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of Chemistry Robust and stiff polymeric materials usually rely on dense covalent crosslinking, which endows them with
excellent properties such as high durability and outstanding thermal stability. However, because of the
strong covalent bonds within the network, these polymeric materials are not easily degraded or recycled,
giving rise to uncontrolled accumulation of end-of-life plastics in seawater or soil. Here, we present
a general strategy to fabricate high-performance supramolecular polyelectrolyte plastics with
environmentally ion-dissociable properties in a facile manner. By combining dynamic supramolecular
hydrogen bonding and multiple electrostatic crosslinking with hydrophobic interactions, the resulting
stable supramolecular polyelectrolyte plastic possesses a tensile strength of 93.6 + 3.3 MPa and
a Young's modulus of 2.3 + 0.3 GPa, outperforming most of the commercial plastics. More importantly,
the unique supramolecular dynamic network structures endow the polyelectrolyte plastics with excellent

remoldability, good recyclability, and efficient dissociation in seawater and soil under ambient conditions.
Received 16th December 2024 The simple fabrication strategy developed herein for robust sustainable polyelectrolyte plasti
Accepted 4th February 2025 e simple fabrication strategy developed herein for robust sustainable polyelectrolyte plastics appears
to be applicable to other bio-sourced and synthetic polyelectrolytes. This work provides a practical way

DOI: 10.1039/d4sc08484e for fabricating sustainable high-performance plastics by elegantly designing the supramolecular
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Introduction

Plastics possess many significant advantages such as light
weight, low cost, easy processability, and tunable properties,
enabling their widespread applications as diverse as packaging,
construction materials, electronics, and energy storage.'” As
a result, plastics have become the largest synthetic consumer
product in the world with an annual production of over 400
million tons.*® However, only around 9% of all plastics have
been recycled,® which means most of the used plastics are dis-
carded unintentionally or intentionally. The inert characteris-
tics endow plastics with useful material properties, which also
make them resistant to degradation under ambient conditions
with an estimated lifetime of over hundreds of years.” Plastic
waste in the soil not only hinders the sustainable use of land,
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but also reduces nutrients and contaminates water absorbed by
crops.® Additionally, the discarded plastics in the oceans also
threaten the survival of aquatic animals, which would poten-
tially invade the human food chain.’

Degradable plastics, especially biodegradable plastics, have
recently attracted much attention in both industrial and
academic realms. The superb strategy is to create chemically
degradable polymer materials for dynamically achieving depo-
lymerization and reformation.'**® Improving legitimate
measures to increase the collection of discarded plastics is the
prerequisite for realizing a closed-loop recyclable process.
Another approach is to promote the development of biode-
gradable plastics such as polyesters through the degradation of
plastics with enzymes secreted by microorganisms in the envi-
ronment."”” However, efficient biodegradation is only observed
in fertile soil with plenty of enzymes,'® still resulting in the fast
accumulation of plastics under common environmental
conditions. Hence, developing robust plastics with minimal
environmental burdens is highly desired for mitigating the
negative consequences of plastics.

Ions are ubiquitous and concentrated in diverse natural
environments such as seawater and soil, mainly including Na*,
K', SO,>7, and Cl ."* Coincidentally, most of the discarded
plastics mainly enter the oceans and soils, giving rise to both
visual and ecological pollution.* If plastics can be efficiently
decomposed with the assistance of ions in the environment, the
issues caused by the discarded plastics would be readily
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resolved. Unfortunately, conventional plastics are highly
hydrophobic and stable under ambient conditions with diverse
ions.” Hydrophilic polymers or networks usually undergo
uncontrolled dissolution/swelling under aqueous conditions
regardless of ions.”*?** Simultaneously, the presence of common
ions usually plays a trivial role in either surface or bulk degra-
dation of current degradable plastics. Recently, salt-bridging of
sodium hexametaphosphate with di- or tritopic guanidinium
sulfate in water has been used to form a cross-linked supra-
molecular network, which is stable unless electrolytes are
resupplied.”® However, the complex design of the ionic mono-
mer limits its widespread application. Therefore, it is highly
challenging to fabricate readily available plastics that are robust
and stable but can spontaneously dissociate under natural
environments with common ions.

