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ABSTRACT: Mechanically adaptive polymers could significantly improve the life-cycle of
current materials. Piezo-polymerization is a novel approach that harnesses vibrational
mechanical energy through piezoelectric nanoparticles to generate chemical promoters for
linear polymerization and cross-linking reactions. However, the available piezo-polymerization
systems rely on reactions forming irreversible covalent bonds. Dynamic covalent linkages could
impart further adaptability to these polymeric systems. Here we show the first example of the
piezoelectrochemical synthesis of disulfide bonds to form organogels from polymers with thiol
side groups. We demonstrate that the reaction proceeds via piezo-oxidation of the thiol to
disulfide in the presence of ZnO nanoparticles and iodide anions under mechanical agitation.
We use mechanical energy in the form of ultrasound (40 kHz) and low frequency vibrations (2
kHz) to synthesize a variety of organogels from common synthetic polymers. Additionally, we
show that the polymers in these gels can be chemically recycled with a reducing agent. Finally,
we study the thermal and mechanical properties of the composites obtained after drying the
gels. We believe this new system adds to the piezo-polymerization repertoire and serves as the
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basis to fabricate mechanically adaptive polymeric materials via dynamic covalent bonds.

ynthetic polymeric materials are often subject to

continuous mechanical stress, which eventually leads to
degradation, bond breakage and failure. Vibrational mechanical
energy (>100 J) that is constantly being transmitted through
the material is usually detrimental in nature and rarely
harnessed for constructive or adaptive purposes.' ® Mechan-
ically controlled polymerization reactions are of particular
interest for designing smart polymers that strengthen under
stresses commonly encountered in many engineering applica-
tions.””'® Recently, we and others have reported using
piezoelectric nanoparticles to directly transduce mechanical
energy into chemical energy, which allowed us to conduct
polymerization and cross-linking reactions, such as Cu(I)-
mediated atom transfer radical polymerization (ATRP), Cu(I)
azide—alkyne cycloaddition (CuAAC) step-growth polymer-
ization, Fe-mediated free-radical polymerization, and step-
growth thiol—ene polymerization."” >’

Building on the work of a growing group of researchers, we
and others have reported that piezoelectric nanoparticles, such
as BaTiO; and ZnO, can facilitate electron transfer processes
between redox active species, which in turn can be used to
generate polymerization or cross-linking promoters. We have
previously used this methodology to synthesize organogels
from multifunctional monomers or polymers with reactive
functionalities.””*"** However, the reactions we have relied on
thus far have all led to irreversible covalent bonds between
polymer chains. To develop adaptive materials, many systems
have employed dynamic linkages that can be selectively formed
and broken.”*”>® The thiol—disulfide reaction is a prime
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example of a reversible reaction that has been extensively used
to develop stimuli-responsive and self-healing materials.
However, most of the literature has focused on using heat or
light for the oxidation of thiols to disulfides or the metathesis
of disulfide bonds within a polymer matrix.””** Other reports
have shown that mechanical stress (ultrasound or cyclic
loading) can cleave polymer-embedded disulfide bonds.””
Another report showed that under ultrasonication, small-
molecule thiols could be oxidized in the presence of air and a
stoichiometric amount of a non-nucleophilic base.*® In this
context, we theorized that the thiol—disulfide redox pair
(RSH/RSSR) would be a suitable target for nanoparticle-
mediated piezoelectrochemistry because of its relatively low
standard redox potential. Although E°yqpy/pssr is dependent on
the substituent on the thiol, reported values for glutathione
and cysteine are in the range of —250 to —200 mV.>" In this
work, we demonstrate a mechanically promoted synthesis of
organogels via the formation of disulfide linkages between
polymers with thiol functionalities. Furthermore, we show that
these organogels can be dissolved with a reducing agent, and
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Figure 1. (a) Chemical structures of synthesized polymers with thiol side groups (mercapto-polymers). (b) Reaction scheme for mechanically
promoted cross-linking of mercapto-polymers via disulfide bond formation. (c) Pictures of control reactions for the ultrasound-promoted gelation
of mercapto-PMMA: (i) all reaction components, (i) no ZnO, (iii) no ultrasonication (stirring at 100 rpm), and (iv) no KI. Vial dimensions: 0.68
in. X 1.09 in. (d) Pictures of organogels for mercapto-PMMA, mercapto-PMA, and mercapto-PS (from left to right, respectively).

