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(Y’!,, N’l HIGHLIGHTS
Synthetic poly(disulfides)
S-S +S S-);| polymers can be chemically
recycled in a closed loop
‘ The depolymerization process is

efficiently completed in basic

Closed-loop recyclable poly(disulfides)

aqueous solutions

The chemically recycled materials
are additive substitutable and

modulus tunable

Developing repeatedly recyclable polymers is a timely and urgent task for
chemists. An intrinsically reconfigurable polymer made from thioctic acid, a natural
small molecule, is found to be a promising candidate for chemically recyclable
polymers. Owing to the reversible nature of disulfide bond, the resulting
poly(disulfides) can be easily and efficiently recycled by using basic aqueous
solution. The reproduced materials exhibit fully recovered properties due to the
virgin quality of the recycled monomers, showing the excellent recyclability and
great prospects toward future green plastics.
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Dual closed-loop chemical recycling
of synthetic polymers by intrinsically
reconfigurable poly(disulfides)

Matter

Qi Zhang,"? Yuanxin Deng,”? Chen-Yu Shi," Ben L. Feringa,’?* He Tian," and Da-Hui Qu'**

SUMMARY

The excessive use of plastics has led to severe global problems
involving environmental, energy, and health issues and demands
for sustainable and recyclable alternatives. Toward circular plastics,
the development of efficient chemical recycling methods without
loss of properties or allowing reprocessing into new materials offer
tremendous opportunities. Here, we report an intrinsically recy-
clable and reconfigurable poly(disulfide) polymer using a natural
small molecule, thioctic acid (TA), as the feedstock. Taking advan-
tage of its dynamic covalent ring-opening polymerization, this mate-
rial enables a dual closed-loop chemical recycling network among
TA monomers and two kinds of polymer products, including self-
healing elastomers and mechanically robust ionic films. Mild and
complete depolymerization into monomers in diluted alkaline
aqueous solution is achieved with yields of recovered monomers
up to 86%. The polymer materials can be repeatedly recycled and
reused with reconfigurable polymer composition and tunable me-
chanical properties offering prospects for sustainable functional
plastics.

INTRODUCTION

Non-recyclable plastics have aroused increasing global attention because of the
involved environmental damage and have led to a growing awareness to re-use ma-
terials." Although some fine examples of sustainable polymers have been
developed,?? high cost of production and recycling as well as limited applicability
hampers the replacement of common plastic materials,"® and in fact only about
9% of the plastics in the United States and 15% in Europe are currently recycled.” Un-
til now, a main recycling method involves mechanical reprocessing, which is applied
to thermoplastics and cannot avoid the dramatic loss of mechanical properties after
several cycles.® Mechanical reprocessing does not remove or change the extra addi-
tives such as colorants in the plastics, unless solvent washing procedures are
applied.” These disadvantages mean that the current “recyclable” plastics are
mostly downcycled into products with lower-value applications.”

In contrast, chemical recycling strategies make it possible to regenerate monomeric
feedstock by depolymerizing plastics waste.””'? The polymer products, based on
recovered monomers, can be exactly the same as the original ones or even repro-
duced to materials with distinct properties. In an ideal chemically circular system,
the feedstocks-products-wastes cycle can be self-sustained in a closed loop.'” To-
ward this goal, chemists have exploited a few successful systems for chemical recy-
cling of synthetic polymers based on specific catalyst design”"" or constructing
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Progress and potential

It is crucial to develop polymeric
materials that can be recycled
repeatedly. Here, we show that
the intrinsic reconfigurability of
poly(thioctic acid) enables the
establishment of a closed-loop
chemical recycling system among
single monomer and two types of
polymeric materials. By
elaborating the reversible ring-
opening polymerization of
thioctic acid, both the preparation
(polymerization) and recycling
(depolymerization) process of this
material can be performed in a
simple, mild, environmentally
friendly, and high-yield manner.
The structure and properties of
the resulting materials can be
easily tuned by the nature of metal
ion additives, either exhibiting
amorphousness with excellent
stretchability and self-healing
ability or showing semi-
crystallinity with mechanical
robustness. This unique polymer
combining simplicity of
preparation, functional
complexity, and chemical
recyclability shows great potential
in constructing future circular
plastic systems.
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reversible co-polymer networks by dynamic covalent chemistry.'>"'* However, to
the best of our knowledge, it remains highly challenging to realize chemically recy-
clable homopolymers avoiding costly, tedious synthesis of monomers. Meanwhile,
toward a sustainable future, “green” plastics should also exhibit environmentally
friendly preparation; minimal, benign material; and function-enhancing
performance.”®