Herein, we develop an efficient method to construct high-
performance supramolecular polyelectrolyte plastics with envi-
ronmentally ion-dissociable properties. As a demonstration,
hydroxypropyl trimethyl ammonium chloride chitosan (HACS-
Cl) as a bio-sourced cationic polyelectrolyte was upgraded into
supramolecular plastics through counterion exchange with
multivalent sodium phytate (SP) and hydrophobic sulfonates.
HACSs with only monovalent hydrophobic sulfonates have
moderate mechanical properties, which were synergistically
enhanced by combining multivalent and hydrophobic coun-
terions. The obtained polyelectrolyte plastics with dynamic
supramolecular hydrogen bonding and multiple electrostatic

_ Counterionic synergy

View Article Online

Edge Article

crosslinking were further stabilized through hydrophobic
interactions (Scheme 1). The unique dynamic network struc-
tures endow polyelectrolyte plastics with excellent remold-
ability, good recyclability, and efficient dissociation in seawater
and soil under ambient conditions. Meanwhile, eco-friendly
polyelectrolyte plastics have outstanding mechanical proper-
ties with a maximum tensile strength of 93.6 + 3.3 MPa and
a maximum Young's modulus of 2.3 £ 0.3 GPa, surpassing most
of the commercial plastics. The simple strategy based on
counterion exchange of polyelectrolytes developed herein is
a universal route to producing robust sustainable poly-
electrolyte plastics. These findings offer us a feasible way for
fabricating environmentally ion-dissociable high-performance
supramolecular polyelectrolyte plastics in a straightforward
manner.

Results and discussion
Properties of HACS with different monovalent counterions

Chitin is the second most abundant biopolymer, following
cellulose, and is derived from natural resources such as the
shells of crabs, shrimps, insects, etc. As one of the important
derivatives of chitin, HACS-CI has low toxicity, good biocom-
patibility, and high water solubility,*® possessing good proc-
essability and potential applicability as a bio-based feedstock.
The abundant hydroxyl groups in HACS-CI enable the formation
of a strong supramolecular hydrogen bonding network, but

Hydrogen
bond

Scheme 1 Schematic diagram of the fabrication of environmentally ion-dissociable high-performance supramolecular polyelectrolyte plastics

with a synergistic multivalent and hydrophobic counterion strategy.
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Fig. 1 Characterization of cationic polyelectrolytes HACSs with
different monovalent counterions. (a) *H NMR spectra and (b) XPS
analyses of HACS-Cl and HACS-C, materials. (c) Representative
stress—strain curves for HACS-Cg and HACS-C;» with the inset
showing the tensile strengths and Young's moduli.

uncontrolled hydration in the presence of water or high
humidity hinders its application as a material with stable and
robust mechanical properties. Of note, the pendant quaternary
ammonium group provides an excellent means to modulate the
material's properties by treating HACS-CI as a type of strong
cationic polyelectrolyte.

The positively charged HACS-Cl is supposed to exhibit
a relatively weak interaction between the pendant quaternary
ammonium group and the counterion - chloride ion (Cl") -
according to the Law of Matching Water Affinities (LMWA).>">°
As a result, the properties of HACS-CI can be tuned by intro-
ducing diverse counterions that interact more strongly with the
pendant quaternary ammonium groups. Sulfonates with
different lengths of hydrophobic chains, including sodium
methanesulfonate, sodium 1-butanesulfonate, sodium 1-octa-
nesulfonate, and sodium laurylsulfonate, were initially utilized
for the counterion exchange to generate HACS-C,, HACS-C,,
HACS-Cg, and HACS-C,,, respectively. The HACS-Cl aqueous
solution was mixed with aqueous solutions containing different
sulfonates and the obtained mixtures were further dialyzed
against water to yield the targeted product. The counterion
exchange for HACS-Cl was analyzed by using 'H nuclear
magnetic resonance (NMR) spectroscopy (Fig. 1a). Both the
peak at 3.19 ppm for the methyl group of HACS-CI and the peak
at around 2.84 ppm for the alkyl group of the sulfonates have
been observed for a series of HACS-C, materials with different
alkyl groups of the sulfonates. These results suggest the
successful exchange of counterions. Notably, HACS-C;, has
a too long hydrophobic chain, preventing its solubility in
deuterated water for NMR analysis.

