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Abstract

Cross-linking endows polymers with the thermal stability, rigidity, and solvent resistance required
for extreme environments, yet the permanently locked networks that enable these properties inherently
prohibit reprocessing and closed-loop recyclability. Herein, we report a dynamic-static coordination
hybrid polyimide constructed through Cu*-benzimidazole interactions within a rigid aromatic
backbone, where bulky —CFs groups adjacent to the coordination sites create localized free volume
that promotes segmental motion and enables thermally triggered bond exchange. The optimized PI-
Cu50% network achieves a record-high glass transition temperature of 430 °C among dynamic
polymer networks, together with a Young’s modulus of 4.4 GPa, tensile strength of 128 MPa, and
excellent fatigue resistance with residual strain below 0.5% after 20 cycles. Upon heating to ~200 °C,
the coordination network transitions from a quasi-static state into a dynamically adaptive state, where
the elongation at break increases nearly tenfold while maintaining superior strength and stiffness. The
constrained coordination environment further suppresses ion migration and dipolar relaxation,
enabling low dielectric loss, a high breakdown strength of 514 MV/m, and stable dielectric
performance from —150 to 250 °C. Despite its highly cross-linked character and excellent solvent
resistance, the coordination network can be selectively dissociated by a competitive ligand, enabling
complete recycling with over 99% tensile-strength retention after regeneration. This work establishes
a dynamic-static coordination hybrid strategy that reconciles thermoset-level performance with closed-

loop recyclability under extreme conditions.



1 Introduction

Polymer dielectric films play a crucial role in advanced technological fields such as flexible
electronics, high-power electrical systems, and aerospace insulation, where exceptional thermal
stability, mechanical strength, and dielectric reliability are required[1, 2]. Polyimides (PIs) are highly
favored in these applications due to their inherent high temperature resistance and excellent mechanical
properties[3, 4]. However, conventional polyimides are difficult to reprocess or recycle once cured. To
improve their processability, researchers have developed thermoplastic polyimides by introducing
flexible segments or bulky side groups[5]. Although such materials can be repeatedly melt- or solvent-
processed, their high-temperature resistance is generally compromised by the flexible ether, ketone
linkages or bulky side groups required to impart melt processability, limiting service temperatures to
below 300 °C[6]. Consequently, developing polyimide materials that combine excellent heat

resistance with good recyclability has remained a significant research focus in this field[7].

Dynamic covalent chemistry has redefined the thermoset/thermoplastic dichotomy through
vitrimers: permanently cross-linked networks that undergo stress relaxation and reprocessing without
compromising structural integrity. Since Leibler’s seminal demonstration of associative exchange in
epoxy systems in 2011[8], this mechanism has been systematically extended to polyesters,
polyurethanes and polyolefins, establishing a universal platform for recyclable high-performance
polymers. However, their high-temperature application remains fundamentally limited: dynamic bond
exchange requires sufficient chain mobility, which is typically achieved at temperatures approaching
or exceeding the glass-transition temperature (7,). Meanwhile, common dynamic bonds (e.g.,
hydrogen bonds[9, 10], disulfide bonds[11, 12], imine bonds[13-16], and Diels-Alder bonds[17, 18])
often exhibit inadequate thermal stability at elevated temperatures, tending to undergo premature
dissociation or irreversible cleavage. As a result, the long-term service temperature of most vitrimers
is generally confined to below 300 °C, a limitation inherently governed by the trade-off between

exchange activity and the structural stability of the dynamic bonds.

Metal-coordination bonds represent a class of dynamic interactions formed between organic
ligands and metal ions. Their bond dissociation energies typically range from 80 to 350 kJ/mol,
situating their strength strategically between that of hydrogen bonds (0-20 kJ/mol) and covalent

bonds[19]. The exact bond strength can be finely tuned through precise selection of metal ions and
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modulation of ligand structures[20, 21]. Moreover, these bonds are capable of reversibly re-forming
after rupture, thereby endowing materials with dynamic, tunable, and even self-healing mechanical
properties[22, 23]. This combination of characteristics makes metal-coordination bonds an ideal
platform for constructing polymer networks that integrate high thermal stability with dynamic
responsiveness. For instance, incorporating a-diimide ligands into a polyimide backbone followed by
coordination with Cu?" has been shown to improve the thermal resistance and dimensional stability of
the resulting films[24]. However, the 7, of such systems generally remain below 400 °C, highlighting
an inherent limitation of conventional coordination designs in reconciling high-temperature stability
with dynamic reversibility, which restricts their application in extreme thermal environments such as

aerospace and deep-earth exploration.