Here we demonstrate, using a natural small-molecule monomer thioctic acid (TA),
the closed-loop chemical recycling of TA-based polymers by ring-closing depoly-
merization. The recycling process features low cost, high yield, and scalability,
avoids the use of organic solvents, and is additive-tolerable. Importantly, two types
of polymeric materials share the same feedstock (i.e., the recycled TA monomer),
enabling a dual closed-loop chemical interconversion toward elastic self-healing
polymers, as well as mechanically robust ionic networks through a cascade of several
cycles.

Preparation and chemical structures of homopolymers
In recent studies,”’~** we have demonstrated two different pathways for dynamic
covalent ring-opening polymerization (ROP) of natural monomer TA: (1) low-
melting-point TA can be directly transformed into thermoplastic elastomers by
one-step solvent-free melting process;”'**? (2) hydrophobic TA can be transformed
into water-soluble sodium salt (TA-Na) after deprotonation by NaOH. The aqueous
solution of TA-Na monomers can be directly transformed into a mechanically robust
semi-crystalline network by evaporation-induced interfacial self-assembly (EIISA).??
The resulting polymers exhibited excellent mechanical properties enabling various
potential applications, such as self-healing materials, elastomers, and actua-
tors.”’* It should be noted that, in order to facilitate recyclability involving poly-
merization and depolymerization, reactions closer to equilibrium are needed and
the intrinsically dynamic disulfide bond?* within the five-membered ring of TA not
only offers a chance to enable dynamic properties of polymers but also facilitates

the control of polymerization and depolymerization by chemical means.?>~"

The naturally tailored structure of our monomer TA features a disulfide five-
membered ring, which facilitates reversible interconversion between monomers
and polymers, as it is activated by strain in the five-membered ring, with intrinsic
lower bond energy than is present in traditional open-chain disulfide bonds.*
This allows TA to readily polymerize under conditions of (1) high concentration to
favor intermolecular reactions, and (2) external stimulus to activate the disulfide
bond, such as heat,?'"?*?33 light,***> and base.*® Efficient polymerization of TA
can be easily realized by the two methods we developed previously, namely heat-
induced dynamic covalent ROP in a solvent-free condition,?’?* and EIISA from
aqueous solution.?” To enable and maximize the recyclability of the TA-based poly-
mer system, the previously employed crosslinker,?’** 1,3-diisopropenylbenzene
(DIB), was avoided because its irreversibly covalent copolymerization would inhibit
recycling efficiency. We now found that the poly(TA) network in the absence of
DIB can also be stabilized as a homogeneous polymer film by adding metal ions
(1% molar ratio of TA), such as Fe*, Cu?*, Zn?*, and Ca?*. Thus, amorphous poly(TA)
homopolymer instead of co-polymer can be readily prepared by a solvent-free
melting method by mixing with specific amounts of metal salts (Figure 1). We antic-
ipate that high-concentration metal ions form secondary ionic clusters to toughen
the solvent-free network of poly(TA),”? thus inhibiting the “back-bite” depolymeriza-
tion process by limiting the mobility of polymer chains. The homopolymer structure
was confirmed by "H NMR (Figure S1) and the polymer topology was revealed as
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Figure 1. The dually closed-loop recycling network of TA-based polymers
(A) The schematic representation of the interconversion among monomers and two kinds of polymeric products; i.e., ionic film and amorphous
elastomers.

Totallyz Pegraded in
Degraded NaOH (aq)

(B) Molecular structures of TA monomer and two kinds of polymers.

