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Abstract:
This work demonstrates the use of dynamic electrochemical impedance spectroscopy (DEIS) as a real-time electrochemical tool for interrogating thermally induced interfacial restructuring at polymer-modified carbon electrodes. Thermoresponsive poly(N-isopropylacrylamide) (pNIPAM) brushes were prepared on glassy carbon electrodes (GCE) via pyrene-mediated surface-initiated atom transfer radical polymerization (SI-ATRP). A pyrene-based ATRP initiator was synthesized through SN2 functionalization of pyrene butanol, enabling non-covalent immobilization onto graphitic surfaces through π-π interactions and providing a versatile strategy for engineering carbon-based electrodes such as GCE and laser-induced graphene (LIG).
Electrochemical impedance spectroscopy (EIS) was first employed for ex situ monitoring of both pyrene-initiator adsorption and subsequent polymer-brush growth on the GCE surface. The resulting pNIPAM interface exhibited high electrochemical stability, maintaining its impedance characteristics after prolonged incubation in water at room temperature for at least 48 h.
To investigate dynamic interfacial behaviour, DEIS measurements were performed while the temperature of the electrochemical system was gradually increased above the lower critical solution temperature (LCST) of pNIPAM and subsequently reduced back to room temperature. Continuous impedance monitoring revealed pronounced and reversible changes in both the DEIS spectra and equivalent circuit model (ECM) parameters during thermal cycling. In particular, charge-transfer resistance (Rct) decreased upon heating, consistent with thermally induced collapse and dehydration of the pNIPAM brushes, while cooling restored the initial interfacial state. Simultaneous evolution of additional ECM parameters further indicated temperature-dependent changes in interfacial heterogeneity, hydration state, and mass transport behaviour.
These findings demonstrate that DEIS can provide electrochemical fingerprints of polymer-brush phase transitions and establish pyrene-mediated SI-ATRP as a promising platform for programmable electrochemical interface engineering on carbon electrodes.