To ensure thermal stability, a high-density metal-coordination network was constructed within
the rigid polymer backbones. Concurrently, bulky flexible side groups were introduced in the vicinity
of the coordination sites. These side groups created sufficient free volume for chain movement, which
facilitated the dynamic dissociation and reorganization of the coordination bonds under heating. As a
result, the material achieved both exceptional heat resistance and desirable reprocessability.
Specifically, benzimidazole ligand units were embedded directly into the rigid aromatic backbone of
a polyimide, enabling the construction of a thermally stable, chain-interconnected coordination
network with Cu?" ions. Concurrently, bulky trifluoromethyl (CF3) groups were introduced near the
coordination centers to maintain network dynamics. Moreover, using ethylenediaminetetraacetic acid
(EDTA) as a strong competitive ligand enabled the efficient and controllable disassembly of the
coordination-crosslinked polyimide into its linear form, achieving closed-loop recovery. This work not
only validates the feasibility of synergistically enhancing thermal stability and dynamic reversibility
at the molecular level but also provides a novel design paradigm and a practical material platform for

developing high-performance, sustainable polymers tailored for extreme-environment applications.

2 Experimental section

2.1 Preparation of polyimides (PI-6FTB)
NMP was added to a three-neck flask under a nitrogen atmosphere, followed by the dissolution
of TFMB under stirring at room temperature for 0.5 h. After complete dissolution, BIA was added, and

the mixture was stirred at room temperature for 1 h to ensure homogeneous dispersion. Subsequently,
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an equimolar amount of 6FDA was introduced, and the reaction was maintained at 20 °C for 24 h to
yield a polyamic acid (PAA) solution with a solid content of 15 wt.%. Thermal imidization was

conducted at 200 °C for 6 h using toluene, isoquinoline, and a Dean-Stark trap.
2.2 Preparation of polyimide-Cu complexes (PI-Cu)

PI-Cu50% was used as an example to illustrate the preparation process of coordination networks.
First, the PI-6FTB solution (6.67 g, 15 wt.%) was diluted to 8 wt.% with NMP and filtered through a
nylon membrane. Separately, copper acetate (0.0524 g, 0.288 mmol) was dissolved in NMP (5 mL) to
form a homogeneous CuAc2/NMP solution. The CuAc2/NMP solution was then added dropwise to the
diluted PI-6FTB solution under stirring. The mixed solution was cast onto a glass plate and reacted in
an oven at 60 °C for 6 h to facilitate coordination. Subsequently, the solvent was evaporated at 80 °C
for 24 h, followed by further drying at 250 °C for 12 h, finally yielding dense films with a thickness
of 3040 pum. The pristine PI film was labeled as 6FTB, while the Cu**-incorporated films were
denoted as PI-CuX, where X represents the molar ratio of Cu®* to BIA. The synthesis process of PI-
6FTB and the PI-Cu films was illustrated in Fig. 1.
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Fig. 1 Synthesis Route of PI-6FTB and PI-Cu Films



3 Results and discussion
3.1 Structural and solution rheology of PI-Cu films

Fig. 2a exhibits the FTIR spectra of the PI-Cu films, which feature characteristic vibrational
bands of imide moieties at 1786 cm™ (asymmetric C=0 stretching), 1724 cm™ (symmetric C=0
stretching), 1366 cm™ (C-N-C stretching), and 718 cm™ (imide ring C=0 bending). In addition, the
band at 1490 cm™ corresponds to the C=N stretching vibration of the benzimidazole moiety[25].
Notably, the characteristic absorption bands of polyamic acid (PAA) at 1660 cm™ (amide I) and
1550 cm™ (amide II) disappear, confirming a high degree of imidization in the PI-Cu films. Fig. 2b
presents the '"H NMR spectra of PI-Cu films with varying Cu®" contents. The proton resonances at
7.2-8.4 ppm are assigned to aromatic protons in the polyimide backbone. The normalized spectra
reveal that as Cu®" content increased, the broadened peaks of the benzimidazole ring gradually
disappear, an observation attributed to Cu?** paramagnetism[26]. The characteristic -NH- peak at
13.25 ppm exhibited significant line broadening and intensity reduction. Concurrently, this proton
underwent a downfield chemical shift, indicating decreased electron density and weakened shielding

in the -NH- group, which further confirms coordination interactions.
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Fig. 2 (a) FTIR and (b) 'H NMR spectra of PI-6FTB and PI-Cu films with varying Cu** contents, (¢) N 1s XPS
spectra of PI-6FTB and PI-Cu50% films, (d) digital photographs of PI-Cu coordination complexes, (e) apparent

viscosity curves of PI-Cu coordination complexes, and (f) correlation between the gel point angular frequency
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(wger) and temperature for PI-Cu50% coordination complexes