(C) Photographs of the dual closed-loop recycling steps of poly(TA) homopolymers. The preparation (polymerization) process of cycle | involves the
dissolution of TA monomers in aqueous NaOH solution, followed by water evaporation on surface, forming dry ionic poly(TA-Na) film. The preparation
(polymerization) method of cycle Il includes the solvent-free melting of TA monomers and then the addition of metal salts, resulting in dry elastic
poly(TA-M) (M = Fe3*, Cu?*, Zn?", Ca?") film after cooling to room temperature. The depolymerization process of the two polymer materials is
performed in alkaline aqueous solutions (0.5 M NaOH aqueous solution), and the recovered monomers can be separated by precipitation after
acidification, enabling the polymer system to be circularly sustainable.

cyclic polymers by matrix-assisted laser desorption-ionization time of flight mass
spectrometry (MALDI-TOF-MS) (Figure S2). The supramolecular network showed
insolubility in water and solubility in polar organic solvents (Figure S3). The infrared
(IR) spectra of the resulting network showed broad peaks at around 3,400 cm™’ (Fig-
ure S4), which were attributed to the carboxyl groups of TA, but also partially
contributed by absorbed H,O molecules. To eliminate this overlap, D,O absorbing
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experiments were performed. The polymer samples were exposed in D,O vapor for
24 h. Then IR spectra of the samples showed the minor presence of D,O in the
network due to the appearance of broad and low-intensity peaks at 2,000-
2,500 cm™! (Figure S5), which were attributed to the vibration signal of O-D bonds.
Considering the hydrophobic nature of the poly(TA-M) network (according to the
insolubility and impermeability of the samples in pure water), we can conclude
that minor amounts of water molecules are present in the supramolecular network
by forming H-bonds with carboxyl groups. The resulting poly(TA-M) polymers ex-
hibited good mechanical properties (Figure Sé), including tunable Young’s moduli
of 160-660 KPa depending on the nature of the metal ions, as well as excellent
stretchability of over 6,000% in all poly(TA-M) samples (Figures S6 and S7). The
stretchability was attributed to the existence of an energy dissipation mechanism
in the hierarchically assembled supramolecular network (i.e., dynamic nature) con-

taining H-bonds, and metal-carboxylate complexes.”’*

Alternatively, poly(TA-Na) homopolymers can be prepared by the EIISA method,?
which involves the simple evaporation of an aqueous TA-Na solution at ambient con-
ditions, forming a semi-crystalline layered poly(TA-Na) network crosslinked by ionic
bonds (Figure S8). The poly(TA-Na) network exhibited a mechanical robustness at a
low relative humidity (<40%), while in preliminary studies we observed softening and
elastic behavior after absorbing water and dissolution of the homopolymers in pure
water showing partial degradation into monomers and oligomers.”” The solid film
was recovered by evaporating the water again, which is attributed to the reversibility
of the dynamic covalent bond, triggering our interest in the possibility of total degra-
dation and chemical recycling of poly(TA-M) homopolymers in aqueous media.

Base-mediated depolymerization

In contrast to the polymerization conditions, depolymerization of poly(TA) requires
diluted conditions and activation of the disulfide bonds. Using simple inorganic base
as a catalyst for the disulfide exchange reaction® and water as a preferred solvent
due to its environmentally friendly nature, we developed a low-cost recycling system
to depolymerize poly(TA) polymers in an aqueous alkaline solution.

We first tested the base-mediated depolymerization of poly(TA-Fe) [molar ratio of
iron(lll) to TA'is 1:100] by immersing a piece of polymer sample into 0.5 M aqueous
NaOH solution. Upon stirring at room temperature, the solution became yellow and
the polymer sample gradually dissolved. To confirm depolymerization rather than
simple dissolution, monomer formation was detected in real time by UV-visible
(UV-vis) spectroscopy of the solution (Figure 2A). An absorption peak at 330 nm ap-
peared immediately after immersing the polymer into NaOH aqueous solution, and
showed increasing intensity with reaction time, which was attributed to the distinc-
tive absorption peak of the disulfide bond in the closed-ring TA monomer.** Full
conversion was reached in 70 min (Figure 2A). The disulfide bond in poly(TA) poly-
mers shows a blue-shifted absorption peak at 250 nm.** The solution after depoly-
merization showed no visible “shoulder” peak of poly(TA) (Figure 2A), indicating the
complete degradation of poly(TA) in the aqueous solution of NaOH. Interestingly,
the polymer could also be dissolved in an aqueous solution of the weak base
NaHCOg3, but no yellow color was observed in the solution. UV-vis spectra showed
a distinctive absorption peak at around 260 nm attributed to poly(TA), and the
low-intensity monomer peak at 330 nm indicated the slower depolymerization
(10% conversion after 80 min) catalyzed by weak base NaHCO3 (Figure 2B). These
results revealed that, in alkaline aqueous solution, the crosslinked poly(TA-Fe)
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Figure 2. Base-mediated depolymerization of the poly(TA-Fe) homopolymers