Further, the counterion exchange of HACS-Cl was investi-
gated through X-ray photoelectron spectroscopy (XPS). XPS
analyses show that the peaks for Cl 2s and Cl 2p become weak or

© 2025 The Author(s). Published by the Royal Society of Chemistry
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even disappear and the peaks for S 2s and S 2p emerge for all
HACS-C, materials (Fig. 1b). The quantitative calculations of the
relative elemental contents illustrate that the counterion
exchange ratio between Cl™ and sulfonates gradually increases
from 75% for HACS-C; to nearly 100% for HACS-C,, with the
increasing length of the alkyl chain (Table S1}). These results
can be rationalized according to the LMWA, since the more
weakly hydrated alkyl sulfonate anions with longer alkyl chains
tend to more strongly bind to the weakly hydrated quaternary
ammonium groups in HACS-CI driven by counterion exchange.
Additionally, the counterion exchange of HACS-Cl also
enhances the thermal stability of the polymers from the ther-
mogravimetric analysis (TGA) results (Fig. S1t). The initial
HACS-C] has a relatively low decomposition temperature of
166.5 °C, which might be caused by Cl-catalyzed thermolysis.
With the replacement of C1~ with sulfonates, high decomposi-
tion temperatures over 236.9 °C were observed for all HACS-C,
materials, demonstrating good application potential.

Interestingly, stable polyelectrolyte plastics HACS-Cg and
HACS-C;, can be obtained from the hydrophilic polyelectrolyte
HACS-Cl through counterion exchange. Both HACS-C; and
HACS-C, polyelectrolyte plastics with relatively weak hydro-
phobic interactions are observed to be still highly soluble in
water, preventing their applications as stable polymeric mate-
rials. The mechanical properties of HACS-Cg and HACS-C;, were
evaluated through stress-strain tests (Fig. 1c). The tensile
strengths of HACS-Cg and HACS-C;, are 10.0 & 1.8 MPa and 8.5
+ 0.5 MPa with the Young's moduli of 0.1 &+ 0.07 GPa and 0.3 +
0.03 GPa, respectively, as shown in the inset of Fig. 1c. The
moderate mechanical properties of HACS-Cg and HACS-C;, are
comparable to those of common bio-based plastics from plant
oils or itaconic acids (Fig. S2t), but it is still desired to fabricate
robust bio-based plastics outperforming commercial plastics
for expanding their practical applications. We suppose that the
hydrophobic interactions introduced by counterion exchange
are not strong enough to enhance the supramolecular network
of HACS-CI for robust mechanical properties.

Robust mechanical properties of supramolecular
polyelectrolyte plastics with a synergistic multivalent and
hydrophobic counterion strategy

The stiffness of polymeric materials is usually improved by
increasing the covalent crosslinking density through the
incorporation of multifunctional crosslinkers. Yet, the dense
covalent polymer networks often give rise to the uncontrollable
recyclability and poor degradation of relevant materials. We set
out to use reversible multivalent electrostatic interactions for
the fabrication of robust polymeric materials. SP as a bio-based
small molecule from plant seeds has hexaphosphate groups
capable of electrostatically crosslinking the polyelectrolyte
HACS-CI. Indeed, a white precipitate of HACS-SP was observed
when mixing the SP solution with the HACS-CI solution at pH ~
7 (Fig. S3t1). Proper negative charge and hydration of SP are
necessary for the formation of crosslinked polyelectrolytes. The
low negatively charged SP could not form efficient electrostatic
interactions with the cationic HACS-Cl under the acidic
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conditions at pH ~ 2, and the high hydration of SP under the
basic conditions at pH ~ 12 hinders its efficient binding with
the weakly hydrated quaternary ammonium groups in HACS-Cl
(Fig. S31).

