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Entropy-driven toughening and closed-loop
recycling of polymers via divergent metal-
pyrazole interactions

Lei Huang1,3, Jiujie Xia1,3, Zeyuan Jin1, Xinman Hu1, Xiping Chen1, Ning Zhao 2 ,
Changyou Gao 1 & Wenxing Liu 1

Developing dynamic polymeric materials that possess closed-loop recycl-
ability under mild conditions and outstanding mechanical properties is a
highly desirable but challenging pursuit. This study presents a entropy-driven
toughening strategy through divergent metal-pyrazole (DiMP) coordinations,
achieving a mechanically robust and recyclable polyurethane (PU) elastomer.
DiMP interactions feature multiple discrete complexes (i.e., CuL2, Cu2L2, and
CuL3, where L = dipyrazole ligand) to minimize the entropy-gain mediated
compensatory effect during bond dissociation and accordingly increase
energy dissipation upon polymer deformation. The DiMP-crosslinked PUs
(DiMPUs) exhibit an unprecedented 11-fold improvement in toughness (310.8
MJm−3), a tensile strength of 59.0MPa, and exceptional elastic recovery (94%),
attributed to gradient energydissipationmechanisms involvingdynamicDiMP
coordinations and synergistically hierarchical hydrogen bonds. Crucially, the
selective acidolysis of pyrazole-urea bonds, together with the inherently weak
protonation affinity of pyrazole relative to amine, allows monomers to be
efficiently recovered and reengineered into virgin materials, manifesting the
closed-loop recyclability. This work provides a sustainable blueprint for
dynamic polymers balancing mechanical robustness and environmental
circularity.

Polyurethanes (PUs) are ubiquitous in consumer marketplaces and
industrial applications, owing to their versatility and excellent
mechanical properties1,2. PUs rank as the sixthmost produced polymer
globally with annual production exceeding 20 million tons. Currently,
addressing polymer waste in oceans and landfills has become a global
priority3,4. Dynamic chemistry, characterized by labile chemical lin-
kages, offers a promising approach to enhance the sustainability of
polymers by enabling the development of new polymer
architectures5–15 or making the existing polymeric materials degrad-
able and recyclable16–26. They mainly rely on dynamic covalent/non-

covalent bonds, which can be broken and reformed under specific
conditions. However, the dynamic properties, motivated by bond
reversibility and chain mobility, often lead to increased plasticity and
reduced mechanical performance27.

The enhancement of polymer toughness can be achieved by
enriching the amount of energy being dissipated upon deformation
before breaking (Fig. 1a)28,29. Beingmore dissociatively labile thanmost
covalent bonds comprising the network, the scission of weak non-
covalent interactions under moderate loads enhances the material’s
ability to dissipate mechanical energy without failure, thereby
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increasing the mechanical toughness. Recent efforts have shown that
the introduction of non-covalent interactions, such as hydrogen
bonding30 and metal-ligand coordination31–37, into polymer chains
forming dynamic polymer networks is an effective method for
improving the toughness of polymers.

In terms of thermodynamics, the dissociation of typical non-
covalent interactions is often accompanied by an enthalpy increase
(endothermic,ΔH >0) and an entropy gain (moremicrostates,ΔS >0).
Based on the basic thermodynamic principle (ΔG =ΔH − TΔS), non-
covalent interactions with the high-enthalpy increase or low-entropy
gain may generate greater energy dissipation during polymer elon-
gation and hence enhance mechanical toughness (Fig. 1b). Different
from hydrogen bonds (H-bonds) often involving flexible molecules,

metal-ligand bonds are generally stronger and more directional,
leading to more rigid and stable structures32. Therefore, the dissocia-
tion of metal-ligand complexes typically produces a larger increase in
entropy compared to breakingH-bonds, likely causing reduced energy
dissipation upon stretching38,39. Such a rationale may explain the
observed higher toughness of PU elastomers employing multiple
H-bonds as the dominant physical crosslinkers40–44. We believe that
decreasing entropy variation during deformation should be an alter-
native way to further improve energy dissipation and toughness.
Unfortunately, despite the abundance ofmetal-ligand interactions that
can be exploited for structure design31–33, the potential of entropy-
driven toughening for polymeric materials remains largely
unexplored45,46.
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Fig. 1 | Design and synthesis of DiMPU elastomers utilizing a low-entropy-gain-
driven toughening strategy. a Energy dissipated during the cyclic loading and
unloading process. Mechanical work (W) is divided into irreversibly dissipated
energy (E1) and stored elastic energy (E2). b Thermodynamic explanation for the
entropy-driven tougheningmechanism. Because of the entropy rise (ΔS > 0) during
the dissociation of non-covalent bonds, Gibbs free energy (ΔG) is inversely pro-
portional to ΔS. Consequently, a lower entropy gain will result in a higher energy
input for bond rupture, thus enhancing energy dissipation during polymer