(A and B) Real-time detected UV-vis spectra of the aqueous solution of the degraded poly(TA-Fe) network catalyzed by different base, NaOH (A) and
NaHCOj3 (B). Both of the base concentrations were 0.5 M.

(C and D) Photographs (C) and kinetic curves (D) of the degraded mixtures of poly(TA-Fe) network in aqueous solutions with different concentrations of
NaOH (0 M, 0.1 M, 0.5M, 1M, 5M, 10 M).

(E) Kinetic curves of the monomer conversion percentages in aqueous solution of different bases. All of the base concentrations were 0.5 M.

(F) Temperature-dependent kinetic curves of the monomer conversion percentages of poly(TA-Fe) in 0.5 M aqueous NaOH solution.

(G) Proposed degradation mechanism of the network in an alkaline aqueous solution.

network readily converts into monomers and the base-catalyzed depolymerization
process is accelerated by a stronger base.

Furthermore, the depolymerization kinetics of poly(TA-Fe) homopolymers was
tested with different concentrations of NaOH (Figures 2C, 2D, and S9). The polymer
sample showed no detectable degradation in water in the absence of NaOH. The
degradation rate increased with increasing NaOH concentrations (0-0.5 M). In sharp
contrast, at concentrations over 0.5 M, the degradation rate showed a remarkably
negative correlation with the concentration of NaOH (Figure 2D) and especially no
degradation or even any dissolution was observed with 10 M aqueous NaOH. At
this high concentration, the polymer sample was found to float in the solution

1356 Matter 4, 1352-1364, April 7, 2021



Matter ¢ CelPress

(Figure 2C). The lack of degradation was attributed to the decreased solubility of
poly(TA-Fe) homopolymer in water due to the drastically increased ionic strength,
which also revealed the important rate-limiting role of the dissolution process of
the poly(TA-Fe) network in alkaline aqueous solution. The depolymerization of the
poly(TA-M) network was also confirmed when the iron(lll) ion was replaced by other
metal ions, including Ca®*, Cu®*, and Zn?*. The kinetic curves of degradation of
these four species of poly(TA-M) were found to be similar (Figure S10). Furthermore,
polymers containing two types of metal ions were also prepared (Figure S11) and the
materials showed similar abilities toward depolymerization (Figure S12). Different
types of bases were used for depolymerization, revealing that degradation kinetics
exhibited a positive correlation with the basicity (Figure 2E). Meanwhile, higher tem-
peratures were found to accelerate the degradation rate of poly(TA-Fe) in aqueous
NaOH solution (Figure 2F). The time for complete degradation was shortened to
20 min at 60°C, exhibiting a highly efficient depolymerization process in water.
The degradation rate showed a positive correlation with the reactive surface area
of the polymer samples (Figure S13), indicating the important role of surface diffu-
sion in this heterogeneous degradation process. The use of D,O as the solvent
was found to make no noticeable difference on the degradation kinetics
(Figure S14).

The ionic film of poly(TA-Na) was also depolymerized by the same method but,
compared with poly(TA-M) elastomers, the dissolution process of poly(TA-Na) re-
flects a much faster depolymerization, with complete conversion into TA monomers
in 5 min at room temperature (Figure S15). The high degradation rate can be attrib-
uted to the fast diffusion of water into the hydrophilic ionic network of poly(TA-Na).
As the poly(TA-Na) network showed a low depolymerization rate in neutral water, it
allowed real-time detection using UV-vis absorption spectroscopy (Figure S16) and
the clear isosbestic point is in accordance with a single conversion process from
polymers to monomers.

