Thermally driven non-equilibrium fates in hydrogels
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Phase separation in soft materials is typically driven by thermodynamic
instability. In elastic polymer networks, however, this process can be significantly
altered by elastic energy, leading to a competition between thermodynamic
driving forces and elastic resistance. We study the thermal response of crowded
poly(acrylic acid)-Ca2* hydrogels, where heating strengthens entropy-driven
ionic associations and induces dehydration. Rapid heating generates a transient
supersaturated state in which trapped water produces internal osmotic pressure
that drives phase separation against network elasticity. The unusually high
instability threshold compared with predictions from the classical cavitation
model suggests that highly stretched polymer strands in polymer-poor domains
provide additional elastic resistance.

Path A: Quasi-isobaric heating
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Path B: Quasi-isochoric heating
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As the water content changes, polymer-chain vitrification can intervene and ar-
rest the evolution of the system. Consequently, different heating pathways lead
to distinct fates. Under slow quasi-isobaric heating, the gel contracts homoge-
neously until vitrification arrests the structure. In contrast, rapid quasi-isochoric
heating produces a phase-separated morphology that is subsequently frozen by
vitrification. This mechanism suggests new strategies for programming respon-
sive soft materials by tuning thermal pathways and elastic constraints.