elongation (assuming comparable enthalpy changes for the dissociation of iden-
tical coordination bonds in analogous geometries). c The diverse metal-pyrazole
coordination architectures with higher disorder exhibit a lower entropy increase
during stretching, thereby suppressing entropy-gain compensatory effects.
d Schematic illustrating the synthesis of DiMPU-Cu elastomers and their molecular
structures. PTMG poly(tetramethylene ether) glycol, HMDI hydrogenated methy-
lene diphenyl diisocyanate.
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In this work, we demonstrate the construction of robust and
recyclable PUs utilizing divergent metal-pyrazole (DiMP) interactions
via a low-entropy-gain-driven toughening approach (Fig. 1c, d). Unlike
polymer toughening strategies relying on traditional metal-ligand
interactions47–55, which typically dissipate energy through a uniform
coordination complex via a high-enthalpy-increase process33, metal-
pyrazole interactions can generate diverse coordination architectures,
three discrete complexes from the same ligand andmetal, which could
effectively minimize the entropy-gain induced compensatory effect
duringbonddissociation and therefore increase the energydissipation
(Fig. 1c). Coupled with hierarchical hydrogen bonds, the divergent
metal-pyrazole crosslinkedpolyurethane (DiMPU) establishes gradient
energy dissipation mechanisms, achieving a dramatic 11-times
enhancement in toughness. In addition, the selective cleavage of
pyrazole-urea bonds under mild acidic conditions enables controlled
degradation of DiMPUs. Along with the remarkable disparity in pro-
tonation affinity between pyrazole and amine, a practical and facile
separation of original monomers can be achieved, paving the way for
closed-loop recycling.

Results
Design and characterization of divergent metal coordination
Di(pyrazole-urea) (DPU) L was designed as the model ligand to bind
with copper ions (Cu2+) to investigate the characteristics of coordina-
tion chemistry (Supplementary Figs. 1–5). We speculated that biden-
tate ligands with binding sites at 1,7-position tend to form diverse
coordination complexes,whereas thosewith 1,4/1,5-positions aremore
likely to yield fixed, well-defined structures via stable 5/6-membered
rings. As shown in Fig. 2a, upon mixing the MeOH solutions of CuCl2
and L in an equimolar ratio, a substantial amount of green precipitate
appeared immediately, suggesting the formation of insoluble coordi-
nation compounds. High resolution electrospray ionization mass
spectrometry (HR-ESI-MS) was employed to identify the compositions
of potential coordination complexes (Fig. 2b and Supplementary
Fig. 6). Regardless of the L dimer peak, one prominent set of peaks
with +1 charge state associated with CuL2Cl2 was clearly observed as a
result of the loss of one Cl−, whose molecular weight agreed well with
the expected chemical composition of [CuL2Cl]

+. A comprehensive
examinationof theHR-MSpeaksuncovered another two sets of signals
corresponding to the complexes Cu2L2Cl4 and CuL3Cl2. All experi-
mental isotope patterns closely matched the theoretical simulations.
In traveling wave ion mobility-mass spectrometry (TWIM-MS), these
complexes with different ion charge states and sizes were effectively
distinguished through their drift times (Fig. 2c), which were directly
related to the characteristic ion collision cross section (CCS, Supple-
mentary Fig. 7.). These results proved thatmetal-pyrazole interactions
can give rise to diverse coordination structures.

Isothermal titration calorimetry (ITC) was used to understand the
binding affinity of Cu2+ and ligand L (Fig. 2d). Our initial investigations
under varying conditions barely detected obvious coordination ther-
mal flow (Supplementary Fig. 8), revealing minimal enthalpy changes
in the coordination reactions. By switching counterions from the
coordinating anion Cl− to the non-coordinating anion OTf−, the exo-
thermic profile with an association constant (Ka) of 1.41 × 103M−1 was
obtained, which is quite small compared to common coordination
bonds but still higher than that of H-bonds33,56. As we mentioned
above, the relatively weak and dynamic copper-pyrazole interactions
contributed to producing DiMP coordinations.

Furthermore, 1H NMR titration was performed to detect possible
binding sites of DPU with Cu2+. On account of the paramagnetic
properties of Cu2+, the titration of L with Cu2+ led to NMR signal
broadening and shifting. The pyrazole protons (H6 and H7) displayed
evident line broadening and downfield shifting upon incremental
addition of Cu2+, with nearly complete baseline merging observed at
the L/Cu2+ ratio of 1:1 (Fig. 2e). The N-H peak (H8) displayed a similar

pattern but with a delayed tendency. These proofs indicated that the N
atom in pyrazole was the chelating site. In contrast, the H1-H5 signals
remained largely unaffected during this process, even with 2 eq of
Cu2+, as theseprotonswere located farther fromtheparamagnetic Cu2+

