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Synthesis
Synthesis of Monomer!
2-isopropyl-2-oxazoline (iPrOx)

The reaction of iPrOx synthesis is shown in Scheme S1. In a three-neck flask, 23.0 g (0.33
mol) of isobutyronitrile, 43.6 g (0.71 mol) of 2-aminoethanol and 0.30 g (1.6 mmol) of zinc acetate as
a catalyst were performed freeze-pump-thaw three times. Then, they were stirred and heated to 130
°C under N, atmosphere while refluxing. After 24 h, the raw product was dehydrated by calcium

hydrate (CaH,) overnight and purified by vacuum distillation.

i tat ! N
zinc acetate o__N

/L + NHE\/\ —
CN OH 130 °C, reflux l
isobutylonitrile 2-aminoethanol iPrOx

Scheme S1. Synthesis of 2-isopropyl-2-oxazoline, iPrOx monomer.

Polymerization’
Cationic ring-opening polymerization: Poly(2-isopropyl-2-oxazoline), PiPrOx

The synthesis of PiPrOx by cationic ring-opening polymerization is illustrated in Scheme
S2. 1 g (8 mmol) of iPrOx as the monomer 14.9 mg (0.08 mmol) of methyl p-tosylate as the initiator
and 15 mL distilled of acetonitrile as the solvent were heated to 80 °C. When the conversion rate
reached 80%, the reaction was stopped with 1 mol/L NaOH and H,O/methanol solution. The product
was purified by dialysis 2-propanol and methanol for 3 days and against water for 2 days (Cellu-Sep
H1/Membrane Filtration Products, molecular weight cut off: 1000). A white powder was obtained by
freeze-drying overnight. The molecular weight (M,) and polydispersity index (M/M,) of the polymer

were determined by GPC using a 10 mM LiBr/N, N-dimethylformamide (DMF) solution as the eluent.



The GPC columns (Showa Denko, Japan) were calibrated using Poly(methyl methacrylate) (PMMA)

standards. (Figure S1, M, = 7700 g mol'!, M,/M, = 1.30)
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Scheme S2. Preparation of poly(2-isopropyl-2-oxazoline), PiPrOx.

Free radical polymerization: Poly(N-isopropylacrylamide), PNiPAm

Poly(N-isopropylacrylamide) (PNiPAm) was prepared by conventional free radical
polymerization. 2 Firstly, N-isopropylacrylamide (NiPAm) was purified by recrystallization with n-
hexane. 0.91 g (8 mmol) of NiPAm as the monomer, 13.3 mg (0.08 mmol) of 2,2'-
azobis(isobutylonitrile) as the initiator and 4 mL toluene as the solvent were heated to 80 °C under N,
atmosphere for 24 h. The product was recovered by reprecipitation using toluene as a good solvent
and n-hexane as a poor solvent. The molecular weight (M,) and polydispersity index (M,/M,) of the
polymer were determined by GPC using a 10 mM LiBr/DMF solution as the eluent. The GPC columns
(Showa Denko, Japan) were calibrated using PMMA standards.  (Figure S1. M= 89000 g mol!

M,/M,= 3.30)

Ionic liquids

Among the ILs used in this study, 1-ethyl-3-methylimidazolium trifluoromethylsulfonylimide
([Comim][TFSI]) was synthesized and characterized according to the procedure reported earlier. All
other ILs, including both [TFSI] and [BF4]-based system, were purchased from Kanto Chemical. Prior

to use, the ILs were vacuum-dried at 60 °C for over 24 hours to minimize moisture and eliminate



residual volatile impurities. Consistency in phase transition behavior across multiple batches

confirmed the reproducibility of the system.