the recovered polymer can be reused to form another mercapto-PMA, the amounts of polymer and KI were adjusted
organogel. to 200 mg and 16 mg, respectively, while in the case of

To test the formation of disulfide polymeric materials, we mercapto-PS, they were set at 150 mg and 11 mg, respectively.
started by synthesizing three linear polymers with thiol side After finding increasing evidence that disulfide bonds were
groups (Figure la): a polymethacrylate variant (mercapto- the reason behind the cross-linking of the polymers, we studied

PMMA), a polyacrylate variant (mercapto-PMA), and a the reversibility of the gelation. The mercapto-PMMA gel
polystyrene variant (mercapto-PS). Mercapto-PMMA and could be dissolved in a solution of tris(2-carboxyethyl)-

mercapto-PMA were synthesized via reversible addition— phosphine hydrochloride (TCEP) in DMF (0.16 M) after mild
fragmentation chain transfer polymerization (RAFT) from a heating at 50 °C for 12 h (Figure S9). As TCEP is a commonly
modified literature procedure, and mercapto-PS was synthe- used reducing agent that converts disulfides into thiols, we
sized via free-radical polymerization with a thermal initiator.** hypothesized it would readily solubilize the gels. Nevertheless,
All mercapto-polymers were fully characterized (Supporting there was also the possibility that the ZnO was acting as a
Information, Sections 1.2 and 1.3). binder via coordination with the thiol side groups of the

Our first goal was to test if these polymers could form polymer and that the formed disulfides were incidental.**~*°
organogels via mechanically promoted disulfide bonds Therefore, we tested the gel by treating it with a strong acid
formation. We dissolved mercapto-PMMA (150 mg, 1 eq solution which would dissolve the ZnO but not break the

thiol) in dimethylformamide (DMF, 400 xL) and added KI disulfide bonds. As shown in Figure S9, a trifluoroacetic acid
(11 mg, 0.5 eq) and ZnO nanoparticles (® = 18 nm, 30 mg, 5 (TFA) solution in DMF (0.1 M) does not dissolve the gel,

wt %). After homogenizing, the sample was sonicated in an even though the ZnO is solubilized. To serve as a reference, we
ultrasound bath (40 kHz) for 6 h at room temperature. On the synthesized a mercapto-PMMA gel via conventional thermal
basis of previous literature, we theorized KI would act as an curing. We replaced the ZnO with H,0, (30 vol. %, 2 uL) as
intermediary reagent. In a conventional synthesis of disulfides, the oxidizing agent and heated the sample at 60 °C for 1 h. We
KI is oxidized in situ with H,0, to form I,, which subsequently tested this gel with both the TCEP and TFA solutions, and
converts thiols to disulfides.”” only TCEP would dissolve it.

We hypothesized that piezoelectric nanoparticles under With a working procedure for the mechanically promoted
mechanical agitation could similarly oxidize iodide anions, thus gelation and supporting evidence for the formation of
promoting the oxidation of thiols to disulfides and the cross- disulfides, we sought to find direct chemical evidence. Since
linking of the polymers (Figure 1b). The gelation of mercapto- analyzing the gels proved difficult, we used a small molecule
PMMA was confirmed by the inversion test. The gel was thiol in place of the mercapto-polymers and measured the
allowed to set for 12 h before removing it from the vial conversion of thiol to disulfide with gNMR. As shown in
Control experiments were run by selectively removing ZnO Figure S10, when benzyl mercaptan (59 pL, 0.5 mmol) was
and KI (Figure 1c). When we removed either of these mixed with KI (42 mg, 0.25 mmol) and ZnO (15 mg, 2.5 wt
substances, no gel was formed. From these results, we made %) in DMF and ultrasonicated, we observed disulfide
preliminary observations that gelation was mechanically formation. The GC-MS spectra of the reaction product
promoted and required not just ZnO but also KI to accelerate confirmed the presence of dibenzyl disulfide, and also showed
the formation of presumably a disulfide bond. Using an a tiny amount of dibenzyl sulfide (Supporting Information,
analogous procedure, organogels were synthesized from Section 3). It is possible than some desulfurization might