center.
To gain further insights into the structural details of coordination

complexes, density functional theory (DFT) calculations were con-
ducted using methyl di(pyrazole-urea) and CuCl2 as model substrates
(Fig. 2f and Supplementary Fig. 9). Theoretical studies disclosed that
the bidentate coordination mode involving both the nitrogen of pyr-
azole and oxygen of carbonyl (a hexacoordinate copper complex) was
energetically disfavored as opposed to themonodentate coordination
mode with pyrazole’s nitrogen. Conformational analysis of CuL2
identified the thermodynamically preferred structure as one stabilized
by an intermolecular hydrogen bonding between the ligands, with a
coordination binding energy of −1.93 eV. Otherwise, dipyrazole acted
as a bridging ligand in Cu2L2 to form a dinuclear metal complex, with
each copper center exhibiting a distorted square planar geometry.
Similar toCuL2, CuL3 adopted a tetracoordinate structure stabilized by
hydrogen bonding, which was calculated to be the lowest energy state
among these structures.

The topological properties of the electron density distribution
were analyzed using the atoms in molecules (AIM) theory with the
optimized geometry of CuL3. AIM analysis indicated bond critical
points (BCPs) between the pyrazole’s nitrogen and copper with the
electron density (ρBCP) of 0.0755 a.u. and the Laplacian of the electron
density (∇2ρ) of 0.2448 a.u. (Fig. 2g, Supplementary Table 1), which
were typical for weak coordination bonds. These findings were in
agreement with the ITC experiments. The molecular diagrams
revealed that three intermolecular H-bonds were formed, where the
proton of urea formed H-bonds with urea’s carbonyl (NH···O), pyr-
azole’s nitrogen (NH···N), and the chlorine (NH···Cl), respectively. The
ρBCP of H-bonds, ranging from 0.0174 to 0.0724 a.u., suggests ener-
getically favorable non-covalent bonds, confirmed by the positive ∇2ρ.
The independent gradient model based on Hirshfeld partition (IGMH)
was applied to study and visualize the non-covalent interactions
(Fig. 2h). The green areas represented the attractive interactions of
H-bonds (NH···O and NH···N), CH···π, and van der Waals (vdW) forces,
while the greenish-blue zones corresponded to the relatively strong
hydrogen bond (NH···Cl) and coordination bonds. These theoretical
investigations highlighted the presence of multiple non-covalent
interactions in DiMP structures aside from the coordination bonds,
which would be vital for energy dissipation in polymer systems.

Design and Characterizations of DiMPUs
To achieve superior toughness, the divergent metal-pyrazole cross-
linked polyurethane (DiMPU) was designed by utilizing the entropy-
driven toughening strategy. First, linear poly(pyrazole-urethane) (PPU)
was synthesized by a two-step polymerization approach using dipyr-
azole as chain extender (Supplementary Figs. 10-11), followed by Cu2+

coordination and subsequent solvent evaporation to yield the amor-
phousDiMPUelastomer (denoted asDiMPU-Cux, x is themolar ratio of
Cu to dipyrazole, Supplementary Figs. 12-14). The interaction between
Cu2+ ions and pyrazole groups in DiMPU-Cu was verified by electron
paramagnetic resonance (EPR) and X-ray photoelectron spectroscopy
(XPS) analysis. The EPR spectrum of CuCl2 exhibited the characteristic
fine structure of paramagnetic Cu2+ ions, while the DiMPU-Cu1 curve
validated a loss of this fine structure accompanied by a notable shift of
the g factor value (Supplementary Fig. 15), suggesting an interaction
between Cu2+ and PPU. Additionally, the binding energy of N 1 s elec-
trons for the pyridinic N in pyrazole moved from 400.7 eV (DiMPU) to
401.5 eV (DiMPU-Cu1), confirming that the N atom of pyrazole was
involved in the coordination with Cu2+ (Supplementary Fig. 16). The
crosslinking via coordination in DiMPU was also proved by the con-
stant rubber plateau and the prominently improved elastic plateau
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modulus after Cu2+ addition in dynamic mechanical analysis
(DMA, Supplementary Fig. 17). Rheological tests also confirmed a
higher crosslink density for the DiMPU-Cu elastomer (Supplemen-
tary Fig. 18).

Stress-strain curves of DiMPUs with varying Cu2+ ratios revealed
that mechanical properties were considerably enhanced upon the
incorporation of Cu2+ (Fig. 3a, Supplementary Table 2). Notably, the
DiMPU-Cu1 exhibited preeminent mechanical properties with a tensile
strength of 59.0MPa and toughness of 310.8 MJ m−3, representing

great improvements of sixfold and elevenfold over PPU, respectively.
The material also demonstrated superior toughness and elastic
recovery compared to the conventional commercial PU elastomers
(Supplementary Fig. 19, S20, and Supplementary Table 3). Since the
true stress-strain curve has a more precise evaluation of the stress
resistance in highly extensible materials, the true stress at break of
DiMPU-Cu1 was calculated to be as high as 0.77 GPa (Fig. 3b). The high
strength and toughness of DiMPU-Cu can alsobe visually reflected by a
thin strip of DiMPU-Cu1 (0.1 g, 0.2mmT × 3.0mmW× 30.0mmL) that
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can lift a 5.0 kg weight, 50 000 times its own mass, without breaking
(inset of Fig. 3b).