Solubility screening

To identify suitable ionic liquids (ILs) for studying the phase behavior of PiPrOx and
PNiPAm, we conducted a comprehensive solubility screening using 43 different ILs. Among these,
ILs containing trifluoromethylsulfonylimide ([TFSI]) and tetrafluoroborate ([BF,]) anions, combined
with various alkyl imidazolium cations, were selected for detailed investigation based on the following
considerations. First, [TFSI| and [BF,4] are among the most widely studied and commercially available
anions in the field of ILs, making them representative choices for exploring IL-polymer interactions.
45 Second, [TFSI]-based ILs exhibited hydrophobicity across all tested cation combinations, ensuring
compatibility with the hydrophobic polymers used in this study. Third, [BF,]-based ILs with cations
containing alkyl chains of butyl ([C4mim]) or longer were hydrophobic and experimentally convenient
to handle, particularly in terms of phase behavior measurements. These characteristics of [TFSI] and
[BF,] systems allowed for a robust and systematic investigation of polymer phase transitions in ILs,
with the additional advantage of relevance to broader applications due to their widespread use and
established properties. Table S1 shows the summary of screening for PNiPAm or for PiPrOx solutions
with various types of ILs. Cation and anion structure covers alkyl phosphonium ([P22cio)'],
[P222(c20)"]> [P2225"], [P2228"], [Pssss™], [Pessia™]), N-butyl-N-methylpyrrolidinium ([N4Pyrro™]), N-
butyl-N-methylpiperidinium ([N4PiPe*]), diethylmethylammonium ([DEMA*]), N,N-diethyl-N-
methyl-N-(2-methoxyethyl)ammonium ([DEME*]), dicyanamide ([DCA™]), chloride ([CI]), bromide
([Br]), thiocyanate ([TCN-]), octylsulfate ([Cgsulfate™]), acetate, hydrogen sulfate ([HSO47]),
trifluoroacetate  ([CF;COO]), triflate ([TfO7]), pentafluoroethylsulfonylimide ([BETI]),

nonafluorobutylsulfonylimide ([NFSI-]) and N,N-hexafluoropropane-1,3-sulfonylimide ([cTFSI7]).



Turbidimetry measurements

Temperature dependence of transmittance of 633 nm light was monitored using USB2000
spectrometer (Ocean Optics, U.S.A.). The temperature is controlled by a homemade thermostat.
Transmittance measurements were performed for the solution exhibiting LCST-type separation with
the solution of PiPrOx. The compositions of [C;mim][BF,4] in [Csmim][BF,]/[C4mim][BF,] IL blend

are ranging from 0 mol% to 80 mol%.

FT-IR measurements

FT-IR measurements were used to characterize the conformation of PiPrOx in the PiPrOx /
[Cemim][BF,] solution and PiPrOx/[Comim][TFSI] solution (IRSpirit, Shimadzu, Japan). The
attenuated total reflection (ATR) technique was utilized to acquire the IR spectra of polymer solutions
(20 wt%). Data processing including background subtraction of the solvent spectrum was performed
using custom software (Spina)!. The pretreatment procedure for ATR-IR spectra, which involves
subtracting the solvent spectrum from the sample spectrum has been described in previous
publication®. IR spectra of PiPrOx/[C¢mim][BF4] solution before and after phase separation were
compared. Marker bands were found by using Density Functional Theory (DFT) calculations of the
PiPrOx dimer model (N,N'-1,2-ethanediylbis-(V,2-dimethylpropanamide), (EdOMPAm)). IR spectra of
PiPrOx and EDOMPAm are compared in Figure S4. IR spectra of solvated PiPrOx/[C¢mim][TFSI] and

PiPrOx/[C,mim][TFSI] are compared in Figure S6.

Thermodynamic aspects of phase behavior of polymers in ILs
Here, we discuss the difference in the effects of alkyl chain length on UCST- and LCST-

phase separations (PSs). The variation in phase transition temperature resulting from the structural



modification of the imidazolium cation, as illustrated in Figure 4(b) in body text, is noteworthy. When
the cation structure changes from [Cymim][BF,] to [C,C4im][BF,], the UCST-PS temperature of
PNiPAm shifts by only 2°C. However, a change from [C,C4im][BF,] to [C¢mim][BF,4] of PiPrOx
leads to a nearly 30°C shift in the LCST-PS temperature. Although the polymer that are dissolved in
ILs differ, LCST-PS exhibited a large transition temperature shift in response to changes in the IL
structure. Considering that the UCST-PS is enthalpy-driven and the LCST-PS is entropy-driven, this
significant shift is likely associated with liquid structuring effects related to entropy. It is widely
accepted that ILs with longer alkyl chains (typically four or more carbons) form nanostructures
consisting of polar and non-polar domains. This nano-structuring becomes more pronounced as
the alkyl chain length increases. While the precise reason remains still unclear, the nano-
structuring in [C,C4im][BF,] is likely less developed compared to [Cesmim][BF,], despite both
cations containing the comparable total number of alkyl carbons’°. This difference in the degree
of nano-structuring may affect the mixing entropy of the system, leading to the substantial
difference in the LCST-PS temperature observed between these ILs. This LCST-type phase
behavior of [C¢mim][BF,] compared to shorter and longer alkyl chain ILs may be partially
attributed to its unique thermodynamic properties. Prior studies have suggested that
[C,mim][BF,] ILs with intermediate alkyl chain lengths (n = 6) exhibit a relatively amorphous
(more disordered) liquid state compared to other series of [C,mim]-based ILs, characterized by
the absence of a melting point and a potentially higher configurational entropy!®!!. This less-
structured state of [C¢mim][BF,4] within a series of [C,mim][BF,] might facilitate greater entropy
reduction upon mixing with PiPrOx, aligning with the thermodynamic conditions required for
LCST-PS. While this hypothesis provides a plausible explanation, further investigation into the
nanostructuring and entropic contributions of these ILs is needed to substantiate this mechanism.

