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Thermal energy storage and intelligent thermal management are critical to the energy efficiency, operational, safety and service life 
of cutting-edge technologies spanning electric vehicles, wearable electronics, and large-scale energy storage systems[1,2]. Phase 
change materials (PCMs), which store and release substantial latent heat through reversible phase transitions, represent a highly 
promising thermal energy storage technology[3]. Among them, solid-solid phase change materials (SSPCMs) overcome the liquid 
leakage and structural failure issues inherent to conventional solid-liquid PCMs[4]. Polyurethane (PU)-based SSPCMs offer tunable 
phase transition temperatures, superior mechanical flexibility, and versatile molecular designability, positioning them as a 
competitive platform for advanced SSPCM development. Phase transition enthalpy, as the core performance metric of PCMs, directly 
governs the thermal energy storage capacity per unit mass. However, the covalently cross-linked network of PU-based SSPCMs 
strictly restricts the mobility of phase change soft segments, impeding the formation of highly ordered crystalline structures[5]. This 
constraint results in intrinsically low enthalpy, severely limiting their thermal management capabilities. To address this limitation, 
researchers have developed strategies including chemical grafting, nanoconfinement, and filler doping to improve the enthalpy of 
SSPCMs[5-7]. Although these approaches yield moderate improvements, they rely on the introduction of exogenous components or 
alterations to the chemical composition, which increases processing complexity and production costs, compromises recyclability, 
and hinders scalability and practical application. Specifically, filler doping suffers from aggregation and interfacial thermal resistance 
issues, chemical grafting produces irreversible cross-links that undermine reprocessability, and nanoconfinement involves 
complicated template fabrication procedures. Therefore, exploring an intrinsic, simple, and universal strategy to break the structural 
constraints of cross-linked SSPCMs and elevate their enthalpy without introducing of additional components has become a critical 
scientific challenge in this field.

Urethane bonds, the core functional groups of PU networks, exhibit unique thermoresponsive behavior. At high temperatures 
(> 130 °C), they undergo dynamic exchange, endowing thermosetting PU with reprocessability[8]. Unlike low-activation dynamic bonds 
(e.g., disulfide bonds) that tend to undergo stress relaxation at service temperatures, the dynamic exchange of urethane bonds 
features a high activation threshold[9,10]. This creates a thermal safety window above the phase transition temperature of PU, ensuring 
the stability of the programmed topological structure during thermal cycling. Mechanical stretching induces chain orientation and 
crystallization in polymer systems. PU features an intrinsic microphase-separated structure with prominent advantages. Rigid hard 
segments form stable mechanical skeletons capable of sustaining high-stress elongation, while flexible soft segments serve as 
crystallizable reservoirs that undergo pronounced orientation along the stretching direction[5]. This structural configuration 
facilitates stress-induced crystallization. Based on these inherent characteristics, Zou and colleagues[11] integrated the dynamic 
exchange of urethane bonds with stress-induced crystallization in Joule, proposing a thermomechanical programming strategy to 
realize robust enthalpy enhancement in PU-based SSPCMs.

The fundamental mechanism of this thermomechanical programming strategy relies on the synergistic effect of high-temperature 
dynamic bond exchange and mechanical stretching. The programmable polyurethane (PPU) is synthesized via polycondensation of 
polyethylene glycol (PEG), glycerol (GLY), and hexamethylene diisocyanate (HDI). The PEG soft segments provide phase change 
functionality, while the urethane bonds derived from HDI impart dynamic exchange capability and mechanical robustness (Figure 1a). 
Stretching at 150 °C activates the dynamic exchange of urethane bonds, enabling topological rearrangement of the polymer network, 
dissipation of stored elastic energy, resetting of the network reference state, and establishment of a thermodynamically stable 
oriented configuration. Tensile stress drives high orientation of soft segments along the stretching direction. This oriented topology 
reduces the entropic penalty and nucleation Gibbs free energy barrier for crystallization upon cooling, thereby promoting the 
formation of highly ordered, densely packed crystalline domains. In contrast, stretching below 130 °C relies solely on entropic 
elasticity for temporary chain orientation, and the oriented structure relaxes and recovers upon reheating, leading to reversible 
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enthalpy variation (Figure 1b). Notably, thermomechanical programming achieves the irreversible fixation of the oriented crystalline 
structure and robust enthalpy enhancement (Figure 1c). Experimental results demonstrate that PPU-3 stretched at 150 °C to a 150% 
strain exhibits an enthalpy increase from 85.98 J·g-1 to 96.81 J·g-1, representing a 12.60% enhancement[11]. The programmed PPU 
maintains stable phase change enthalpy over 100 thermal cycles[11]. Structural characterization confirms the formation of 
well-defined crystalline domains with significantly improved crystallinity, and a fixed chain orientation factor of 0.53. The enthalpy 
enhancement presents a nonlinear dependence on strain: crystallinity increases rapidly in the 0%-50% strain range, achieving peak 
enthalpy gain; beyond 50% strain, crystallinity plateaus, and further enthalpy enhancement proceeds slowly, attributed to saturation 
of stress-induced crystallization and the limited latent heat contribution of subsequent structural refinements such as lamellar 
thickening. Moreover, the crosslinking density of PPU exerts a non-monotonic effect on enthalpy enhancement: an intermediate 
crosslinking density balances dynamic exchange reactivity and structural adaptability to yield the maximum enthalpy gain, whereas 
excessively low crosslinking density fails to stabilize crystalline domains and excessively high crosslinking density restricts chain 
mobility. Although thermomechanical programming achieves stable 12.60% irreversible enthalpy enhancement, it still remains 
challenging whether such peak enthalpy gains can be reliably reproduced in scaled manufacturing under variable industrial 
thermomechanical conditions remains challenging. With material scaling toward batch production, uniform control over stretching 
rate, holding time, and stress distribution becomes demanding, posing a fundamental tradeoff between high enthalpy and scalable 
process feasibility.

