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Poly(N-isopropylacrylamide) and its gels exhibited upper
critical solution temperature behavior in a hydrophobic
ionic liquid, 1-ethyl-3-methylimidazolium bis(trifluoromethane
sulfone)imide, which may be utilized to prepare stimuli-sensi-
tive polymer systems without the problem of solvent evapora-
tion.

Certain polymers greatly change their solubility in response
to external stimuli such as temperature. Thermo-sensitive poly-
mers and polymer gels have been recognized to have potential to
be applied to switching or sensing materials by using this transi-
tion.! In particular, poly(N-isopropylacrylamide) (PNIPAm) and
its gels, which exhibit lower critical solution temperature behav-
ior in aqueous solutions around ambient temperature, have been
extensively studied from the fundamental and practical points of
view.2 However, we have not been able to utilize such thermo-
responsive materials in an open atmosphere or at high tempera-
ture for a long time, because of the problem of solvent evapora-
tion.

Ionic liquids (ILs) are room-temperature molten salts and
have drawn much attention because of their unique properties
such as non-volatility, nonflammability, and chemical and ther-
mal stability.® We have been interested in a combination of ILs
with polymers, because the combination can afford new polymer
gels* having electrochemically task-specific properties.’ In this
study, solubility and phase-behavior of different polymers in
a common hydrophobic IL, 1-ethyl-3-methylimidazolium bis-
(trifluoromethane sulfone)imide (EMITFSI), are explored. From
the results, a thermo-sensitive polymer gel in the IL is proposed.

Lewis acidity (acceptor number; AN) of typical imidazoli-
um-based ILs, including EMITFSI, is higher than those of
commonly used nonaqueous organic solvents, such as dimethyl
sulfoxide, N,N-dimethylformamide, and acetone.® On the other
hand, Lewis basicity (donor number; DN) of the ILs greatly
changes, depending on the chemical structure of an anionic
species.” EMITFSI has a high AN (=35), almost the same values
as lower alcohols, whereas it has a relatively low DN (=11-12),
similar to a DN of benzonitrile.® Solubility tests for different
polymers in EMITFSI were performed.® Solubility of the poly-
mers in the IL was judged with the naked eye.

Polymers that have functional groups enabling strong hydro-
gen bonding, such as poly(methacrylic acid), poly(acrylic acid),
polyvinylalcohol, and poly(2-hydroxyethyl methacrylate), were
not soluble in EMITFSI. On the contrary, polymethacrylates
and polyacrylates were soluble in EMITFESI. For instance, poly-
(methyl methacrylate) (PMMA), poly(butyl methacrylate), and
poly(2-ethylhexyl acrylate) were easily dissolved in the IL.
Our NMR results indicate*® that the TESI anion rather than the
EMI cation preferentially interacts with the PMMA chain, pos-

sibly with the ester side chains, though EMITFSI has a relatively
high AN, as mentioned. Interestingly, a PNIPAm/EMITFSI
mixture showed upper critical solution temperature (UCST)
behavior. PNIPAm (M, = 52,300 g/mol, My, /M,, = 2.82, where
M, and M, are the number- and weight-average molecular
weights, respectively.) is phase separated from EMITFSI at
34°C (Figure 1), which is a completely opposite phenomenon
of PNIPAm in aqueous solutions.? Until now, UCST phase sep-
arations of IL systems have only been observed for IL /alcohol or
IL /water mixtures.'® To our knowledge, this is the first observa-
tion of UCST phase separation of a polymer/IL system. The
phase separation temperatures of the PNIPAm/IL system
change with changing the molecular weight or concentration
of PNIPAm. The higher the molecular weight or concentration
is, the higher the phase-separation temperature becomes, which
indicates a strong entropic contribution to the phase separation.