As shown in Fig. 2a, XPS analysis of HACS-SP shows that the
peaks at 189.0 eV and 133.0 eV respectively for P 2s and P 2p
appear and the peak at 197.4 eV for Cl 2p decreases concomi-
tantly, in comparison with the XPS data of HACS-Cl. Meanwhile,
the supramolecular polyelectrolyte plastic HACS-SP presents
a much higher tensile strength of 37.6 £+ 0.7 MPa than 10.0 +
1.8 MPa for HACS-Cs. Both results illustrate the successful
crosslinking of HACS-Cl1 with the introduction of multivalent SP.
Further analysis of the XPS result indicates that only 66.2% of the
Cl™ was exchanged in HACS-SP (Table S2+t). This might be caused
by the steric hindrance effect, limiting the accessibility of CI™ for
the counterion exchange by the multivalent SP. In order to further
improve the mechanical and hydrophobic properties of HACS-SP
through counterion exchange, monovalent sulfonates, including
sodium 1-butanesulfonate, sodium 1-octanesulfonate, and
sodium laurylsulfonate with different hydrophobic chains, were
added to produce HACS-SP-C,, HACS-SP-Cg, and HACS-SP-Cy,,
respectively. It is found that the residual CI™ can be further
exchanged with monovalent sulfonates, showing over 93%
exchange of the Cl™ (Fig. 2a and Table S21).

Importantly, the strengths of the supramolecular poly-
electrolyte plastics manifest synergetic enhancement with the
combination of multivalent and hydrophobic counterions.
Specifically, the tensile strengths of HACS-SP-C,, HACS-SP-Cg,
and HACS-SP-C,, are 55.8 + 1.3, 93.6 + 3.3, and 54.7 4+ 2.4 MPa,
respectively (Fig. 2b and c¢). Simultaneously, the Young's moduli
represent the same trend with a maximum value of 2.3 £ 0.3 GPa
for HACS-SP-Cg. Both the tensile strengths and Young's moduli of
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HACS-SP-C, materials are better than the sum of the values for
HACS-SP and HACS-C, materials at the relative molar ratio
content of SP and C, in HACS-SP-C,, materials, demonstrating the
synergetic effect of multivalent and hydrophobic counterions.
With the introduction of hydrophobic counterions into the HACS-
SP network, the obtained HACS-SP-C, materials strengthen the
hydrophobic interactions, giving rise to the improvement of
mechanical properties. Meanwhile, we have used scanning elec-
tron microscopy (SEM) to study the fracture behaviors during the
tensile test. Interestingly, the polyelectrolyte plastic shows
a smooth extension crack path, exhibiting a brittle fracture (Fig.
S4t). Polyelectrolyte plastics are inclined to form highly dense
structures attributed to strong electrostatic interactions. We
suppose that polyelectrolyte plastics display strong interfacial
bonding through synergistic multivalent and hydrophobic inter-
actions, contributing to high stiffness. When the hydrophobic
sulfonates change from sodium 1-butanesulfonate to sodium
laurylsulfonate, attenuated total reflectance Fourier transform
infrared (ATR-FTIR) results of HACS-SP-C, materials illustrate
that the longer hydrophobic alkyl chain is able to more strongly
disrupt the supramolecular hydrogen bonding network of HACS-
Cl (Fig. S51). As a result, outstanding mechanical properties were
achieved for the supramolecular polyelectrolyte plastic HACS-SP-
Cg. Meanwhile, the notched HACS-SP-Cg can still maintain the
same Young's modulus, displaying a high fracture energy of 10.3
kJ m~? (Fig. S61).

The obtained supramolecular polyelectrolyte plastic HACS-SP-
Cg displays outstanding tensile strength and Young's modulus,
outperforming many commercial petroleum-sourced, bio-
based,"**** epoxy, phenolic resin and polyelectrolyte plastics
(Fig. S71), such as low/high-density polyethylene (PE), poly-
propylene (PP), polystyrene (PS), poly(vinyl chloride) (PVC),
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Fig. 2 Mechanical properties of supramolecular polyelectrolyte plastics. (a) XPS analyses, (b) representative stress—strain curves, and (c)
mechanical properties of supramolecular polyelectrolyte plastics HACS-SP and HACS-SP-C, materials. (d) Comparison of the mechanical
properties of the supramolecular polyelectrolyte plastic HACS-SP-Cg with common plastics. (e) The demonstration of the strong and stiff HACS-
SP-Cg plastic by pulling a car over 1.8 tonnes.
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poly(B-hydroxybutyrate) (PHB), and polylactic acid (PLA) (Fig. 2d).
It is even better than engineering plastics,*** such as poly(methyl
methacrylate) (PMMA) and poly(ethylene terephthalate) (PET)
(Fig. 2d). In addition, HACS-SP-Cg also has good flexibility and
transparency (Fig. S8 and S9t). Good chemical stability of the
supramolecular HACS-SP-Cg films was also observed, retaining
their shape in most commercially available organic solvents for
up to 90 days (Fig. S107). To further showcase the strong prop-
erties of the supramolecular HACS-SP-Cg film, a car weighing over
1.8 tonnes can be pulled with the HACS-SP-Cg film of 3 mm
thickness as the connector (Fig. 2e and Movie S1t). The robust
and stiff HACS-SP-C; film did not show any noticeable deforma-
tion, demonstrating eminent potential applicability.

