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Nonequilibrium Phase Separation-driven Temporally Tunable Optical
Response in Thermoresponsive Hydrogels
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MENG Xian-rui, PENG Chuang’, ZHANG Wen-kai"

(College of Chemistry and Molecular Sciences, Henan University, Kaifeng 475004)

Abstract: The optical response of thermoresponsive hydrogels is typically governed by equilibrium
phase behavior, whereas the nonequilibrium effects arising from solvent exchange processes remain
insufficiently understood. In this study, we used P(NIPAM-co-AAm) hydrogels as a model system to
investigate the temporal evolution of transmittance in water-ethanol mixed solvents. Under identical
final-state temperatures and solvent compositions, distinct optical states were observed depending on the
treatment pathway. When a water-swollen sample is directly introduced into a high-temperature ethanol
environment, the inward diffusion of ethanol generates transient compositional gradients within the gel,
causing localized regions to enter the LCST-sensitive range and undergo phase separation, resulting
in temporary turbidity. In contrast, when solvent exchange was completed prior to heating, the system
remained in a homogeneous solvent environment and remained transparent. Analysis of the transmittance-
time curves revealed the characteristic phase separation time 7, and recovery time t,, both of which
varied significantly with ethanol concentration, with their ratio decreasing from approximately 11.7 to 1.5,
corresponding to a transition from prolonged turbidity to rapid recovery of transparency. Cryo-SEM and
in situ optical microscopy results revealed distinct structural morphologies depending on the treatment
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pathway. The phase separation characteristic time can be continuously tuned from tens to thousands of

seconds by varying the ethanol concentration or temperature, allowing precise regulation of the optical

response time and offering a promising strategy for dynamic optical materials.

Keywords: Thermoresponsive hydrogel; Poly(N-isopropylacrylamide-co-acrylamide); Non-equilibrium

phase separation; Transmittance control
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Figure 1 Network structure and optical response of P(NIPAM-co-AAm) hydrogels under different stimulation pathways.

(a) Hydrogel equilibrated in water at 45 °C; (b) Hydrogel swollen to equilibrium in ethanol, then heated to 45 °C; (c) Hydrogel

directly immersed in ethanol at 45 °C. (d) (i)—(iii) correspond to the macroscopic optical photographs under conditions (a)—(c),

respectively (insets: freeze-dried SEM morphologies)
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Figure 2 Comparison of optical responses of P(NIPAM-co-AAm) hydrogels under different stimulation pathways:

(a) Response phase diagram under the solvent-exchange-then-heating pathway; (b) Macroscopic optical photographs

corresponding to (a); (c) Optical response under the temperature-solvent combined stimulation pathway; (d) Macroscopic

optical photographs corresponding to (c). (e) Time evolution of the optical state and network structure of the hydrogel under the

combined stimulation pathway
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Figure 3 Optical response kinetics of P(NIPAM-co-AAm) hydrogels under thermal-solvent combined stimulation:

(a) Transmittance decay process from transparent to turbid state; (b) Transmittance recovery process from turbid to transparent

state; (c) Variation of 7, and 7, with EtOH volume fraction; (d) Quantitative relationship between the optical response of the

hydrogel and EtOH volume fraction
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Figure 4 Regulation of the structural of the P(NIPAM-co-AAm) hydrogel network by the stimulation pathway: (a) SEM
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between hydrogel pore size and EtOH volume fraction under the two pathways
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Figure 6 Schematic diagram of solvent diffusion and optical response of P(NIPAM-co-AAm) hydrogels: (a) Formation of a
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Figure 7 Transmittance modulation strategy based on the competition of diffusion and relaxation time scales: (a) Optical

response states regulated by EtOH volume fraction; (b) Optical response states regulated by temperature
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