Based on these findings, a two-step degradation mechanism is proposed (Fig-
ure 2G): (1) the hydrogen bonds and iron(lll)-carboxylate complexes are “de-cross-
linked"” by deprotonation or formation of metal hydroxide aggregates using hydrox-
ide base. This de-crosslinking step enables the complete dissolution of poly(TA-Fe)
polymers from the solid network into water-soluble polymer chains. (2) Ring-closing
depolymerization of poly(TA) homopolymers is catalyzed by the terminal thiolate
groups (Figure 2G), which are formed by base-induced disulfide scission.*® As a
consequence, both of poly(TA-M) (M = Fe3*, Cu?*, Zn?*, Ca®*) elastomers and the
poly(TA-Na) film can be completely degraded into TA monomers by simply stirring
the samples in low-concentration aqueous NaOH solutions.

Chemically recycling of the monomers

The next important step is the separation and purification of TA monomers from the
depolymerization mixtures. As the degradation products of poly(TA-Fe) elastomers
consist of water-soluble deprotonated TA monomers and Fe(OH); precipitates, the
red-brown solid Fe(OH)3 can be easily removed from the mixture by filtration (Fig-
ure 3A). Then the transparent filtrate containing TA monomers and excess base
was acidified (pH = 3-4) by aqueous hydrochloric acid (1 M) to protonate and precip-
itate the TA monomers as yellow powders (Figure 3A) in yields of about 60%-80%.
The isolation yield presented a negative correlation with the concentrations of TA
monomers at the acidification step (Figure S17). The loss of unrecycled TA mono-
mers was attributed to the existence of spontaneous polymerization at the acidifica-
tion step forming oligomeric colloids, which could not be fully collected by filtration,

Matter 4, 1352-1364, April 7, 2021 1357



¢? CellPress

A
wDegraded Filtration to Clear
Solution remove Fe(OH), Monomer
> T me— Solution
B (o
1st cycle
Original % T, =60.2°C
= _2nd cycle
. =) . " (polymerized
.‘? Original ° Original o (poly )
[} W et s e AAA S s T — A
c c
Polymer L [P w
£ | Polymer 2 | Polymer
(amorphous) ™ T = s680C 27 cycle
= m . " (polymerized)
o »
I )
Mww Recycled
3.5 3.0 2.5 2.0 15 10 20 30 40 50 20 40 60 80 100
Chemical Shift (ppm)
20 (degree) Temperature (°C)
E

TA Monomer

Poly(TA-Na)
@ PEDOT:PSS

Poly(TA-Na)
@ Azo-Dye

Poly(TA-Na)

Poly(TA-Fe)

Figure 3. Chemical recycling of the degraded monomers

(A) Photographs of the facile purification procedure of TA monomers from the degraded mixture.

(B) Partial "H NMR spectra of virgin feedstock, poly(TA-Fe) homopolymers, and recovered monomers by extraction-assisted acidification method. The
"H NMR spectrum of the monomers recovered by direct acidification method can be found in Figure S13.

(C and D) Comparison of virgin feedstock, poly(TA-Fe) homopolymers, and recovered monomers by direct acidification method, by XRD (C) and DSC
measurements (D).

(E) Photographs of the reproduced polymers in multiple cycles, which allows clean recycling in the presence of metal ions, composite polymers, and dye
colorants. [D]/[P] refer to depolymerization/polymerization. The hydrophilic PEDOT:PSS polymers and dyes were removed by repeatedly washing the
precipitates with water.

as revealed by (1) the turbid white filtrate after acidification, and (2) the observed
polymer/oligomer optical absorption peak at 250 nm of the separated TA solids
(Figure S18). The composition of the recycled yellow solids by this method was
confirmed as 77% TA monomers containing 23% soluble poly(TA) polymers by anal-
ysis of "H NMR spectra (Figure S19).

To avoid this side reaction, an effective solution was to form a two-phase emulsion
by adding ethyl acetate before acidification. This method allowed the immediate
extraction of the protonated TA monomers from the water phase to organic phase
without any precipitation and avoided polymerization induced by aggregation.