mercapto-PMA and mercapto-PS (Figure 1d). In the case of happen at the surface of the ZnO nanoparticles.””*” While the
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conversion of benzyl mercaptan was relatively low at 18%, this
much would be sufficient for cross-linking to occur in the
mercapto-polymer system. Control reactions in the absence of
ZnO, KI or ultrasound resulted in considerably lower yields of
disulfide. In addition to the NMR study, the formation of I,
was confirmed with UV—vis spectroscopy in a similar
experiment (Figure S11). These results indicated that all
three components were necessary to produce the desired
piezoelectrochemical response. We postulate that one plausible
mechanism is that the ZnO nanoparticles serve both to activate
the thiol via surface interactions and to promote the oxidation
of the thiol. As for the KI, one interpretation of the results is a
mechanism in which the iodide anions facilitate the oxidation
by reacting with the surface of the nanoparticles to form
iodine, which can then easily oxidize the thiol to disulfide
(Figure S12). However, as the “No KI” control indicated, ZnO
by itself can weakly oxidize thiols. Finally, the source of
mechanical energy, in this case ultrasound, is necessary for the
piezoelectrochemical process to occur.

After concluding that the chemical product was indeed
disulfides, we sought to study different gelation conditions
(Table 1). Mechanical characterization of the organogels was

Table 1. Gelation Study of Mercapto-Polymers

sample polymer ZnO (wt %) energy source” E (kPa)®
a mercapto-PMMA 5.0 ultrasound 776
b 2.5 ultrasound 658
c 1.0 ultrasound 178
d 5.0 shaker 760
e’ heat 42
f mercapto-PMA 5.0 ultrasound 90
g 5.0 shaker 2
h mercapto-PS S.0 ultrasound 570
i 5.0 shaker 202

“Conditions: ultrasound bath (40 kHz, 110 W, 6 h), electrodynamic
shaker (2 kHz, 130 W, 8 h), and heat (60 °C, 1 h). Gels were allowed
to set for 12 h after sonication (or heating). bControl reaction: H,0,
30 vol. % (2 pL). Shear modulus (G, kPa) measured with rheometer.
“Young’s modulus (E, kPa) determined from the slope of stress—
strain curve.

conducted via dynamic mechanical analysis (DMA) under
compression mode (Figures S13—S23). First, using mercapto-
PMMA as a representative polymer, the concentration of ZnO
was varied between 5.0, 2.5, and 1.0 wt % (Table la—c). In all
of these cases, gelation occurred after ultrasonication (40 kHz)
for 6 h; however, the elastic moduli of the resulting gels
decreased along with the concentration of ZnO. In a recently
published work, our group showed that an electrodynamic
shaker, commonly used for testing the mechanical response of
materials to vibrations, could also promote piezoelectrochem-
ical processes (Figure S1).”> As shown in Table 1d, a
mercapto-PMMA gel was also formed by mechanical shaking
(2 kHz). Although the frequency of the vibrations was
significantly less than in ultrasound, the resulting gel had a
comparable elastic modulus to the one synthesized with
ultrasound (Table 1a). In addition to these experiments, we
also tested the reference gel described before (Table le). Its
elastic modulus was comparable to the gel obtained using 1 wt
% ZnO concentration (Table 1c).

For the mercapto-PMA and mercapto-PS polymer systems,
organogels were synthesized using both the ultrasound and the
shaker (Table 1, samples f—i). The mercapto-PMA gel
synthesized with ultrasound (40 kHz) had an elastic modulus
almost an order of magnitude lower in comparison to the
analogous gel with mercapto-PMMA, though it was still solid.
However, the gel synthesized via shaking at 2 kHz showed
weak consistency after being removed from the vial. Oscillatory
strain and frequency measurements confirmed that the sample
was cross-linked, but its elastic modulus was comparatively low
at 2 kPa (Figure S20). In the case of mercapto-PS, both 40
kHz ultrasound and 2 kHz shaker yielded consistent gels.
However, for the shaker case, the elastic modulus was lower by
about half. In general, these results indicate that the lower
energy output of the shaker in comparison to the ultrasound
leads to lower reactivity and thus lower modulus. In summary,
we showed that a variety of organogels with different moduli
are accessible with this methodology.