XPS analysis was conducted on PI-Cu films with varying Cu?* contents. As shown in Figs. Sla—
b, the PI-Cu films exhibit characteristic core-level peaks at F1s (689.0 V), O1s (532.0 eV), N1s (400.0
eV), and Cls (284.6 eV). Notably, the PI-Cu films displayed two new peaks at 952.7 eV (Cu 2p1/2) and
932.5 eV (Cu 2ps/2). The intensity of these Cu-related peaks increased proportionally with Cu?* loading,
confirming the successful integration of Cu?" ions into the polyimide matrix. Fig. 2¢c presents the N1s
spectra, revealing distinct chemical environments: 400.3 eV (sp*-hybridized C-N-C bonds in imide
units), 399.8 eV (C=N bonds in benzimidazole rings), 398.4 eV (C-N bonds in benzimidazole), and
401.0 eV (N-H groups in benzimidazole). A critical observation was the appearance of a new peak at
399.4 eV in the PI-Cu films, attributed to Cu?** coordination with C=N bonds[25]. This coordination-
induced spectral shift aligns with the 'HNMR analysis, jointly confirming the C=N—Cu®"
coordination structure. These correlated spectral modifications provide direct evidence for the
formation of coordination bonds between Cu?" ions and the benzimidazole nitrogen atoms, as predicted
by Hard-Soft Acid-Base (HSAB) theory[27]. Furthermore, as shown in Fig. S2, the fluorescence
intensity near 500 nm decreased with increasing Cu?* content, exhibiting fluorescence quenching. This
was attributed to d-d electronic transitions in the Cu?'-benzimidazole complex, confirming the

successful formation of the benzimidazole- Cu?** complex within the PI-Cu matrix.

The dissociation-recombination kinetics of metal-ligand coordination was systematically
characterized to elucidate how benzimidazole-copper interactions govern solution rheology and to
establish precise processing parameters. As illustrated in Fig. 2d, photographs of the PI-Cu solutions
revealed a gradual transition to a gel-like, non-flowable state as the Cu®" content increased, which
hindered processability. Steady-shear rheometry (Fig. 2e) quantified this trend: apparent viscosity
increases by orders of magnitude with Cu?* content, accompanied by progressively pronounced shear-
thinning. This nonlinear response typifies dynamic crosslinked networks, where mechanical work at
high shear rates overcomes coordination bond energy to induce crosslink dissociation. To confirm the
dynamic reversibility of the coordination bonds and the resultant processing feasibility, small-
amplitude oscillatory shear rheology was performed on the uncoordinated PI-6FTB and the PI-Cu50%
complexes (Fig. S3, strain amplitude 1%, 25 °C). Uncomplexed PI-6FTB maintains liquid-like

behavior across 1-100 rad/s, with G” dominating G'. In contrast, PI-Cu50% exhibits solid-like gel
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response (G’ > G") at low frequencies, yet undergoes a gel-sol transition at approximately 20 rad/s
where G’ intersects G". This transition demonstrates that mechanical energy input at elevated

frequencies disrupts the Cu®*-benzimidazole network, enabling solution-based processing.

The temperature sensitivity of the coordination bonds was further investigated through
rheological tests. Fig. S4 presents the frequency sweep results of the PI-Cu50% coordination
complexes at various temperatures. The gel point angular frequency (wge/) was identified as a key
parameter for characterizing the dynamic relaxation behavior of the gel network. Elevated
temperatures enhanced segmental mobility and accelerated bond dissociation, thereby reducing
relaxation times and shifting wge to higher frequencies. The correlation between wg.; and temperature
is shown in Fig. 2f. Notably, wge increased steeply during the initial heating stage, but the rate of
increase gradually diminished above 60 °C, eventually approaching a plateau. This plateau indicates
that the dependence of the bond exchange rate on temperature weakens, signaling the onset of highly
dynamic stable state. The significant variation of wge with temperature directly confirms that the Cu*"
coordination bonds exhibit thermally activated dynamic characteristics rather than behaving as static
permanent cross-links. Consequently, 60 °C is identified as the optimal processing temperature,

providing a critical reference for defining the material's thermal processing window.
3.2 Crosslinking and dynamic characteristics of Metal-coordination bonds

Based on the solution rheology results, 60 °C was identified as the optimal processing temperature.
Consequently, a series of composite films with varying Cu®" contents were successfully prepared. As
illustrated in Fig. S5, cross-sectional SEM and elemental mapping analyses revealed that PI-6FTB and
PI-Cu50% exhibited dense and homogeneous microstructures without pores or cracks. Specifically,
elemental mapping validated the uniform distribution of Cu®*" across the PI-Cu50% matrix.
Furthermore, the excellent consistency between measured and theoretical Cu** loadings confirmed the

effective and uniform integration of Cu?" ions into the polyimide network (Fig. S6).