It is interesting that PNiPAm/IL systems show only the UCST-PS which is



contrast to PiPrOx/IL systems. This possibly arises from the hydrogen bonding
accepting/donating ability of the PNiPAm side chain, which consist of the secondary amide. The
hydrogen bonding makes PNiPAm difficult to dissolve in any IL at a lower temperature. If the
hydrogen bonding among the polymers breaks, IL can solvate the polymer. It has been reported
that the proton of second position within the imidazolium cation ring can be hydrogen bonding
donating ability'?'4. This may compensate for the breakage of hydrogen bonds among the amide
groups at a higher temperature. Not only in PNiPAm in IL solution, this consideration has also
been true for the previously reported UCST-PS of poly(acrylic acid) in [Csmim][BF,] !°. On the
other hand, PiPrOx is a tertiary amide and acts only as a hydrogen bonding acceptor. Because the
phase behavior of PiPrOx/ILs is not only UCST-type but also LCST-type, we should consider
other factors other than the hydrogen bonding between polymer and IL (Table 1). The LCST-PS
of the polymer solution is often explained by the free volume theory. It has been known that the
free volume is strongly concerned with the liquid structure of solvents!® !7. In this theory, the
dissimilarity in free volume expansion during heating of solvated solvent and of free solvent
causes LCST-PS. Specifically, when the temperature rises, the difference in free volume between
the solvated solvent and free solvent increases, and the system reached the critical value of y,
causing phase separation. Based on this consideration, Patterson has proposed to divide the

solubility parameter y into the enthalpy (yy) and entropy (ys) terms!'®.

7= -(UJ/RTWV? + (Cyi/2R) 13 (A)

Here, Uj, V2, C,; and 7 are the evaporation energy of solvent, the difference in cohesive energy

between molecules, the heat capacity, and the free volume difference between polymer and



solvent, respectively. The equation (A) is expressed to model thermodynamic parameters based
on differences in free volume in polymer solutions, and specifically shows how the interaction
between the polymer and solvent contributes as an enthalpic and entropic contribution. The first
and second terms on the right-hand side respectively represent the contribution of enthalpy and
entropy to the y parameter. The solid lines in (1) and (2) in Figure S2 in represent such a curve,
and the resultant curve of y is shown in (3) in Figure S2. This represents that the polymer is less
dissolved at both lower and higher temperature ranges, while it is soluble at the middle range. In
the case of the PiPrOx/[Csmim][BF,] or PiPrOx/[C,C,im][BF,] solution, we assumed that only
the LCST-type phase transition at high temperatures described in the free volume theory was seen
within the observed temperature range. In contrast, for the PiPrOx/[C,mim][TFSI] or
PiPrOx/[Cymim][TFSI] combinations, the observed phase behavior followed the free volume
theory where the y parameter decreases monotonically with increasing temperature. As a result,
these systems exhibited UCST-type phase transitions, opposite to the LCST-type transitions
observed in PiPrOx/[C¢mim][BF4] and PiPrOx/[C,C4im][BF,]. This behavior highlights the
critical role of the solvent in determining the phase transition mechanism of PiPrOx in IL systems.
Furthermore, in the context of the lattice model in Flory—Huggins theory, the number of ways
to arrange a polymer chain with a trans-rich zig-zag conformation is considered to be smaller
than that of a chain with a more flexible gauche-rich conformation. This suggests that the trans-
rich conformation not only reduces the conformational entropy but also leads to a decrease in
configurational entropy, due to the limited number of spatial arrangements within the lattice.
When developing stimuli-responsive polymer in IL solution for smart soft materials, it
is important to control the phase transition temperature. We successfully controlled LCST-type
phase separation temperature of PiPrOx in IL by utilizing IL blend. Figure S3 shows the shift of

transmittance curve of LCST-type phase transition as the mixing ratio of



[Csmim][BF,]/[Csmim][BF,] changes. Figure S3 shows the relationship between LCST-type
phase separation temperature and composition of [C;mim][BF,]. The LCST-type phase transition
temperature of PiPrOx in [C¢gmim][BF4]/[Csmim][BF,] blend linearly shift from 100°C to 47°C.
Controlling phase transition temperature by IL blend has already been reported previously!'3: 18-20,
Although, phase transition temperature of thermo-sensitive polymers is traditionally controlled
by copolymerization of another monomer against thermo-sensitive main monomer?!, it is possible

to tune phase transition temperature by a remarkably simple operation of mixing IL solvents.