To further examine the physical properties of the organogels,
we selected representative samples a, f, and h, corresponding to
the mechano-cross-linking of mercapto-PMMA, mercapto-

6) recover polymer
(repeat cycle)

5) dissolve
-

.* 1) mechano-gelation 2) dissolve
—_— e
mercapto-PMMA

4) mechano- gelatlon

50 50 wt %
virgin/reycled polymer

recycled
mercapto-PMMA

Figure 2. Recyclability study of mercapto-PMMA organogel. (1) Mercapto-PMMA (150 mg) and KI (11 mg) were dissolved in DMF (400 L)
and mixed with ZnO nanoparticles (30 mg, S wt %). The mixture was ultrasonicated (40 kHz) for 6 h, and the gel was left to set for 12 h. (2) The
gel was placed in a solution of TCEP in DMF (8 mL, 0.16 M) and stirred at 50 °C for 12 h. (3) The solution was centrifuged at 10k rpm to remove
the ZnO nanoparticles and concentrated under vacuum, and the polymer was precipitated in methanol (30 mL), washed, and dried at 60 °C for 24
h. (4) Virgin mercapto-PMMA (75 mg), recycled mercapto-PMMA (75 mg), and KI (11 mg) were dissolved in DMF (400 yL) and mixed with
ZnO nanoparticles (30 mg, S wt %). The mixture was ultrasonicated (40 kHz) for 6 h and the gel was left to set for 12 h. (S and 6) Same

dissolution and recovery procedure as described above.
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Figure 3. DMA temperature ramp experiments (compression mode) of mercapto-polymer composites in the range of 0—200 °C.

PMA, and mercapto-PS with ZnO (S wt %) and ultrasound
(40 kHz), respectively. The gel fractions were determined by
extraction of the soluble polymer with DMF. The mercapto-
PMMA gel showed the highest gel fraction at 93%, meanwhile,
the mercapto-PMA and mercapto-PS gels showed similar
values at 80% and 83%, respectively. Additionally, swelling
experiments in DMF showed a nearly a 5X increase in mass of
the mercapto-PMA sample due to solvent absorption, in
comparison to the 1.8X and 1.5X increments for mercapto-
PMMA and mercapto-PS, respectively (Table S4, Figure S24).
Finally, we conducted DMA temperature ramp experiments on
the gels from —75 to +75 °C (Figures S13, S19, and S21). All
samples showed a rubbery plateau around room temperature.
The mercapto-PMMA and mercapto-PS gels showed glass
transition temperatures (Tg) at —41 and —46 °C, respectively.
The mercapto-PMA gel showed no glass transition in the
measured temperature range. These results suggest that the
mercapto-PMMA gel had a higher degree of cross-linking in
comparison to the others. Moreover, the mercapto-PMA gel
showed more favorable polymer—solvent interactions in DMF,
as it is shown to retain a higher volume of solvent. The
comparatively low modulus of the mercapto-PMA gel at room
temperature can be attributed to the fact that its T, appears to
be considerably lower than for the other gels.

In previous experiments, we examined the potential gel
dissolution to prove the formation of disulfide linkages.
However, we were also intrigued that disulfide cleavage
could be used as a mechanism for polymer recyclability and
processability. To test this idea, we subjected the mechanically
cross-linked mercapto-PMMA gel to TCEP reduction. We
obtained mercapto-PMMA back from the solution, with a
recovery yield of 70 wt % (Figure 2). However, the recycled
polymer showed lesser solubility in organic solvents, including
DMF, than the virgin polymer. NMR analysis showed no
significant chemical differences between them (Supporting
Information, Section 6.1); however, GPC analysis revealed the
recycled polymer contained higher molecular weight species
(Table SS, Figure S26). We considered two explanations for
this phenomenon. One possibility is that Zn®* cations from
solubilized ZnO act as ionic cross-linkers; therefore, some
polymer chains contain additional cross-links. The other
possibility is that some irreversible covalent bonds might
have formed, such as thioether bonds from the desulfurization
of disulfides. Nevertheless, the recycled mercapto-PMMA
could still be used to synthesize a new gel via mechano-
gelation, albeit half of the total polymer was replaced with
virgin mercapto-PMMA to account for the lesser solubility of
the recycled polymer (Figure 2). This new gel showed similar
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mechanical properties as the original one (Figure S29) and
could also be dissolved with a TCEP solution. In addition, we
conducted analogous experiments with the mercapto-PMA and
mercapto-PS gels (Figure S25). The dissolution method with
TCEP resulted in the parent polymers as characterized by
GPC (Table SS, Figures S27 and 28). Unlike the case of
mercapto-PMMA, the dissolution process of mercapto-PMA
and mercapto-PS gels yielded polymers of nearly the same
molecular weight as the virgin ones. Mercapto-PMA and
mercapto-PS were recovered with yields of 83 and 90%,
respectively, and reused to form new gels via mechano-cross-
linking. Overall, these experiments showed the feasibility of
reversing the mechano-gelation process and recycling the
polymers.