Cyclic tensile tests with increasing strains without delay timewere
performed to investigate the energy dissipation behaviors of the
elastomer (Fig. 3c and Supplementary Fig. 21). The hysteresis areas of
DiMPU-Cu gradually grew with increasing strain, while the dissipated
energies rose significantly with the increment of copper ions, being
much higher than those of non-coordinated PPU (Fig. 3d). This was
consistentwith the trend of improvedmechanical toughness,meaning
that the gradual breaking of H-bonds and diverse coordination archi-
tectures caused agradient energydissipationas the strain increased. In
the 11-cycle load-unload test of DiMPU-Cu1 (Fig. 3e and Supplementary
Figs. 22–24), the first cycle exhibited a large hysteresis area, attributed
to energy dissipation from the rupture of hydrogen and coordination
bonds. The second cycle, performed without a waiting time, showed a
markedly reduced hysteresis area due to insufficient time for bond
reformation. Subsequent cycles displayed negligible changes in

hysteresis areas, indicating that the elastomer network reached a
metastable state after energy dissipation through the molecular chain
slippage and weak bond breaking. When allowed to relax for 1 h at
50 °C, the curve nearly returned to its original state, suggesting the
reassociation of broken weak bonds and network recovery. To quan-
titatively investigate recovery ability, the recovery degree (1-residual
strain/strain) was determined to be 94% for the first cycle and
remained up to 89% even after ten cycles (Fig. 3f). The excellent resi-
lience was also visualized in Fig. 3g. The initial length of the DiMPU-Cu1
sample, after being stretched to 500%, could be fully recovered after a
3-hour rest at room temperature. This approach fundamentally differs
from conventional metal-ligand coordination strategies, such as those
employing uniform coordination complexes, which typically yield
modest toughness enhancements despite higher mechanical
strength48. In stark contrast, our entropy-mediated strategymaximizes
energy dissipation capacity, resulting in an 11-fold toughness
enhancement over the pristine PU—a record high among metal-

Fig. 3 | Mechanical properties of DiMPUs. a Engineering stress-strain curves and
b typical true stress-strain curves of PPU and DiMPU-Cu elastomers. Inset in
b Photograph showing a DiMPU-Cu1 thin sheet specimen (weight: 0.1 g) lifting a
weight of 5.0 kg. c Cyclic tensile test curves of DiMPU-Cu1 in successive loading-
unloading cycles with increasing strains, performed without delay time. d The
corresponding hysteresis area of PPU, DiMPU-Cu0.5, and DiMPU-Cu1 at each
loading-unloading cycle. e Cyclic stress-strain curves for DiMPU-Cu1 under ten
consecutive cycles with 300% strain and no waiting time, followed by recovery at

50 °C for 1 h (Cycle 11). fQuantificationof the cyclicbehavior: hysteresis ratio (left y-
axis) and recovery degree (right y-axis) for DiMPU-Cu1. (1–10: continuous; Cycle 11
tested after 1 h recovery at 50 °C). g Photographs of the original, elongated, and
recovered DiMPU-Cu1 elastomers. h Comparison between DiMPU-Cu1 and pre-
viously reported similar materials in terms of ultimate stress, recovery degree, and
toughness improvement factor (the toughness ratio of metal-coordinated versus
non-coordinated samples). i Tensile curves of intact and notched DiMPU-Cu1.
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coordinated PU elastomers reported to date (Fig. 3h). This highlights
the effectiveness of harnessing diverse coordination environments for
superior toughening.

Dynamic weak interactions of metal coordination and H-bonds in
DiMPU-Cu could also supply elastomers with excellent damage resis-
tance. The fracture energy (Г), the energy per unit area required for
crack growth in amaterial,was evaluated using theRivlin-Thomaspure
shear test (Supplementary Fig. 25). As shown in Fig. 3i, the notched
DiMPU-Cu1 sample could still be stretched to more than twelve times
its original length with a fracture energy as large as 347.4 kJm−2, which
is over 30 times greater than natural rubber (10 kJm−2). The trouser
tear test also exhibited a fracture energy of 283.9 kJm−2, illustrating the
distinguished mechanical tear resistance of the elastomer (Supple-
mentary Fig. 26). The excellent performance of the DiMPU-Cu1 elas-
tomer could be attributable to the divergent coordination bonds and
H-bonds. Under external forces, the dynamic rupture and reformation
of thesebonds allow localized stress at the crack tip to be redistributed
across the entire network, effectively passivating cracks and prevent-
ing lateral propagation.

