g-PAAm (g refers to grafted). The spectra in
Figure 2e and Table S1 show peaks with the masses
corresponding to one (m = 139.9621 AMU) and two (m =
227.9811 AMU) AAm units attached to gallium. Each species
has two peaks with an integrated area ratio of 3:2, as expected
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given the two stable isotopes, “Ga and 7'Ga (68.9256 AMU
and 70.9247 AMU, natural abundance 0.601 and 0.399,
respectively). We also directly observed LMNPs and LMNPs-
g-PAAm using transmission electron microscopy (TEM). The
TEM images (Figure S8) show the presence of a PAAm halo
(~20 nm thick) surrounding gallium nanoparticles when
gallium was sonicated in the presence of AAm. In contrast,
only an oxide skin (~3 nm thick) surrounds gallium
nanoparticles in the absence of AAm. Taken in sum, the
evidence provided here suggests that polymerization initiates
from the surface of the particles, although we cannot fully rule
out contributions of OH* radicals to polymerization.

A monomer added (after 3 h) to aqueous LMNP
suspensions could still polymerize, albeit at a much slower
rate compared to the monomer being present during
sonication. Under these conditions, we did not observe any
OH?" radicals in solution by spin trapping EPR (not shown),
which further suggests these species do not play a key role in
polymerization. Particles created in the absence of monomer
form surface oxide species. Nevertheless, polymerization may
initiate on these particles based on the ability of electrons to
tunnel through the relatively fresh (i.e., thinner) oxide
according to Mott-Cabrera theory or due to the less passivating
nature of oxides formed in water."”*® Rheological measure-
ments indicate that it takes 6 times longer to reach the gel
point relative to the case when the monomer is present during
sonication (Figure S9a,b).

The chemical composition of the grafted polymers on the
LMNPs dictates how the particles partition between water and
organic solvent phases.”” To demonstrate this, we employed
AAm to fabricate hydrophilic particles (LMNPs-g-PAAm) and
4-vinylpyridine (4VP) for organophilic particles (LMNPs-g-
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Figure 3. Synthesis of hydrogels using LMNPs as an initiator. (a) PAAm hydrogel synthesized by LMNP-based initiator, which showed high
stretchability. Scale bar corresponds to 15 mm. (b) The stress—strain behavior of the hydrogel, showing a large strain at failure. (c, d) Temperature-
responsive PNIPAAm hydrogel fabricated with LMNPs as an initiator. A hydrogel swells at 25 °C in deionized water (c) and a hydrogel fully
deswells at 40 °C in deionized water. (d). The red dashed circles indicate the dimensions of the hydrogels. Scale bar corresponds to 10 mm. (e)
Stable reversibility of the PNIPAAm hydrogel was confirmed by repeating the swelling—deswelling cycles.

P4VP) due to the insolubility of polymerized 4VP (i.e., P4VP)
in water. We added toluene after the sonication and found that
the LMNPs-g-PAAm suspends in the aqueous phase (Figure
2f, left). In contrast, the LMNPs-g-P4VP form a Pickering
emulsion in the toluene phase due to the hydrophobicity of
P4VP (Figure 2f, right), even after vigorous shaking. Similar
partitioning was observed for other organic solvents, including
those that are denser than water (Figure S10).

One would expect that the molecular weight of the polymer
attached to the particles increases with increasing the
monomer concentration in solution. To test this hypothesis,
we precipitated LMNPs-g-PAAm suspensions in isopropyl
alcohol and performed thermogravimetric analysis (TGA) in a
nitrogen atmosphere. The mass of the polymer increased with
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increasing monomer concentration (Figure S11). Assuming
the same number of active initiator sites, the increased mass
suggests a higher molecular weight of the polymers. We also
tested whether the molecular weight of the polymer increased
with the monomer concentration, which would be consistent
with having a fixed number of initiating sites defined by the
particle surface area. Unfortunately, the molecular weight of
the PAAm was larger than the molecular weight cutoff of our
size exclusion chromatography system (~1 MDa). Thus,
although the molecular weight is likely greater than 1 MDa, we
could not quantify the exact molecular weight of the polymers
(Figure S12). Nevertheless, the elution speed increased with
increasing monomer concentration, which is consistent with
increasing the molecular weight of the polymer.
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To demonstrate the applicability of the LMNPs, we
prepared a highly stretchable PAAm hydrogel by including a
N,N’-methylenebis(acrylamide) (MBAA) chemical cross-link-
er during sonication.””>" As shown in Figure 3a,b, the hydrogel
could stretch 15 times its original length. We also fabricated a
PNIPAAm hydrogel that showed stable and reversible
swelling/deswelling depending on the temperature of water
(Figure 3c—e). Note that these samples are visually transparent
despite the small amount of metal added as an initiator due to
the addition of 0.1 g of GDL as a slow etchant for LMNPs. We
also formed gels by pushing liquid metal and monomer
between two syringes luer-locked together. The flow caused
the metal to break up into relatively larger droplets (tens of
microns in diameter). These droplets initiated polymerization,
which suggests other mechanical routes of the initiation should
be possible beyond sonication.

In summary, we show that sonicating bulk Ga or EGaln
generates liquid metal nanoparticles that initiate free radical
polymerization of vinyl-based, water-soluble monomers, thus,
leading to the production of high molecular weight hydrophilic
polymers without the need for any conventional initiators. The
method can yield highly stretchable PAAm and thermally
responsive PNIPAAm hydrogels. The polymer can change the
hydrophobicity of the LMNPs, yet it is also possible to degraft
and isolate the polymer from the LMNPs by dissolving the
particles. This simple approach constitutes the first example of
free radical initiation using LMNPs, thus, presenting further
opportunities toward novel methods for surface grafting as well
as facile methods for synthesizing functional polymers and gels,
including the use of mechano-induced chemistry.
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