Figure 1. Schematic illustration of mechanism for enthalpy enhancement in PPU. (a) Schematic illustration of the synthesis of PPU; (b)Temperature-dependent structural 

evolution of PPU; (c) Schematic summary of the thermomechanical programming process. Reproduced with permission from reference[11]. Copyright © 2026 Elsevier. 

PPU: programmable polyurethane; PEG: polyethylene glycol; GLY: glycerol; HDI: hexamethylene diisocyanate.

The thermomechanical programming strategy boasts excellent universality. This research verified this approach across PU systems 
synthesized with different diisocyanates (cycloaliphatic isophorone diisocyanate and aromatic tolylene diisocyanate) and crosslinkers 
(triethanolamine), all of which achieved significant enthalpy enhancement after high-temperature stretching. Topological 
rearrangement and stress-induced crystallization driven by urethane bond dynamic exchange are intrinsic characteristics of PU 
dynamic networks, independent of the specific chemical structures of hard segments and crosslinkers. Such universality endows the 
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strategy with broad application prospects in the design of various PU-based SSPCMs and offers guiding principles for enthalpy 
enhancement in dynamic covalent polymer networks more generally. PPU also features excellent recyclability and reprocessability, 
rooted in the dynamic exchange characteristics of urethane bonds. PPU dissolves completely in dimethylformamide at 150 °C through 
solvent-assisted thermal dissociation of urethane bonds and re-crosslinks into homogeneous films upon heating. Recycled PPU 
retains an almost identical chemical structure and phase change enthalpy to the pristine form. Fragmented PPU can be fabricated 
into integrated membranes through direct hot-pressing at 150 °C. Reprocessed PPU maintains favorable mechanical ductility and 
phase change enthalpy, overcoming the poor recyclability of traditional cross-linked SSPCMs and offering significant benefits for 
material sustainability and reduced environmental impact.

Battery thermal management tests further confirm the practical utility of programmed PPU. High-rate discharge tests on pouch cells 
show that the PPU thermal management layer efficiently absorbs battery-generated heat through solid-solid phase transition. Under 
extreme 17C discharge conditions, the peak temperature of the battery is reduced by 16.10 °C compared to the unprotected group, 
with the battery temperature maintained stably below the critical safety threshold of 60 °C[11]. In battery 2C charge-discharge cycle 
tests, cells wrapped with programmed PPU exhibit surface temperatures 2 °C lower than those wrapped with pristine PPU throughout 
cycling. Infrared thermal images clearly reveal a temperature gradient between PPU-wrapped and exposed areas of the battery 
surface, directly demonstrating the excellent thermal buffering effect of programmed PPU. These results confirm that 
enthalpy-enhanced PPU effectively mitigates rapid heat accumulation in lithium-ion batteries under extreme charge-discharge 
conditions, underscoring its application potential for passive thermal management in high-power energy devices as well as other 
scenarios demanding superior phase change enthalpy and reprocessability, such as wearable electronics. Although programmed PPU 
delivers remarkable thermal buffering effects, its long-term stability under alternating extreme temperatures remains unvalidated, 
and future studies should systematically characterize its thermal regulation reliability across thousands of deep charge-discharge 
cycles.

In summary, this research develops a thermomechanical programming strategy based on urethane bond dynamic exchange, realizing 
the robust enthalpy enhancement in PU-based SSPCMs without chemical modification. Importantly, this research breaks the 
traditional paradigm of enhancing SSPCM enthalpy through external component incorporation, establishes a scalable energy-state 
programming method for dynamic polymer networks, and offers new perspectives for the design of high-enthalpy, reconfigurable, 
and sustainable thermal energy storage materials. Future efforts may focus on process optimization of thermomechanical 
programming, including systematic refinement of stretching rate and holding time to maximize enthalpy gains. Beyond structural 
modulation, functional integration presents new design opportunities, enabling this strategy to be combined with antibacterial, 
antistatic, or other functional modifications to construct multifunctional SSPCMs for diverse application scenarios. Additionally, it is 
essential to explore how programming affects the subsequent mechanical response. Furthermore, long-term service behavior 
warrants deeper investigation, as the thermal management performance of PPU under extreme temperatures and prolonged cycling 
conditions requires further validation to support practical systems. Finally, extending beyond PU systems, the broader translation of 
this dynamic covalent bond-based thermomechanical programming approach to other polymer-type SSPCMs holds promise for 
driving universal innovation in thermal energy storage materials.
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