Remoldability and recyclability of supramolecular
polyelectrolyte plastics

Strong plastics with high crosslinking densities are often
extremely difficult to remold and recycle. The large plasticizers
or modifiers are not able to penetrate due to the poor perme-
ability of the dense network. The supramolecular HACS-SP-Cg
plastic is capable of achieving superior remoldability and
recyclability by a combination of hydroplasticity and heating.
The HACS-SP-C4 film is stable under ambient conditions in
water for over 150 days with only a slight swelling of the film
(Fig. S117). The multiple electrostatic crosslinking of the SP and
the hydrophobicity of the n-octyl group sustain the network
structure, which hinders the swelling of the network by water.
Intriguingly, distinct shapes such as spiral, triangle, cylindrical,
and S shapes of the film were successfully fabricated by
immersing the original rectangular film into a water bath at 60 °©
C for 2 min (Fig. 3a). Upon drying, stiff polymeric materials with
desired shapes were formed, displaying the outstanding
remoldability of the supramolecular polyelectrolyte plastics.

Further, the same strategy is also feasible for the recyclability
of the polyelectrolyte plastic (Fig. 3b). The HACS-SP-Cg film was
ground into thin powders, which can be hot-pressed (60 °C) into
a new film in the presence of water. This process can be
repeated several times in a straightforward fashion. The
reclaimed films all manifest tensile strengths over 78.5 MPa and
Young's moduli over 1.9 GPa, maintaining over 82% of the
original mechanical properties (Fig. 3c and d). We suppose that
water as the plasticizer is able to efficiently activate the cross-
linked electrostatic network upon heating. Both the electro-
static crosslinking between SP and HACS and the hydrogen
bonding of HACS can be disrupted upon heating in the pres-
ence of water, making the reorganization of the network
possible. Collectively, dense hydrogen bonding and multiple
electrostatic crosslinking within the polyelectrolyte plastic
HACS-SP-Cg enable us to remold and recycle the robust poly-
meric materials in a facile and environmentally friendly
manner.

Environmentally ion-dissociable supramolecular
polyelectrolyte plastics

Most plastics with excellent mechanical properties require harsh
catalytic or reaction conditions for degradation. Even for the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Remoldability and recyclability of the supramolecular poly-
electrolyte plastic HACS-SP-Cg. (a) The remoldability of the supra-
molecular polyelectrolyte plastic HACS-SP-Cg into different shapes
upon heating using water as the plasticizer; (b) the recyclability of the
supramolecular polyelectrolyte plastic HACS-SP-Cg through a hot-
pressing process; (c) representative stress—strain curves; and (d)
mechanical properties of the original and recycled supramolecular
polyelectrolyte plastic HACS-SP-Cg.

typical biodegradable PLA, several studies indicate that no obvious
signs of degradation of PLA were observed in seawater or soil for
over at least 3 years.**** Ambient conditions are not conducive to
either surface degradation or bulk degradation of polyester
materials. Additionally, the biodegradation of polymers with labile
ester or ether bonds depends on the attack of enzymes, which is
much faster for dispersed polymer chains than solid polymeric
materials. Therefore, the efficient dissociation of bulk plastics
provides a feasible way to avoid the pollution of discarded plastics.
In order to get close to the salt concentration in seawater, we first
chose the highest concentration of 0.45 M NaCl in seawater for
research. As shown in Fig. 4a, the supramolecular polyelectrolyte
plastic HACS-SP-Cy has a weight loss of up to 95% at 5 h and no
residual solids were observed at 24 h in 0.45 M NaCl solution. The
inset of Fig. 4a shows the pictures of the HACS-SP-Cg sample in the
0.45 M NaCl solution at 0 h and 24 h. In contrast, no organic
substances were detected in aqueous solution after immersing
HACS-SP-Cg in water even over 150 days (Fig. 4a). High NacCl
concentration weakens the electrostatic crosslinking and facili-
tates the counterion exchange to weaken the hydrophobic inter-
actions, both of which disrupt the dense supramolecular network.
As such, the robust supramolecular plastic is capable of efficiently
dissociating in the NaCl solution under ambient conditions.
Dynamic light scattering (DLS) analyses were used to investi-
gate the solution of the dissociated supramolecular