Toughening mechanism for DiMPUs
To elucidate the toughening mechanism of DiMP crosslinked PUs, we
designed two comparative systems using pyridine-2,6-dimethanol (Py)
and 4,4’-(2,2’-bipyridine)-4,4’-diyldimethanol (BPy) as chain extenders
instead of dipyrazole, with all other components kept identical (Sup-
plementary Figs. 27-30). Compared with the diverse coordination
mode in DiMPUs, the control systems form uniform coordination
architectures, which would induce a high-entropy gain upon dis-
sociation (Fig. 1c)32,34,53. The control PUs exhibited modest toughness
enhancements of 2.35- and 3.03-fold over the pristine samples for
PyPU-Cu0.5 and BPyPU-Cu0.5, respectively, less than the 11-fold
improvement achieved by DiMPU-Cu1 (Fig. 4a, Supplementary Fig. 31
and Supplementary Table 4). Additionally, the DiMPU network
demonstrated superior toughness, recovery degree, and tensile
strength than uniform metal-ligand crosslinked networks. These
experiments substantiate that the low-entropy gain, originating from
themultiplicity of divergent metal-pyrazole interactions, is the pivotal
effect for energy dissipation, transcending reinforcing mechanisms of
reversible bonding and crosslinking.

We further used single-molecule force spectroscopy to char-
acterize the presence of diversemetal–pyrazole complexes in polymer
systems under stretching. Two single polymer chains of PPU and
DiMPU-Cu1 were stretched to an extended state by using AFM,
respectively (Fig. 4b, c, and Supplementary Fig. 32). The PPU sample
(without Cu2+) exhibited a single rupture force peak centered at a low
force regime of 96 pN, which corresponded to the detachment of the
macromolecule from the substrate37,57. In contrast, the DiMPU-Cu1
sample displayed a typical sawtooth-like force-extension curve, andwe
observedmuchstronger ruptureeventswith forces reaching up to 128,
376, and 679 pN according to the statistics data (Fig. 4c). However, in
the BPyPU-Cu0.5 comparison system, only a single peak was observed
at approximately 192 pN (Supplementary Fig. 33). The multiple, high-
force peaks confirm the co-existence of diverse coordination com-
plexes (CuL2, Cu2L2, CuL3), each with a unique stretching force. This
creates a gradient energy dissipation system where hierarchical coor-
dination bonds rupture sequentially upon deformation, effectively
toughening the material.

Fourier transform infrared spectroscopy (FTIR)measurementwas
performed to investigate the hydrogen bonding array in DiMPUs
(Fig. 4d, Supplementary Fig. 34 and Supplementary Table 5). The FTIR
spectrum of the C =O stretching absorption band in the range of
1800–1600 cm−1 was deconvoluted into six sub-peaks, which can be
assigned to the free, H-bonded-disordered, and H-bonded-ordered
C=O in both urethane and pyrazole-urea groups, corroborating the
formation of hierarchical H-bonds. Quantitative analysis showed that

the H-bonded fractions in DiMPU-Cu1 increased to 68% in comparison
to 52% in non-coordinated PPU. These results indicated that the DiMP
structure played a synergistic role in the toughening process, provid-
ing diverse coordination crosslinking and meanwhile promoting the
hydrogen-bonded assembly among PU segments. What’s more, the
pronounced improvement in toughness, despite a slight increase in
the hydrogen bonding ratio, emphasized the predominant role of
DiMP coordination interactions in the toughening effect. In addition,
in situ temperature-dependent FTIR spectroscopy was used to evalu-
ate the thermal sensitivities of the dynamic interactions in DiMPU-Cu1
(Supplementary Fig. 35). With increasing temperature from 30 to
130 °C, the C =O bands were blueshifted and the spectral intensities of
H-bonded C=O groups declined, also accompanied by the diminished
intensity of the v(C =N) of pyrazole at 1460 cm−158, suggesting the heat-
induced dissociation of both coordination bonds and H-bonds. Two-
dimensional correlation infrared spectra (2DIR) were further gener-
ated to study the thermally responsive sequence of different weak
bonds (Fig. 4e, f, and Supplementary Fig. 36). Following Noda’s rule,
with careful consideration of both auto-/cross-peaks in the synchro-
nous and asynchronous spectra, the temperature sensitivity of differ-
ent groups upon heating (ordered from fast to slow) was as follows:
1653 cm−1 (v(C =O), H-bonded pyrazole-urea) > 1662 cm−1 (v(C =O),
H-bonded urethane) > 1739 cm−1 (v(C =O), free urethane) > 1693 cm−1

(v(C =O), free pyrazole-urea) > 1450 cm−1 (v(C =N), pyrazole), where
the slowest one primarily corresponded to the C =N influenced by
coordination interactions. Overall, these results convincingly demon-
strated the presence of both multiple H-bonds and diverse coordina-
tion bonds in the elastomers, which could be responsible for the
energy dissipation through bond cleavage.