WAXD was utilized to evaluate variations in chain packing, as presented in Fig. 3a. Both PI-Cu
films displayed two broad diffraction peaks located at 13.45° and 29.63°, corresponding to d-spacing
values of 6.56 A and 3.01 A, respectively, as calculated according to Bragg's law (2d sinf =n A, where

L =1.5406 A and n=1) [28]. The d,-spacing value of 6.56 A is typically interpreted as a measure of



the average intersegmental packing density in amorphous polyimides, reflecting the looseness of chain
packing. The smaller d>-spacing of 3.01 A is assigned to m-r stacking of aromatic rings[29, 30]. When
the Cu®" content was increased to 50%, the d;-spacing value decreased from 6.56 A to 6.29 A,
accompanied by a discernible enhancement of the n-n stacking feature. These results indicate that the
loosely packed PI chains become tightly packed and the distance between PI chains decreases upon

the introduction of Cu?".

Fig. 3b displays the tano curves of the PI-Cu films measured by DMA. Thed, defined by the tan
0 peak maximum, increases monotonically from 386 °C for pristine PI-6FTB to 430 °C for PI-Cu50%
with increasing Cu®* content. This upward shift reflects the restriction of cooperative segmental motion
by metal-coordination crosslinks[31]. A notable feature is the pronounced broadening of the tan 6 peak
after crosslinking. This behavior resembles that observed in vitrimers with dynamic covalent bonds
and can be understood in similar terms: the thermally activated exchange of coordination bonds
introduces a distribution of relaxation times on the experimental timescale, such that different regions
of the network undergo their glass transition over a wider temperature range[32]. Concurrently, the
peak tand intensity decreases with Cu?* content. This reduction indicates diminished energy dissipation
during the dynamic exchange process, which can be attributed to two factors. First, the storage modulus
at 50 °C, E/" increases markedly with crosslink density: PI-Cu50% reaches 3.37 GPa compared to only
1.16 GPa for PI-6FTB, a 190% enhancement (Fig. 3¢, Table 1). Second, the coordination crosslinks
act as physical constraints that reduce the population of chain segments capable of large-scale

cooperative motion, thereby lowering internal friction and energy loss during the transition.

Table 1 Thermomechanical Properties of the PI-6FTB and PI-Cu Films

Tg E]' a Ez, b Ve ¢ Tds% Tdmax
Sample
(°0) (GPa) (MPa) (mol/m?3) (°C) (°O)
PI-6FTB 386 1.16 1.70 99.0 521 591
PI-Cul6% 395 1.04 6.42 368.8 517 555
PI-Cu25% 408 1.93 6.75 380.8 516 550
PI-Cu50% 430 3.37 97.1 5312 512 543

a: Storage modulus of the PI-Cu films at 50°C;
b: Storage modulus of the PI-Cu films at 7,+30°C;
c: Ve refers to the crosslinking density.



A further observation concerns the storage modulus behavior above 7. For the PI-6FTB film, a
slight upturn in E’ was detected in the high temperature region, a phenomenon typically attributed to
thermal crosslinking induced by partial decomposition[33]. In the PI-Cu coordinated systems, beyond
this thermal contribution, the dynamic reorganization of metal-ligand bonds at elevated temperatures
likely provides an additional mechanism that reinforces the modulus. To quantitatively evaluate the
crosslinked network structure, the crosslink density (V) was calculated from the storage modulus E’
measured at 7, + 30 °C using the rubber elasticity equation V. = E'/3RT[34]. The results are
summarized in Table 1. V. increased systematically with Cu®" content. Specifically, the V. value of PI-
Cu50% was 53.6 times higher than that of the pristine PI, confirming the effective construction of a
dense metal-ligand coordination network and its structural persistence at high temperatures. TGA data
are presented in Fig. S7 and summarized in Table 1, reveal that both 7use; and Tumax decreased
progressively with Cu®" incorporation, consistent with the well-documented catalytic effect of metal
ions on polymer degradation[35]. Despite this trend, all the samples exhibited excellent thermal

stability below 500 °C, with no significant weight loss observed in this temperature range.