Chem. Sci., 2025, 16, 5503-5511 | 5507
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Fig. 4 The dissociation of the supramolecular polyelectrolyte plastic
HACS-SP-Cs. (a) Weight loss of HACS-SP-Cg with time in 0.45 M NaCl
solution and water. The inset shows the pictures of the HACS-SP-Cg
sample in the 0.45 M NaCl solution at O h and 24 h; (b) DLS analyses of
HACS-Cl and the dissociated HACS-SP-Cg in 0.45 M NaCl solution,
where the latter is measured after the dissociation of HACS-SP-Cg in
the NaCl solution for 24 h; (c) DLS analyses of HACS-Cl and the
dissociated HACS-SP-Cg in seawater, where the latter is measured
after the dissociation of HACS-SP-Cg in seawater for 72 h; (d) photos
and weight loss of HACS-SP-Cg, LDPE, and PLA before and after 20
days in natural soil.

polyelectrolyte film. The results show that a well-defined nano-
object of ~8 nm was found (Fig. 4b). The hydrodynamic diam-
eter is close to that (~8 nm) of the HACS-Cl aqueous solution.
Therefore, we surmise that the NaCl solution at high concentra-
tion is able to break down the supramolecular polyelectrolyte
plastic HACS-SP-Cy into its original components. Considering
that lots of plastics accumulated in the ocean, we further evaluate
the dissociation of the robust supramolecular polyelectrolyte
plastic HACS-SP-Cg in artificial seawater (Table S3 and Fig. S12+)
and natural seawater (Fig. 4c). The results show that a well-
defined nano-object of ~12 nm was found for HACS-SP-C; in
seawater (Fig. 4c). The hydrodynamic diameter is close to that
(~12 nm) of HACS-CI in seawater. Further, we analyzed the 'H
NMR of HACS-SP-Cg after dissociation in seawater and measured
the molecular weights of HACS-SP-C; after dissociation in artifi-
cial seawater and seawater. The results demonstrated that the
dissociated chemical composition was the same as that of HACS-
Cl, and the molecular weight of the dissociated HACS-SP-Cg (M,,
~ 1.5 x 10° g mol ") was similar to that of HACS-CI (M, ~ 1.5 x
10° ¢ mol ') (Fig. S13 and S14f). Some white precipitates
observed during the dissociation were confirmed to be calcium
phytate and magnesium phytate through FTIR and XPS analyses
due to the presence of Mg>* and Ca*" in artificial seawater and
natural seawater (Fig. S15-S17}). Further analysis of the white
precipitates using relative mole ratios measured by XPS showed
that 98% and 91% of the supramolecular polyelectrolyte plastic
were dissociated into polymer chains in artificial seawater and
natural seawater, respectively (Table S47). At the same time, the
degradation process of the non-ionically dissociable PLA was
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further explored by directly immersing the plastic in seawater.
The results show that the quantitative weight changes display no
weight loss for PLA (Fig. S187).

In addition to entering the ocean, a large volume of dis-
carded plastics pollutes the soil and decreases the absorption of
nutrients and moisture by crops, leading to a drop in crop
production. The dissociation process of the supramolecular
polyelectrolyte plastic HACS-SP-Cg was further explored by
directly burying the plastic in the outdoor soil (Fig. 4d). For
comparison, PLA and low density PE (LDPE) films were also
buried at the same position, 10 cm underground. Interestingly,
the HACS-SP-C; polyelectrolyte film was completely dissociated
in the soil, while neither PLA nor LDPE showed discernible
changes. The quantitative weight changes also display no
weight change for both PLA and LDPE (Fig. 4d). High moisture
and various ions in the soil efficiently dissociate the robust and
stiff polyelectrolyte plastic, which provides a new strategy to
construct sustainable polymeric materials.