The aggregation structure of DiMPUs and the structural change
during stretching were then thoroughly investigated to further
understand the origin of their distinguished mechanical properties
using small-angle X-ray scattering (SAXS, Fig. 4g and Supplementary
Figs. 37-38). The 2D-SAXS patterns of DiMPU-Cu1 exhibited an iso-
tropic, round scattering ring, indicating the electric-rich components
randomly dispersed in the matrix. The observed relatively strong
scattering intensity in DiMPUs also verified the densification of hard
domains resulting from the DiMP-induced aggregation of hard seg-
ments. Themicrophase separation structure of elastomers canbewell-
described by the globular domains on a distorted lattice (Zernike-
Prins) model. The periodicity (d, the average distance between hard
domains) decreased from 12.6 nm for PPU to 10.7 nm for DiMPU-Cu1,
while their scattering body radii (R) remained nearly unchanged
(Fig. 4h and Supplementary Fig. 39). This indicated that the assembly
of pyrazole-urea and urethane was promoted by coordination inter-
actions, resulting in the generation of additional hard domains. The
microphase separation behaviors in DiMPUs accorded with phase
analysis by atomic force microscopy (AFM, Fig. 4i and Supplementary
Fig. 40). When subjected to stretching, the 2D-SAXS pattern became
ellipsoidal, indicating deformation of the hard-phase domains along
the stretching direction. Further stretching to 400% strain or higher
resulted in a significant reduction in scattering intensity along the
stretching direction and a shift of the scattering peak to lower q values
(Fig. 4j). These observations implied that H-bonds and coordination
bonds underwent dissociation upon deformation, leading to the dis-
ruption of phase-separated domains, which can significantly dissipate
energy and enhance toughness. Notably, when relaxed at room tem-
perature for 6 h, the scattering pattern reverted to the original shape
and the microphase-separated structure recovered, arising from the
reassociation of dynamic bonds.

Recycling, closed-loop recycling, and self-healing of DiMPUs
Separating recycled materials from plastic waste streams is a crucial
yet costly step toward achieving a sustainable economy. Since pyr-
azole (pKa of its conjugate acid is 2.5) can be protonated under low pH,
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it was supposed that the solubility of DiMPU elastomers in acidic
aqueous solution can be obviously enhanced, allowing the easy
separation of DiMPUs from complex plastic waste. As illustrated in
Fig. 5a, pieces from various plastic products, including PS, PA, PMMA,
PVC, PU, PET, ABS, PP, PC, and PE, were mixed with DiMPU-Cu1. After
the addition of 5M H2SO4 aqueous solutions into plastic mixtures and
stirring for 20min (Supplementary Fig. 41), the DiMPU-Cu1 elastomer
was selectively dissolved in the acid solution, whereas the other

plastics remained insoluble. After filtration and subsequent removal of
Cu2+ ions through water-induced precipitation, the recycled PPU
sample can be redissolved and cast into films without losing
mechanical properties (Fig. 5b).

During the degradation of urethanes, isocyanate intermediates
are typically generated, which are sensitive to moisture and suscep-
tible to side reactions1,3,18,20. This creates a complicated system that
hinders the separationof high-value rawmaterials,making the efficient
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chemical recycling of end-of-life PUs highly challenging. Given that the
protonation of pyrazole-urea bonds can accelerate their dissociation,
the selective degradation of pyrazole-ureas in PUs can enable the
feasibility of closed-loop recycling of DiMPUs. Hydrolysis kinetics of
the DPU L and urethane analog (Supplementary Figs. 42-43) were
determined under a 2M DCl/d6-DMSO solution (Fig. 5c and Supple-
mentary Figs. 44-45). As expected, pyrazole-urea was almost com-
pletely decomposed into protonated pyrazole and amine after 24 h at
70 °C; nevertheless, the urethane showed a negligible degradation
(<1%). The whole closed-loop recycling process is shown in Fig. 5d.
Following the removal of Cu2+ ions from DiMPU-Cu1, the polymer was
then dissolved in an aqueousmixture of 2MHCl/EtOH and underwent
chemoselective hydrolysis at 70 °C for 36 h. After neutralization and
solvent evaporation, a crude mixture of dipyrazole and macro-
molecular diamine was isolated. Ascribed to the easier protonation of
primary alkylamines (pKa of the conjugate acid is ~10.0), the macro-
molecular diamine was well solubilized in water at pH 5, whereas
dipyrazole was insoluble, resulting in an efficient separation of the

macromolecule (85% recovered) and small molecule (87% recovered).
Thereafter, the macromolecule diamine can be readily converted to
isocyanates with triphosgene for the resynthesis of pristine materials,
realizing the closed-loop recovery system. Moreover, benefiting from
the distinguishing feature of the selective acidolysis and low proto-
nation capacity of pyrazole, the closed-loop recycling of polyurea
thermosets was smoothly accomplished as well (Fig. 5d and Supple-
mentary Fig. 46).