1358 Matter 4, 1352-1364, April 7, 2021
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This method afforded TA as a highly pure solid in a yield of 86%. Thus, the two pro-
cedures for the acidification and isolation steps led to a trade-off between monomer
quality/yield and technical cost/sustainability: the direct acidification method
avoided the use of organic solvents but also resulting in the slight loss of isolation
yield and monomer purity. However, taking advantage of dynamic covalent poly-
merization of TA, the existence of poly(TA) oligomers in the recycled TA solids would
not lead to quality reduction of both of poly(TA-M) elastomers and poly(TA-Na) ionic
film. The self-repairing self-assembly mechanism would drive the dynamic system

into the same final state®’+38 (

i.e., thermodynamically controlled nature). Hence,
considering the importance of sustainability and environmental friendliness, a direct
acidification process without extraction by organic solvents is preferred for our poly-
mer recycling system, although the extraction method also offered an effective way
to recycle TA monomers to yield high-quality crystalline material. To verify the po-
tential for industrial application, large-scale (100 g) polymerization and recycling
experiments have been successfully performed (Figures S20 and S21), revealing

the practicality of this recyclable polymer system.

To further confirm the successful recycling of TA monomers, we compared the orig-
inal feedstock and recycled monomer of TA by "H NMR, X-ray diffraction (XRD),
Raman spectroscopy, and differential scanning calorimetry (DSC). "H NMR spectra
showed pure TA monomers obtained by acidification with extraction (Figures 3B
and S22), while the recycled TA solids obtained by direct acidification without
extraction contained 23% oligomer species (Figure S19). Furthermore, the sharp
and consistent diffraction peaks in XRD indicated high crystallinity of the TA mono-
mers recycled by direct acidification (Figure 3C). The Raman spectra (Figure S23)
confirmed the successful recycling of TA monomers. Moreover, the DSC curve of
TA monomers recycled by direct acidification showed a slightly shifted melting
peak at 56.8°C compared with the original feedstock, as well as the ability of
melting-induced polymerization evident from the absence of melting peak at the
second heating cycle (Figure 3D). These combined results unequivocally demon-
strated the successful chemical recycling of TA monomers from their homopolymers.

The realization of chemical recycling also endowed this polymer system with upcy-
cling ability. A piece of brown thermoplastic poly(TA-Fe) elastomer (5.62 g) was
transformed into light yellow TA powders (4.57 g; yield = 82%) by the direct acidifi-
cation method (Figure 3E). Then the recycled TA powders were dissolved in 20 mL of
NaOH aqueous solution (1.1 mM), resulting in a homogeneous yellow solution. Then
the yellow monomer solution was mixed with an aqueous solution (5 mL; 1 wt %)
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), a typical
conductive polymer,® to get a dark blue homogeneous solution, which was then
placed into an evaporating dish to allow EIISA at ambient condition. After drying
overnight, a free-standing polymer film was separated from the disk substrate and
the resulting dark blue polymer film exhibited optical translucency (Figure 3E),
revealing the good dispersion of PEDOT:PSS colloids in the bulk phase of dry pol-
y(TA-Na) network. To evaluation the recyclability of the resulting poly(TA-Na)@PE-
DOT:PSS polymer composite, the film sample was degraded by stirring in 0.5 M
aqueous NaOH solution, TA recycled by directly acidification, and the hydrophobic
PEDOT:PSS readily separated by water washing. Following similar methodology, TA
monomers and their polymers can be repeatedly recovered and reproduced in a
closed-loop manner (Figure 3E shows multiple cascaded cycles of depolymeriza-
tion/polymerization), and external additives, such as metal ions, other polymers,
and dyes, can be easily separated in the acidification step and the TA monomer iso-
lated and converted into poly(TA-Na) (Figure 3E). As common plastic products are
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mostly used in the presence of additional additives, this additive-tolerable recycla-

bility is significant for practical applications of plastic recycling systems.'%%":%