Generalized strategy for fabricating environmentally ion-
dissociable high-performance supramolecular polyelectrolyte
plastics

The synergetic multivalent and hydrophobic counterion strategy
provides a novel way to fabricate robust, remoldable, recyclable,
and environmentally ion-dissociable polyelectrolyte plastics. To
explore the generality of this approach, we substitute HACS-Cl with
other bio-sourced and synthetic polyelectrolytes, such as cellulose
2-(2-hydroxy-3-(trimethylammonio)propoxy) ethyl ether chloride
(CHTM-Cl) and poly(3-acrylamidopropyltrimethylammonium
chloride) (PTMPA-CI) (Fig. 5a and S197). Specifically, the tensile
strength of CHTM-SP-Cy, (84.9 + 3.3 MPa) exceeds that of CHTM-
SP (62.7 £+ 5.5 MPa) and CHTM-C;, (36.5 &+ 4.4 MPa), demon-
strating the synergy of multivalent and hydrophobic counterions
considering the relative molar content of SP and C;, in CHTM-SP-
Cy, (Fig. 5b and c¢). Meanwhile, the Young's modulus of CHTM-SP-
Ci; (2.3 £ 0.3 GPa) is significantly higher than that of CHTM-SP
(1.6 = 0.6 GPa) and CHTM-C;, (0.8 £+ 0.1 GPa), enabling the
formation of stiff polymeric materials. Recyclability was also ach-
ieved for the stiff and strong polyelectrolyte plastic CHTM-SP-C;,
by grinding and hot-pressing the film with water as the plasticizer
(Fig. 5d). The recycled plastic has similar tensile strength (81.7 +
13.8 MPa) and Young's modulus (2.1 £ 0.2 GPa) to the original one
(Fig. 5e and S207).

Further study has indicated that the robust and stiff CHTM-
SP-C;, film can be dissociated in NaCl solution (0.45 M) under
ambient conditions. DLS analyses show that the dissociated
polymer in aqueous solution has a similar size to that of the
original CHTM-Cl aqueous solution (Fig. 5f). For synthetic
polyelectrolyte PTMPA-C], the combination of multivalent and
hydrophobic counterions also gives rise to the formation of
robust, recyclable, and environmentally ion-dissociable poly-
electrolyte plastics (Fig. S21 and S22%), providing a universal
approach for constructing high-performance eco-friendly plas-
tics. It is expected that by combining various ions and plenty of
polyelectrolytes, numerous sustainable high-performance
plastics would emerge.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 A universal approach for constructing stiff, recyclable, and ion-dissociable polyelectrolyte plastics. (a) Molecular structure of CHTM-C, (b)
representative stress—strain curves and (c) mechanical properties of CHTM-C;,, CHTM-SP, and CHTM-SP-Cy,. (d) Photos and (e) representative
stress—strain curves showing the recyclability of CHTM-SP-C5. (f) DLS analyses of CHTM-Cl and the dissociated CHTM-SP-C;, in 0.45 M NaCl
solution, where the latter is measured after the dissociation of CHTM-SP-C;, in NaCl solution for 24 h.

Conclusions

In summary, we report a general strategy to fabricate environ-
mentally ion-dissociable high-performance supramolecular
polyelectrolyte plastics through the combination of multivalent
and hydrophobic counterions. The multiple electrostatic
crosslinking and hydrophobic interactions endow the supra-
molecular hydrogen bonding networks with good stability, high
stiffness, and robustness. The optimized supramolecular poly-
electrolyte plastic HACS-SP-Cg has a tensile strength of 93.6 +
3.3 MPa and a Young's modulus of 2.3 £ 0.3 GPa, out-
performing most of the commercial plastics and polyelectrolyte
plastics. Further, the supramolecular polyelectrolyte plastic can
be remolded and recycled with water as the plasticizer upon
heating in a facile manner. More importantly, efficient disso-
ciation of the supramolecular polyelectrolyte plastic was ach-
ieved in the presence of environmentally associated ions in both
seawater and soil. Finally, the simple fabrication strategy for the
robust sustainable polyelectrolyte plastic appears to be appli-
cable to other bio-sourced and synthetic polyelectrolytes based
on the criteria developed herein. This work highlights the
possibility of constructing sustainable high-performance plas-
tics by rationally tailoring the supramolecular networks of
polyelectrolytes.
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