Although the solubility of PNIPAm in molecular solvents
could not be correlated with the magnitude of the AN, it could
be correlated with that of the DN. PNIPAm was easily soluble
in an organic solvent having relatively high DNs. In low DN sol-
vents such as chlorobenzene, nitrobenzene, nitromethane, and
1,2-dichloroethane, PNIPAm was not soluble at low tempera-
tures; however, it became soluble with increasing temperature.
PNIPAm also exhibited UCST phase separation in EMITFSI
having a low DN, similarly in low DN organic solvents. These
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Figure 1. Temperature dependence of transmittance at 500 nm
for 1wt% poly(N-isopropylacrylamide) (PNIPAm) solution
in EMITESI. The transmittance of the EMITFSI/PNIPAm solu-
tions was monitored at 500nm with a cooling/heating rate
of 0.5°C/min. Inset shows a phase diagram for EMITFSI/
PNIPAm solutions. UCST-type phase-separation temperatures
clearly change with changing the molecular weight or concentra-
tion of PNIPAm. (M; M, = 15400g/mol, M /M, = 1.64,
>; M, =38,900g/mol, M,/M,=2.17, ®; M, =52,300g/
mol, My, /M, = 2.62).
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results imply that the solvent Lewis basicity strongly affects
PNIPAm solubility. If there is only weak Lewis base/acid inter-
action between EMITFSI and PNIPAm, the solubility increase
with increasing temperature can be mainly ascribed to an entro-
py effect. It has been also reported that solute solubility in ILs is
strongly affected by the anionic structures.'! The aforemen-
tioned PMMA solubility in EMITFSI also supports preferential
interaction of the anion to the polymer chain.*?

The unique phase behavior of PNIPAm in EMITFSI
prompted us to prepare PNIPAm gels and to measure the swel-
ling change in the IL. Since the IL has several ten times higher
viscosity than that of common molecular solvents, the time to
reach equilibrium swelling state for the gels in the IL is pro-
longed, as expected by the Tanaka—Fillmore theory.'? In order
to easily attain the equilibrium swelling state, the size of gels
for the measurements was made small by using the double tem-
plate method.!> Small PNIPAm gel particles were prepared in
macroporous polystyrene (MP-PSt). The MP-PSt was prepared
by using a silica colloid (diameter = 10 um) crystal as template,
followed by etching of the silica particles. An ethanolic solution,
containing NIPAm monomer (1 M), N,N'-methylenebisacryl-
amide (67 mM), and 2,2-diethoxyacetophenone (10 mM), was
infiltrated into the MP-PSt and was polymerized by photoinitiat-
ed radical polymerization. Dissolution of the MP-PSt by toluene
gave PNIPAm gel particles of 10 um. The ethanol solvent in the
PNIPAm gel particles was replaced by EMITFSI, to obtain a
PNIPAm gel particle suspension in EMITFSI. A droplet of the
microspherical gel dispersion in EMITFESI was placed onto a
concave slide glass. The slide glass was set onto a hot stage,
which was allowed to control temperature up to 400 °C. Equilib-
rium diameters of the microgels were measured by using a
digital microscope. We experimentally confirmed that the gels
of such size could reach the equilibrium state rapidly, even in
the viscous IL.

Figure 2 shows the relationship between the equilibrium di-
ameter of a PNIPAm gel particle in EMITFSI and temperature.
The temperature was changed by 10 °C step, and the measure-
ments were carried out after waiting for at least 10 min in order
to reach the equilibrium swelling state. The PNIPAm gel is
shrunken at low temperatures, starts to swell at 50°C, and is
completely swollen at ca. 200 °C. The swelling and deswelling
processes were reversible with rising and descending tempera-
tures. The starting swelling-temperature (50 °C) is considerably
higher than the phase-separation temperature observed in
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Figure 2. The equilibrium diameter of a PNIPAm gel particle
in EMTIFSI as a function of temperature.
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Figure 1 (34 °C), and the transition from the shrunken to swollen
phases is much broader than that seen in the solution (Figure 1).
These phenomena seem to be caused by the reduced conforma-
tional entropic effect for the gel, due to its extremely high molec-
ular weight. The swelling ratio (relative size of the gels) could be
easily tuned by changing monomer and/or cross-linker concen-
trations at the preparation, as has been recognized for the prep-
aration of conventional hydrogels.'* It is also interesting to note
that the gel/IL system is stable up to 230 °C. The gel/IL systems
are curious in terms of nonvolatility and thermal stability of the
components, which may become a great advantage when these
systems find applications as smart gel devices in an open atmo-
sphere or at high temperature.
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