Finally, we studied the mechanical and thermal properties of
representative mechano-polymer composites obtained after
drying the gel samples a, f, and h. In the case of the mercapto-
PMMA composite (sample a), modulated DSC analysis
showed a single broad T, centered at 102 °C, as opposed to
the sharp T, of virgin mercapto-PMMA at 120 °C (Figure
$35). As shown by the DMA temperature ramp experiment,
the composite exhibited glassy behavior at room temperature,
with an apparent storage modulus of S8 MPa and a broad T,
peaking at 128 °C (Figure 3). The modulus decreased to 0.8
MPa at 200 °C, but the sample did not melt. These results
indicated that the composite was randomly cross-linked.
Furthermore, a frequency sweep at 175 °C confirmed that it
remained cross-linked at high temperature (Figure $38). In the
case of the mercapto-PMA composite (sample f), modulated
DSC showed one T, nearly above room temperature (38 °C)
and a broad T, centered at 101 °C (Figure S36). The same
lower temperature T, was observed in virgin mercapto-PMA,
albeit that it was a much sharper transition. The DMA
temperature ramp experiment showed likewise both tran-
sitions. The composite exhibited glassy behavior at room
temperature, with an apparent storage modulus of 29 MPa.
However, it rapidly softened upon heating and plateaued at
approximately 3 MPa between 50 and 100 °C. It then
underwent a second, broad transition centered at 140 °C, and
the modulus drastically dropped to 0.1 MPa (Figure 3).
Although a frequency sweep at 175 °C confirmed the
composite remained cross-linked, it had lost its original
consistency (Figure S38). These results suggest that some
regions of the composite are not cross-linked, thus behaving
similarly to the parent polymer. Finally, in the case of the
mercapto-PS composite (sample h), modulated DSC showed a
single T, centered at 114 °C (Figure S37), while DMA showed
it at 130 °C (Figure 3). The sample retained its glassy state up
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to 100 °C with an apparent storage modulus of 10 MPa. It
would then undergo a transition, with the modulus decreasing
and plateauing at 0.9 MPa at 200 °C. As in the previous cases,
a frequency sweep at 175 °C confirmed the composite
remained cross-linked at high temperature (Figure S38).

In conclusion, we have demonstrated a new methodology
that relies on mechanical force coupled with piezoelectro-
chemistry to fabricate reversible organogels via disulfide bond
formation. Gels within a range of elastic moduli were obtained
from three different polymers with thiol side groups.
Mechanical activation and subsequent gelation of the
mercapto-polymers was achieved with both high (40 kHz
ultrasound) and low (2 kHz shaking) frequency sources of
vibration. Chemical analysis conducted on a small molecule
thiol confirmed that KI and ZnO could generate oxidation
promoters under mechanical agitation, which could then
oxidize the thiols to disulfides. A reversibility experiment
showed that the gelation could be dissolved by treatment with
a reducing agent and that the mercapto-polymers could be
recycled for another round of mechano-cross-linking. Finally,
we examined the diverse mechanical and thermal properties of
the mercapto-polymer composites. We envision that this
investigation will serve as the basis to generate adaptive
materials with self-remodeling and self-healing properties by
harnessing mechanical energy via piezoelectrochemistry.
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