Room-temperature tensile tests (Figs. 3d—e) reveal that Cu®>" coordination markedly stiffens and
strengthens the PI-Cu films: Young's modulus rises from 3.3 GPa (PI-6FTB) to 4.4 GPa (PI-Cu50%,
+33.3%), and tensile strength from 95 MPa to 128 MPa (+34.7%), while elongation at break declines
monotonically with crosslink density. This embrittlement reflects a fundamental shift in deformation
mechanism. PI-6FTB yields and softens beyond ~5% strain, whereas PI-Cu films fracture before
yielding, indicating that Cu?**~benzimidazole cross-links effectively arrest segmental slip and hinder
molecular orientation. These mechanical signatures confirm that the coordination network behaves as
a “quasi-static” cross-linked system at ambient temperature. Theoretically, "quasi-static" cross-linking
characteristics increase the proportion of elastic deformation, thereby enhancing the room-temperature
storage modulus, elastic modulus, and cyclic stability under small strains[36]. On this basis, cyclic
tensile tests were conducted (Fig. 3f). The residual strain of PI-Cu50% at 4% strain is only 0.47%,
which is significantly lower than the 1.38% observed for PI-6FTB. After 20 cycles, the tensile strength
retention rate of PI-Cu50% reaches 93.8%, whereas the PI-6FTB exhibits a strength loss of 26.4%.
Meanwhile, in the room-temperature creep test shown in Fig. S8, the creep recovery rate of PI-Cu50%

approached 99.4% (94.1% for PI-6FTB), indicating that the unbroken or recombined coordination
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bonds effectively drive chain retraction and provide recoverable entropic elastic restoring forces. These
results further confirm the effective suppression of irreversible deformation accumulation by the

"quasi-static" coordination cross-linking network.

When the temperature enters the dynamic activation regime, the coordination cross-linked
network undergoes reversible topological rearrangement while preserving its integrity. Temperature-
dependent tensile tests revealed a unique transition in the mechanical behavior of PI-Cu50%. At 150 °C,
PI-Cu50% still exhibits higher strength and modulus than PI-6FTB but a lower elongation at break,
consistent with the room-temperature trend, indicating that the coordination bonds remain largely
“quasi-static” cross-linked and impose rigid constraints (Fig. 3g). At 200 °C, the elongation at break
of PI-Cu50% (55%) significantly surpassed that of PI-6FTB (17%), while the former continues to
retain higher strength and modulus, achieving a synergy of strength and toughness . This transition
suggests that the evolution from a "quasi-static" constraint to a thermally activated dynamic regime,
as illustrated in the schematic in Fig. 3h. Elevated temperatures accelerate the dissociation-
reassociation kinetics of the coordination bonds. Bond dissociation provides additional degrees of
freedom for chain slippage during stretching; the dissociated chains subsequently re-coordinate at new
sites following orientation and rearrangement. This "dissociation-slip-reassociation" cycle transforms
the deformation mechanism from brittle fracture to ductile stretching, thereby substantially enhancing
elongation at break. Similar behavior has been observed in vitrimers[37], where dynamic bonds enable
stress relaxation via bond exchange, delaying crack propagation and suppressing chain scission, thus

achieving higher elongation at break without sacrificing strength.

Upon further heating to 300 °C, the ligand exchange intensifies, yet the network remains
effectively cross-linked, as evidenced by the highest storage modulus in Fig. 3c. Transient dissociation
of the coordination bonds reduces the effective crosslink density, leading to slightly lower strength,
modulus, and elongation at break compared to 200 °C. High-temperature stress relaxation
measurements (Fig. S9) were conducted to probe the efficacy of coordination bonds at elevated
temperatures. The characteristic relaxation times (t) of both materials decrease with temperature,
consistent with thermally activated segmental motion. Notably, PI-Cu50% exhibits a larger t than PI-
6FTB at all temperatures, and its temperature dependence is considerably weaker: Tt decreases by a

factor of ~6 for PI-Cu50% versus ~19 for PI-6FTB. This result suggests that, even when the
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coordination bonds become dynamic at high temperatures, their rapid re-association sustains a
sufficiently high effective crosslink density during the dissociation—reassociation cycles, thereby
suppressing irreversible chain slip and macroscopic relaxation. Furthermore, such a network benefits
dimensional stability: the CTE of PI-Cu50% is 35.92 ppm/K, lower than 40.17 ppm/K for PI-6FTB
(Fig. S10).
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Fig. 3 Mechanical and thermomechanical properties of PI-6FTB and PI-Cu films. (a) XRD patterns of PI-Cu
films with varying Cu*" contents, (b) temperature-dependent tand, (¢) storage modulus as a function of Cu*
contents, (d) tensile stress-strain curves, (e) histogram summarizing the mechanical properties, (f) repeated
cyclic tensile curves of PI-6FTB and PI-Cu50% films at a fixed strain of 4%, (g) stress-strain curves of PI-6FTB
and PI-Cu50% films at different temperatures, (h) schematic illustration of the coordination mechanism in PI-
Cu films under cyclic stress, and (i) comparison of tensile strength and glass transition temperature of
dynamically recycled polymers. Red, green, blue, brown, purple, and yellow symbols denote polyester[38, 39],
polyolefin[40, 41], polyurethane[9, 11, 42, 43], epoxy[44-47], polyether ether ketone[48], and polyimide[1, 4,
12, 13, 15, 49], respectively