Mechanical properties of the recycled polymers

Mechanical properties are of great importance for the practical applicability of poly-
mer materials,*>*" and we examined both physical and chemical reprocessing. A key
problem of plastic reprocessing technology rests on the inevitable fatigue on me-
chanical performances of the recycled products, resulting in downcycled applica-
tions and a notable value loss.”® The TA-based polymer showed excellent capability
to circumvent the mechanical fatigue problem using both physical reprocessing and
chemical recycling methods. The thermoplastic poly(TA-Fe) network exhibited
excellent self-healing properties as the healed sample showed completely recov-
ered stiffness and stretchability after contacting the cut interfaces and allowing
the material to stand for 5 min under ambient conditions (Figures 4A and S24).
The self-healing ability of poly(TA-Fe), including completeness and efficiency, was
remarkably increased compared with our previously reported poly(TA-DIB-Fe)
network,”® which is attributed to the dynamic network entirely comprising crosslink-
ing by supramolecular interactions (i.e., hydrogen bonds) and metal-carboxylate
complexes. The complete self-healing ability also endowed the poly(TA-Fe) network
with fatigueless mechanical processability. A transparent film could be reformed in
2 h from polymer fragments by simple physical extrusion (about 3 bar) in ambient
conditions (Figure S25). The reprocessed polymer membrane showed excellent
stretchability in a multi-step cyclic tensile experiment (Figure 4B). Samples after re-
processing still exhibited consistent mechanical performances compared with the
virgin material (Figure 4C), suggesting excellent re-processability. Similar self-heal-
ing ability and re-processability was also observed in poly(TA-M) (M = Cu?*, Zn?",
Ca®") networks (Figures 4C and S26), while the mechanical robust poly(TA-Na) ionic
network showed no self-healing properties or re-processability due to its limited
chain mobility. Meanwhile, recycling involving physical reprocessing does not allow
the upcycling of the material by reconfiguring the external additives, such as metal
ions. Therefore, chemical recycling is still necessary to make this polymer system
truly sustainable in terms of dual closed-loop recycling.

As demonstrated above, chemical recycling efficiently transformed the two types of
TA-based polymers [i.e., poly(TA-M) (M = Fe3*, Cu?*, Zn?*, Ca®*) elastomers and
poly(TA-Na) ionic network] into TA monomers without metal residues. Considering
the presence of small portions of oligomers formed in the direct acidification pro-
cess, the mechanical properties of the polymer samples reformed by the recycled
TA monomers were tested, showing that the thermoplastic poly(TA-M) elastomers
had fully recovered mechanical Young's moduli (Figure 4C). Meanwhile, the me-
chanically robust poly(TA-Na) ionic network also exhibited totally recovered me-
chanical performance after chemical recycling for three cycles (Figure 4D). The
consistent mechanical performance of the chemically recycled polymers indicated
that the dynamic covalent self-repairing mechanism of this polymer system enables
fully recovered products despite the small amounts of oligomers present in the re-
cycled feedstock.

Different from mechanical reprocessing, chemical recycling supported external pos-
sibilities to reproduce materials with varied chemical composition in every genera-
tion of recycling. To experimentally confirm this capability in this polymer system,
we performed a total of four generations of cascade recycling experiments, in which
the types of every generation of polymers were changed between poly(TA-Fe) elas-
tomers and poly(TA-Na) ionic films (Figure 4E). The excellent mechanical properties
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Figure 4. Mechanical properties of reprocessed and chemically recycled polymers

(A) Stress-strain curves of poly(TA-Fe) before and after healing with fresh cut interfaces. Inset photograph shows the long filaments stretched to 70 times
the original length.

(B) Sequential loading-unloading stress-strain curves with no rest internals of the reprocessed poly(TA-Fe) sample, which was made from the mechanical
extrusion of the polymer fragments.

(C) Young's modulus of virgin samples, reprocessed samples, and chemically recycled samples.

(D) Stress-strain curves of poly(TA-Na) network before and after being reformed by chemical recycling method.

(E) Cascaded upcycling experiments between poly(TA-Fe) elastomer and poly(TA-Na) ionic network enabled by chemical recycling method. Error bars
show SD with n = 3 repeats.

across generations solidly proved the anti-fatigue ability of chemical recycling
method and the important upcycling ability, enabling a cross-recycling loop be-
tween different types of polymers from the same feedstock.