Table S1. Solubility test of PiPrOx or PNiPAm/IL solution. The temperature range is from 4 °C to 120

°C. Solubility of polymer in ILs is judged by naked eyes.

[C,mim][TCN] [Csmim][TCN] [C,mim][DCA] [Cemim][Br] [Cgmim][Br]
PiPrOx LCST Yes Yes LCST Yes
PNiPAm | Yes Yes Yes Yes Yes
[Csmim][C]] [C,mim][Cgsulfate] [C,dmim][TFSI] [C,mim][acetate] [Csmim][acetate]
PiPrOx LCST LCST UCST No No
PNiPAm | Yes Yes UCST No No
[Comim][CF;COO] | [C;mim][HSO,] [P22xc10)] [TFSI] [P222c20)| [TFSI] [P22s] [TFSI]
PiPrOx No No UCST Yes Yes
PNiPAm | Yes No UCST UCST UCST
[P225] [TFSI] [Pogs1a] [TFSI] [S122] [TFSI] [Pssss] [TFSI] [Pees14] [Br]
PiPrOx Yes Yes Yes UCST Yes
PNiPAm | UCST UCST No UCST Yes
[Pose14l [TFSI] [Pose14l [¢TFSI] [Pysss] [¢TFSI] [Pose14] [BETI] [Pgsss] [BETI]
PiPrOx Yes UCST UCST UCST UCST
PNiPAm | UCST UCST No UCST No
[Pe6s14] [NFSI] [N14Pyrro][TFSI] [N14Pipe] [TFSI] [DEMA][T{O] [DEME][BF,]
PiPrOx UCST UCST UCST UCST No
PNiPAm | No UCST UCST Yes UCST
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Figure S1. A GPC trace of poly(2-isopropyl-2-oxazoline) and poly(N-isopropylacrylamide).
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Figure S2. (Left) Schematic illustration of the y parameter depicted by free volume theory
indicated in the equation (1) of main text. The temperature dependence of the y parameter of total:
curve (3), curve (2), contribution to ys due to free volume dissimilarity between polymer and
solvent; curve (1), contribution to yy due to contact energy dissimilarity between polymer and
solvent. Curve (3) is obtained by the sum of (1) and (2). (Right) Phase diagram of a polymer solution
showing the phase both UCST- and LCST-type.
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Figure S3. (a) Shift of LCST-type phase transition temperature of PiPrOx in [Cymim][BF,] and
[Csmim][BF,4] IL blend. (b) LCST-type phase transition temperature of PiPrOx as a function of mol%
of [Cymim][BF,] in the ILs blend.
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Figure S4. IR spectra of PiPrOx/[C¢mim][BF,] solution and DFT calculated PiPrOx dimer-model,
N,N'-1,2-ethanediylbis-(V,2-dimethylpropanamide), EdMPAm. [PiPrOx]=20 wt%. (a) phase
separated in IL, (b) solvated in IL, (c) trans EAMPAm, (d) gauche EAMPAm. Chemical structure of
EdMPAm is Figure S4(a).!
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Figure S5. (a) Chemical structure of N, N'-1,2-ethanediylbis-(N, 2-dimethylpropanamide),
EdMPAm. (b) Molecular model of gauche-EAMPAm and (c) trans-EAMPAm. !
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Figure S6. Before background subtraction of the solvent spectrum of IR spectra of

PiPrOx/[Csmim][BF,4] solution and PiPrOx/[C,mim][TFSI] solution. [PiPrOx]= 20 wt%.
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Figure S7. IR spectra of PiPrOx/[Csmim][BF4] solution and PiPrOx/[C,mim][TFSI] solution.
[PiPrOx]= 20 wt%
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Figure S8. FT-IR spectra of PiPrOx (20 wt%) dissolved in [Csmim][BF,], [Csmim][BF,],
[Comim][TFSI], and [Csmim][TFSI] at room temperature. Strong C-N stretching bands at 1400-
1450 cm™! in [BF,]-based ILs indicate a trans-rich conformation of PiPrOx. Weaker band intensities

in [TFSI]-based ILs suggest that the anion structure strongly influences the conformational state of

PiPrOx.
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Figure S9. FT-IR spectra of PiPrOx (20 wt%) dissolved in [Csmim][BF,], [C,C4im][BF,],
[Csmim][BF4], [Comim][TFSI], and [Cemim][TFSI] at room temperature. The strong C-N
stretching bands observed at 1400-1450 cm! in [BF,]-based samples indicate that PiPrOx adopts

a trans-rich conformation in both ILs.
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