Collectively, the Cu?*~benzimidazole coordination crosslinking constructs a unique dynamic
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network over a wide temperature range: at room temperature, it exhibits a "quasi-static" crosslinking
characteristic, significantly enhancing modulus, strength, and cyclic stability; at elevated temperatures,
the thermally activated dynamic exchange of coordination bonds endows the network with stress
dissipation and topological rearrangement capabilities, suppressing macroscopic relaxation and
thermal expansion while maintaining a relatively high effective crosslink density. To the best of our
knowledge, PI-Cu50% exhibits the highest 7, (430 °C) reported to date for a dynamic cross-linked
polymer, while its tensile strength ranks among the highest values documented for such systems, as

shown in the comparative summary of representative dynamic polymer networks in Fig. 3i.

3.3 Bending and fatigue resistance properties of PI-Cu films

In demanding applications such as flexible electronics and high-temperature electrical insulation,
polymer films are subjected to repeated bending, imposing stringent requirements on fatigue resistance
and structural integrity. The above analyses show that the “quasi-static” coordination cross-links in PI-
Cu50% effectively suppress irreversible segmental slip, resulting in superior fatigue resistance. We
further examined the durability of PI-6FTB and PI-Cu50%. Fig. 4a illustrates a schematic of the PI-
Cu film bending test. In this setup, the bending radius between the two plates was fixed at 2 mm, and
a full bending cycle was defined as the transition of the plates from fully closed (0°) to fully open
(180°). The PI-6FTB and PI-Cu50% films were subjected to 50k, 100k, 200k, and 400k preset bending
cycles, respectively. Fig. S11a presents SEM images of the PI-6FTB film in its pristine state and after
50k bending cycles (showing both inner and outer surfaces). Evident deep cracks were observed,
indicating severe structural damage. Notably, this film fractured at 100k cycles, with SEM images of

its fracture cross-section and optical photos of its fracture morphology shown in Fig. S11b.

By contrast, no obvious creases or cracks were observed with the naked eye on the PI-Cu50%
film after 400k bending cycles (as shown within the red box in Fig. 4b (I)). Analysis of the stress-strain
curves of the PI-Cu50% film after different bending cycles revealed that the tensile strength retention
rate (> 83.3%) and elongation at break retention rate (> 90.7%) remained at high levels, as shown in
Fig. 4c. To further explore the microstructure, SEM characterization was performed on the inner and
outer surfaces of the PI-Cu50% film after 400k bending cycles (Fig. S11c). The results show only
partial scratches on the film surface with no obvious cracks, further verifying its excellent bending

resistance. These findings lay a theoretical and technological foundation for the application of such
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materials in next-generation flexible optoelectronics manufacturing.
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Fig. 4 Bending stability and mechanical durability of PI-Cu50% film. (a) Bending schematic diagram, (b) stress-
strain curves under different bending cycles and optical photos before and after 400,000 bending cycles, and (c)
mechanical properties retention rates after different bending cycles

3.3 Dielectric properties of PI-Cu films

The dielectric properties of PI-Cu films are displayed in Fig. 5, which shows that the introduction
of Cu?" effectively enhances the dielectric stability of the PI-Cu film. Fig. 5a illustrates the dielectric
constant of PI-Cu films measured at room temperature. With the Cu®* content increased, the dielectric
constant (&) at 1 kHz exhibits a marked increase from 3.04 to 4.13, as the introduced Cu?* provides
more ion polarization[50, 51]. Simultaneously, the lone electron pairs of the imidazole units form d-n
bonds with the empty d orbitals of Cu®**, inducing long-range electron delocalization within the
conjugated system and thereby increasing the molecular dipole moment[52, 53]. These two factors act

synergistically to elevate the dielectric constant of the PI-Cu films.

