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Functional Soft Materials Based on Solvation Control of Tonic Liquid and Polymer

Ionic liquids (ILs) are salts that remain liquid at room temperature and possess remarkable properties such
as nonvolatility, nonflammability, structural tunability, and high ionic conductivity. When ionic liquids are
combined with polymer networks, they form ion gels that have attracted considerable attention as electrolyte
membranes, separation media, and materials for flexible and wearable devices. This dissertation investigates
how solvation in polymer/IL systems governs macroscopic physical properties and explores novel polymer
synthesis methods that utilize the unique, nonvolatile nature of ILs.

Chapter 1 provides a comprehensive overview of the background and prior research on IL-based soft
materials. Chapter 2 focuses on the solvation structure and thermal response of thermoresponsive polymers
dissolved in ILs. Poly(2-isopropyl-2-oxazoline) (PiPrOx), a structural isomer of poly(/N-isopropylacrylamide)
(PNiPAm), was used as a model polymer. In aqueous solutions, both exhibit lower critical solution temperature
(LCST)-type phase separation; however, PiPrOx uniquely crystallizes upon prolonged heating above the
LCST. Comparative studies in imidazolium-based ILs revealed distinctive phase behaviors depending on the
anion species. In [C,mim][ TFSI] systems, both polymers showed upper critical solution temperature (UCST)-
type phase separation without crystallization. In contrast, in [C,mim][BF4] systems, PNiPAm exhibited
UCST-type while PiPrOx showed LCST-type phase separation accompanied by rapid crystallization. Infra-
red spectroscopy indicated that PiPrOx chains are solvated in a trans-rich conformation that acts as a pre-
crystalline structure. These results suggest that the entropy-driven LCST transition in ILs originates not from
molecular-scale hydrophobic hydration or cation—r interactions but from mesoscale conformational ordering
within the polymer chains.

Chapter 3 describes the development of mechanically robust and self-healable ion gels prepared from an
ionic monomer via a simple radical polymerization process under vacuum. Using N-[2-
(methacryloyloxy)ethyl]-N,N-dimethylbutan-1-aminium trifluoromethylsulfonylimide ([N1124MA][TFSI])
and the IL I-ethyl-3-methylimidazolium trifluoromethylsulfonylimide ([Comim][TFSI]), thermal
polymerization was conducted with 2,2'-azobisisobutyronitrile (AIBN) as an initiator. Exploiting the complete
nonvolatility of the system, polymerization was performed under vacuum (vacuum polymerization), fully
eliminating oxygen inhibition. This enabled the formation of robust ion gels without chemical crosslinkers,
achieving > 99% conversion. The resulting gels exhibited dual crosslinking: flexible physical entanglement
of long polymer chains and transient ionic crosslinking between polycation backbones and mobile anions.
Consequently, they demonstrated high strength, toughness, stretchability, and rapid self-healing (six times
faster than conventional entangled gels), with negligible residual strain even after ten deformation cycles.
These features highlight the potential of physical/ionic hybrid networks for durable, stretchable, and
autonomous soft devices.

Chapter 4 extends this concept to conventional volatile neutral monomers. By complexing lithium
trifluoromethylsulfonylimide (Li[TFSI]) with coordinating acrylamide derivatives such as N,N-
dimethylacrylamide (DMAm), N,N-diethylacrylamide (DEAm), and N-isopropylacrylamide (NiPAm), the
resulting monomer—salt complexes displayed significantly reduced vapor pressure and IL-like behavior.
Under these conditions, photopolymerization under vacuum readily yielded ultrahigh-molecular-weight
polymers. Remarkably, polymerization also proceeded without any photoinitiator via radicals generated in situ
from the monomers, forming polymers exceeding one million in molecular weight. This approach introduces
a new concept of vapor-pressure control through metal-monomer coordination, enabling stable radical
polymerization under vacuum. The method could be extended to other chemical systems requiring strictly
anhydrous or anaerobic environments, such as organometallic or electrochemical reactions.

In summary, this work establishes a new methodology for designing functional soft materials by leveraging
the solvation control and molecular tunability of ionic liquids. The findings bridge polymer chemistry and
ionic-liquid chemistry—from elucidating solvation-induced phase behavior to pioneering vacuum-compatible
polymerization strategies. These achievements open new avenues for creating advanced ion gels with high
strength, self-healing capability, and durability, and for developing next-generation material platforms suitable
for flexible electronics, energy devices, and controlled-reaction environment.