The dynamic nature of H-bonds, coordination bonds, and
pyrazole-urea bonds in DiMPUs endowed the elastomer with excellent
healability and diversified recycling pathways9. For example, a
dumbbell-shaped DiMPU-Cu1 sample was cut into two pieces and can
be nearly fully healed by simple contact at 60 °C in 3 h, recovering 94%
of the original tensile strength (Supplementary Fig. 47). Recyclability
was demonstrated through a solvent-based casting method, which
preserved the mechanical performance over multiple cycles (Supple-
mentary Fig. 48). Alternatively, small pieces of DiMPU-Cu1 could be
reprocessed into intact samples via hot pressing at 130 °C for 20min,
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with stress-strain curves showing minimal loss in mechanical proper-
ties (Supplementary Fig. 49).

Discussion
In summary, we have developed a robust and recyclable PU elastomer
through a low-entropy-gain-driven toughening strategy enabled by
divergent metal-pyrazole (DiMP) interactions. The DiMPUs exhibit
exceptional mechanical properties, achieving an unprecedented 11-
fold increase in toughness (310.8MJ m−3) and a tensile strength of
59.0MPa compared to non-coordinated polyurethane. The DiMP
interactions suppress entropy gain during coordination bond break-
age to amplify energy dissipation and concurrently promote the
establishment ofmultiple hydrogenbonds, thus creating ahierarchical
energy dissipation mechanism. Furthermore, DiMPUs exhibit closed-
loop recyclability through acid-promoted selective hydrolysis of
pyrazole-urea bonds and specific protonation of amines, allowing for
the efficient monomer recovery and remanufacturing of original
materials without compromising mechanical performance. The
dynamic nature of pyrazole-urea, coordination, and hydrogen bonds
also imparts excellent self-healing and reprocessing capabilities. This
work advances the entropy-driven design of high-performance poly-
mers via divergent metal-ligand coordination, offering a sustainable
pathway to address critical challenges in plastic waste.

Methods
Synthesis of dipyrazole
Pyrazole (25.0 g, 0.37mol) and finely powdered KOH (82.3 g, 1.47mol)
were dissolved in DMSO (100mL) and stirred at 60 °C for 1 h, followed
by dropwise addition of dibromomethane (33.0 g, 0.19mol). After 4 h
reaction, themixturewasfiltered to remove excess KOH, concentrated
by vacuum distillation and extracted with chloroform/H2O. The
organic phase was dried over Na2SO4 and evaporated to give 1,1’-
methylenedipyrazole. This intermediate was converted to its hydro-
bromide salt in 48% HBr aqueous solution, then thermally rearranged
at 200 °C for 2 h in a sealed tube. The resulting brown solid was dis-
solved inwater, and an aqueous solution of NaOHwas added dropwise
until the pH reached 12. An off-white precipitate of dipyrazole was
formed, which was subsequently filtered and dried under vacuum to
obtain the final product.

Synthesis of Di(pyrazole-urea) (DPU) L
Dipyrazole (2.0 g, 13.50mmol) was dissolved in DCM (30mL), and
n-butyl isocyanate (2.81 g, 28.35mmol) was added dropwise. The
mixture was stirred at room temperature for 12 h, after which the
solvent was removed under vacuum. The crude product was purified
by column chromatography (silica gel, DCM/EA) to afford DPU L as a
white solid.

Synthesis of DiMPUs
PTMG (10 g, 5mmol) was dehydrated under vacuum at 120 °C for 2 h,
followed by addition of HMDI (2.62 g, 10mmol), DBTDL (0.01 g), and
DMAc (40mL) at60 °C. Themixturewasmechanically stirred for 3 h to
form the prepolymer (PTMG-HMDI). A DMAc solution (10mL) con-
taining dipyrazole chain extender (0.74 g, 5mmol) was added drop-
wise, and stirring continued for 3 h. The resulting PPU elastomer was
precipitated and washed with methanol and dried under vacuum
for 24 h.

For DiMPU-Cux preparation, PPU (1.0 g) was dissolved in THF
(10mL) with stirring for 2 h. CuCl2 (5.03mg, 0.037mmol, in 1mL
MeOH)was added and stirred for 2 h. The solutionwas cast into a PTFE
mold, dried at room temperature (24 h), and further vacuum-dried at
50 °C (48 h) to obtain DiMPU-Cu0.1 films. Variants DiMPU-Cu0.2
(10.06mg CuCl₂), DiMPU-Cu0.5 (25.21mg CuCl₂), DiMPU-Cu1
(49.75mgCuCl₂), andDiMPU-Cu2 (100.84mgCuCl₂) were synthesized
analogously.