Although Cu?" introduction is typically expected to increase ionic conduction loss, the dielectric
loss of the PI-Cu films exhibits a systematic decreasing with increasing Cu** content, significantly
dropping from 0.014 to 0.012 at 1 kHz (Fig. 5b). This decrease is primarily attributed to the sustained
constraint imposed by the coordination crosslinked network on long-range segmental motion, which
restricts the rotational relaxation of polymer chain segments and the orientation of polar groups (e.g.,
—CFs, C=0), thereby effectively suppressing segmental relaxation loss. Breakdown strength is a core
metric for assessing the insulation reliability of dielectric materials. The PI-Cu50% film exhibits a
combination of high dielectric constant and low dielectric loss over a broad frequency range,
establishing a favorable basis for enhanced breakdown strength. As shown in Fig. 5c, the breakdown

strength was significantly enhanced with the increasing Cu®" content from an initial 392 MV/m to 514
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MV/m, representing a relative improvement of 31.1%. This performance enhancement is attributed to
the formation of a coordination cross-linked network, which enhances chain packing and reduces free
volume, thereby minimizing charge carrier mobility and suppressing the formation of conductive
pathways. Consequently, constructing a Cu?’—benzimidazole coordination network simultaneously
enhances microscopic polarization and suppresses mesoscopic relaxation, leading to overall improved

dielectric performance.
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Fig. 5 Dielectric properties and water resistance of PI-6FTB and PI-Cu films. (a) Dielectric constant ("), (b)
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For the increasingly severe thermo-electric coupling stress challenge faced by high-power flexible
electronic devices, dielectric materials must maintain a stable dielectric response over a wide
temperature range to ensure operational reliability under extreme conditions[54]. Moisture typically
degrades dielectric performance by enhancing polarization losses or introducing additional relaxation
processes[55]. To address this, the water uptake behavior of PI-6FTB and PI-Cu films was evaluated.
Owing to the occupation of the lone-pair electrons on the imidazole nitrogen by Cu**, along with the
dense chain packing, the PI-Cu film exhibits a low water uptake (Fig. 5d), rendering it less susceptible
to moisture interference during practical use[56]. This lays the foundation for achieving dielectric

stability over a broad temperature range.
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Fig. S12 and Fig. 5e illustrate the temperature-dependent dielectric properties of the PI-6FTB and
PI-Cu50% films. In comparison with analogous work reported in the literature, the PI-Cu50% film
exhibits excellent temperature stability in its dielectric properties[57]. Specifically, the temperature
coefficient of the dielectric constant, which quantitatively describes the rate of change of the dielectric

constant with increasing temperature, is determined using the following equation[58]:
& — &
=T TE
Er (Tf - Ti)
where 7, is the temperature coefficient of dielectric constant, &, &;, and ¢ are the dielectric constant
at final temperature, initial temperature, and room temperature respectively, 7y and 7; are the final

temperature and initial temperature.

Considering the interference of electrode polarization on the dielectric response at high
temperatures and low frequencies (>200 °C, <10 Hz) [59], the temperature coefficient was calculated
only for the frequency range of 100 Hz to 1 MHz, as shown in Fig. S13. The crosslinked PI-Cu50%
film exhibits excellent thermal stability, with a 7. value of 6.9 x 10~* °C" at 1 kHz and 250 °C, which
is significantly lower than that of the PI-6FTB film. This value is comparable to (or even lower than)

that of the crosslinked polyarylene ether nitrile film reported[58].
3.4 Solvent resistance and recyclability properties of PI-Cu films

Solvent resistance is a critical metric for evaluating the service reliability of polymeric films in
complex chemical environments, and is particularly important for electronic device encapsulation and
flexible substrate applications that involve exposure to organic solvents or wet processing. To assess
the effect of Cu?* coordination crosslinking on the solvent resistance, the PI-6FTB and PI-Cu50%
films were sequentially immersed into chloroform, ethyl acetate, acetone, THF, DMAc, NMP and
DMSO for 20 minutes and 24 hours at ambient temperature, as shown in Fig. S14. PI-6FTB underwent
rapid dissolution in polar aprotic solvents and disintegrated completely within 20 minutes in acetone,
THF, DMAc, NMP and DMSO. In stark contrast, PI-Cu50% exhibited exceptional stability,
maintaining structural integrity in all solvents even after 24 hours of immersion. Table S1 summarizes
the solubility properties of PI-6FTB and PI-Cu50% films. Furthermore, gel fraction analysis was used
to quantify crosslinking. As shown in Figs. 6a-b, PI-Cu50% retained >86% gel content in NMP at