Conclusions

In summary, we have presented a versatile polymer system with closed-looped
recyclability, based on the versatile dynamic covalent chemistry of a natural small-
molecule TA. Two types of poly(TA) polymers, thermoplastic elastomers and me-
chanically robust ionic network, can be recycled into TA monomers by degrading
in diluted NaOH aqueous solution, and monomers are isolated in high yield. The
chemical recycling method is highly efficient and involves a fast depolymerization
rate, mild conditions, high-quality recycled monomers, and low cost; is energy-
saving and scalable; and the use of organic solvent can be avoided, enhancing its
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environmentally friendly nature. Unique features include reproducing capability
(simply changing metal ions), self-healing properties, and dual-mode closed-loop
recycling producing soft and hard materials in multiple subsequent cycles. Com-
bined with the broad tunability of mechanical properties, this polymer system simul-
taneously exhibited synthetic simplicity and functional complexity. We foresee that
this study could pave the way to the development of chemically recyclable synthetic
plastics’? and represent a vital step of TA-based polymers toward future high-per-
formance and sustainable materials.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the Lead Contact, Da-Hui Qu (email: dahui_qu@ecust.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This study did not generate/analyze datasets/code.

Synthesis of Poly(TA-M) elastomer

The poly(TA-M) (M = Fe3*, Ca?*, Zn?*, Cu?") elastomers were prepared according
to the previous procedures with partial modifications.”' In a typical experiment,
TA powder (5 g) was added to a vial and then heated at 120°C in an oil bath, re-
sulting in a yellow transparent liquid. Then a magnetic stirrer was used to shear the
liquid at a gradually increasing speed. Metal chloride salts (1% molar ratio of TA
monomers) were dissolved in minimal corresponding low-boiling-point solvents
(acetone or ethanol), followed by their slow injection into molten TA liquid under
violent stirring. After homogenization, the liquid was poured into a desired mold
and cooled down to room temperature, forming an elastic solid polymer as the
poly(TA-M) elastomer.

Synthesis of Poly(TA-Na) ionic network

The poly(TA-Na) ionic network was prepared according to previous procedures with
slight modifications.”” In a typical experiment, TA powder (2.06 g, 10 mmol) was
directly dissolved into aqueous NaOH solution (10 mL, 1 M) by continuous stirring
at 80°C, forming a yellow homogeneous solution. The resulting solution was cooled
down to room temperature and added to an evaporating dish to evaporate the wa-
ter at ambient conditions (relative humidity <40%). After completely drying, the
robust, semi-crystalline, and transparent film can be separated from the substrate
easily, as the poly(TA-Na) ionic network.

Chemical recycling of polymers

The chemical recycling procedures consisted of two steps: degradation in basic
aqueous solution and separation by acidification. The degradation process only
involved the continuous stirring of polymer samples in specific basic aqueous so-
lutions, in which 0.5 M aqueous NaOH solution was used, unless indicated other-
wise. The volume of aqueous NaOH solution used was 15 mL for every 1-g poly-
mer sample. After complete degradation, the mixture solution was filtrated to
remove the formed metal hydroxide precipitates. The filtrate was then acidified
to pH = 3-4 by aqueous HCI (1 M) to precipitate TA monomers as yellow powders.
Notably, a slow addition of acid would facilitate the obtaining of TA powders with
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higher purity to inhibit spontaneous polymerization. The spontaneous polymeriza-
tion during the acidification process can be effectively avoided by adding 1/2 vol-
ume equivalent of ethyl acetate before acidification. The formation of two-phase
emulsion by vigorous stirring enables the immediate extraction of protonated
TA monomers from water phase into organic phase. The organic phase was sepa-
rated, dried over Na,SOy, and then mixed with hexane to recrystallize to form vir-
gin-quality TA monomers.

Methods for mechanical test

All stress-strain curves were collected by an HY-0580 tension machine (HENGY| com-
pany, China) connected with a computer. The polymer sample was cut into rectangle
pieces (length/width = 20 mm/8 mm). The thickness (0.6-0.8 mm) of the sample was
tested by a screw-thread micrometer. Then the samples were fixed onto the jigs of
the machine directly or mediated by two glass slices. The initial length was set to
10 mm by adjusting the gap distances of the jigs or the glass slices. The tensile stress
was measured with a constant speed of 50 mm/min for poly(TA-M) elastomers or
10 mm/min for poly(TA-Na) ionic network.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2021.01.014.
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