Synthesis of urethane analog
HMDI (3.94 g, 15mmol) was dissolved in n-butanol under nitrogen
atmosphere. DBTDL (9.47mg, 0.015mmol) was added dropwise, and
the mixture was stirred at 50 °C for 3 h. After solvent removal under
vacuum, the crude product was purified by column chromatography
(silica gel, n-hexane/ethyl acetate) to afford the urethane analog as a
white solid.

Acid-mediated selective dissolution and reprocessing
A mixture of commercial plastic pieces (PS, PA, PMMA, PVC, PU, PET,
ABS, PP, PC, PE) and DiMPU-Cu1 elastomer (200mg) was placed in a
20mL cylindrical glass vial. Sulfuric acid aqueous solution (5M, 10mL)
was introduced, and the system was magnetically stirred at 25 °C for
20min. Selective dissolution of DiMPU-Cu1 was visually confirmed,
while other polymers remained undissolved. The acidic solution con-
taining dissolved DiMPU-Cu1 was separated via vacuum filtration. To
recover the polymer matrix, deionized water was added to the filtrate
under vigorous stirring, inducing precipitation of PPU. The precipitate
was collectedby centrifugation and thoroughlywashedwith deionized
water to remove residual Cu2+ ions. The purified PPU was dried under
vacuum (70 °C, 48 h) and subsequently redissolved in THF (10mL). Re-
coordination was achieved by adding amethanolic solution of CuCl2 (1
equiv, 1mL) with stirring. The homogeneous solution was cast into a
PTFE mold, and dried at 60 °C (24 h) to obtain reprocessed DiMPU-
Cu1 films.

Closed-loop recycling of DiMPU and thermoset polyurea
After copper ions were removed with the same procedures as men-
tioned above, the purified PPU elastomer (0.1 g) was dissolved in a
cylindrical glass vial containing 2MHCl/EtOH (v/v = 1:5, 10mL) under
vigorous stirring. The homogeneous solution was heated at 70 °C for
36 h to achieve complete chemoselective hydrolysis of pyrazole-urea
bonds, yielding amixture of dipyrazole andmacromolecular diamine
(H2N-PTMG-NH2). The hydrolysate was neutralized with 2M NaOH to
pH 10, inducing precipitation of dipyrazole and H2N-PTMG-NH2. The
solid was collected by filtration. Then the mixture of dipyrazole and
H2N-PTMG-NH2 was washed with pH 5 aqueous HCl to remove H2N-
PTMG-NH2, and dried under vacuum (70 °C, 12 h) to afford dipyr-
azole (yield: 85%). The filtrate containing component H2N-PTMG-NH2

was adjusted to pH 10, which induced the precipitation of H2N-
PTMG-NH2. The resulting precipitate was then collected via filtration,
and dried under vacuum (70 °C, 12 h) to afford H2N-PTMG-NH2

(yield: 87%).
Macromolecular diamine (0.8 g, 0.4mmol) was reacted with tri-

phosgene (0.15 g, 0.5mmol) and triethylamine (TEA) in anhydrous
dichloromethane (20mL) at 0 °C for 2 h under N2 and thenwarming to
25 °C for 12 h, followed by filtration and evaporation to regenerate
PTMG-HMDI (isocyanate-terminated prepolymer). The prepolymer
was chain-extended with recycled dipyrazole (0.059 g, 0.4mmol) in
DMAc (30mL) at 60 °C for 3 h, followed by CuCl2 coordination (as
described in synthesis of DiMPUs.), yielding reprocessed DiMPU-Cu1
with retained mechanical properties.

The closed-loop recycling of thermosetting polyurea followed
a similar protocol: the polyurea was subjected to acidolysis in 2 M
HCl/EtOH (v/v = 1:5) at 70 °C for 36 h, yielding a mixture of THDA
(trimer of hexamethylene diamine) and dipyrazole. The hydro-
lysate was neutralized to pH 10, inducing precipitation of both
components. After filtration, the solid was washed with HCl aqu-
eous (pH = 5) to isolate pure dipyrazole (yield: 88%), while the fil-
trate was readjusted to pH 10 to recover THDA by precipitation
(yield: 86%). Subsequently, THDA was converted to THDI via reac-
tion with triphosgene and TEA in anhydrous dichloromethane
under N2. Finally, repolymerization of THDI with recycled dipyr-
azole in DMAc at 60 °C for 3 h directly regenerated the thermo-
setting network.
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Data availability
Characterization details and all proton and carbon NMR spectra are
provided in the Supplementary Information. The raw experimental
data in this study and the Cartesian coordinates of all DFT-optimized
structures are available in the Source Data. The data that support the
findings of this study are available from the corresponding author
upon request. Source data are provided with this paper.
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