25 °C after 24 h, whereas PI-6FTB rapidly dissolved, precluding measurement after 20 min.
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The excellent solvent resistance of PI-Cu50% is attributed to the enhancement of interchain
interactions by the ‘“quasi-static” coordination crosslinking network. The crosslinking points
effectively hinder solvent penetration and chain segment leaching, endowing the system with the core
advantages of both thermoplastic and thermoset polyimides: it allows for solution processing, while

the crosslinked material exhibits outstanding thermal stability, mechanical properties, and solvent

resistance.
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Fig. 6 Solvent resistance and gel fraction analysis. (a)-(b) Gel fraction of PI-6FTB and PI-Cu50% fil

ms after immersion in NMP

However, this “quasi-static” crosslinking network can undergo directed dissociation via
competitive ligands, enabling closed-loop recycling of the material. As a hexadentate ligand, EDTA
exhibits exceptional chelating capability toward metal ions. Density functional theory (DFT)
calculations revealed that the binding energy of the EDTA-Cu** system (AE = -3853.64 kJ/mol) is
significantly higher than that of the benzimidazole-Cu?** system (AE = -1526.87 kJ/mol),
corresponding to an approximately 152% enhancement in binding energy, as shown in Fig. 7b. This
thermodynamic evidence confirms EDTA's superior coordination stability with Cu**, providing a
theoretical foundation for the subsequent dynamic dissociation and recovery of PI-Cu cross-linked
films. Most importantly, bulky trifluoromethyl (CF3) groups were introduced near the coordination
centers. These side groups created sufficient free volume for segmental motion, which facilitated the
penetration of EDTA molecules and promoted the dynamic dissociation and recombination of

coordination bonds.
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conformation and binding energy simulation of Cu?* coordination structure, and (¢) stress-strain curves of PI-
6FTB and RPI-6FTB films

NMP was used to swell the PI-Cu films to promote the entry of EDTA molecules, which possess
stronger coordination ability, into the coordination sites, thereby realizing the dissociation of metal
coordination bonds. Notably, the PI-Cu50% film completely dissolved in a saturated EDTA/NMP
mixed solvent within 8 hours. Fig. 7a illustrates the closed-loop recycling process for recovering PI-

6FTB from PI-Cu50%. After separating the EDTA-Cu?** complex via centrifugation, the PI solution
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was dropwise precipitated in absolute ethanol, followed by thorough washing and drying. This
procedure successfully yielded linear PI-6FTB with a recovery rate of > 91%. The recovered polymer
was subsequently re-cast using the original fabrication protocol to obtain regenerated films, designated

as RPI-6FTB.

As shown in Fig. S15, RPI-6FTB was characterized by FTIR, 'HNMR, and DMA. RPI-6FTB
retained intact characteristic peaks of polyimide, and its 7, remained virtually identical to that of the
pristine polymer, confirming a non-destructive recovery process. Furthermore, the mechanical
properties of RPI-6FTB were evaluated by tensile testing, as shown in Fig. 7c. Analysis of the stress-
strain curves revealed a tensile strength of 94.2 MPa for the RPI-6FTB, representing a 99.2% retention
compared to the pristine sample. These results demonstrate the excellent recyclability of the PI-Cu50%
film. This coordination crosslinking strategy overcomes the bottleneck of reconciling "high stability"
with "recyclability" in traditional high-performance polymers, endowing the material with post-

consumer recyclability while maintaining its service capability in extreme environments.

4 Conclusions

This study presents a high-performance, recyclable polyimide material (PI-Cu) constructed by
incorporating benzimidazole units into a rigid aromatic backbone with Cu®" ions, giving rise to a
“quasi-static” coordination cross-linked network. This strategy reconciles the long-standing conflict
between thermal stability, mechanical properties, and recyclability. The optimized PI-Cu50% film
achieves a glass transition temperature of 430 °C, a tensile strength of 128 MPa and a Young's modulus
of 4.4 GPa. To the best of our knowledge, these are the highest reported values for a dynamic polymer
network. It also exhibits exceptional fatigue resistance with a residual strain below 0.5% after 20
stretching cycles. Moreover, it maintains a stable dielectric constant and low dielectric loss across the
—150 to 250 °C range, with a breakdown strength reaching 514 MV/m. At 200 °C, the network
switches into a dynamic regime while retaining higher strength and modulus than PI-6FTB. Meanwhile,
its elongation at break surges to over three times that of PI-6FTB, achieving a synergy of strength and
toughness at elevated temperature. Despite its excellent solvent resistance, PI-Cu50% can be fully
depolymerized via mild EDTA treatment, and the recovered film retains more than 99% of its original
tensile strength. This work leverages strong yet dynamic coordination bonds to resolve the inherent

conflict among rigidity, high performance, and recyclability, achieving a transition from "rigid
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confinement" at room temperature to "dynamic adaptation" at elevated temperatures. This strategy
provides a new route to sustainable, high-performance polymers for extreme conditions, with

promising applications in fields such as deep-space exploration and soft robotics.
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