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Poly(2-isopropyl-2-oxazoline) (PiPrOx) exhibits UCST- or LCST-type
phase transitions in ionic liquids (ILs) depending on the IL structure.
In LCST-type ILs, where low solution entropy is favorable, PiPrOx
crystallizes immediately after phase separation, unlike in water. FT-IR
reveals a trans-rich conformation with structural constraint, facilitating
both LCST-type phase separation and rapid crystallization.

Polymer crystallization from solution is a cornerstone process
in materials science, underpinning diverse industrial applica-
tions such as functional membrane productions and wet spin-
ning for fibers. The choice of solvent critically impacts the
crystallization process, dictating crystal morphology, growth
kinetics and the resulting material properties.’”> Among various
solvent systems, ionic liquids (ILs) have emerged as highly
versatile candidates for polymer processing due to their unique
properties,® including negligible vapor pressure, high thermal
stability, and the ability to dissolve a wide range of polymers.*”
Beyond these advantages, the structural tunability of ILs offers
unparalleled flexibility to design solvent environments tailored
for phase behavior of polymers.*™* This structural tunability
and environmental sustainability positions ILs as a promising
platform for advancing polymer crystallization and applica-
tions. Herein, we reveal the phase behaviors and crystalli-
zation dynamics of poly(2-isopropyl-2-oxazoline) (PiPrOx) in
imidazolium-based ILs. PiPrOx is a unique polymer that
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exhibits lower critical solution temperature (LCST)-type phase
behavior in aqueous solutions, where it undergoes slow crystal-
lization through prolonged annealing after phase separa-
tion."*™"” Structurally, PiPrOx is an isomer of poly(N-isopro-
pylacrylamide) (PNiPAm), the most widely studied LCST-type
polymer in water. PNiPAm is also known to exhibit opposite
upper critical solution temperature (UCST)-type phase behavior
in ILs"®?' (Fig. 1). PiPrOx demonstrates both UCST- and
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Fig. 1 Chemical structure of poly(2-isopropyl-2-oxazoline) (PiPrOx) and
poly(N-isopropylacrylamide) (PNiPAm) and their phase behaviors in water
and ionic liquids (ILs). PiPrOx exhibits LCST-phase transitions in water,
followed by slow crystallization upon prolonged heating. In ILs, PiPrOx
demonstrates UCST- and LCST-type phase transitions, depending on the
IL structure, with rapid crystallization observed immediately after
LCST-type phase separation in BF4-based ILs. By contrast, PNiPAm under-
goes LCST-type transitions in water and exclusively UCST-type transitions
in ILs, without exhibiting crystallization.
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Fig. 2 Chemical structures and names of the cations and anions of the ILs
used in this study. The cations include 1-alkyl-3-methylimidazolium
([C,mim]) and 1-butyl-3-ethylimidazolium ([C,C4im]), while the anions
consist of trifluoromethylsulfonylimide ([TFSI]) and tetrafluoroborate
(IBF4)).

LCST-type phase behaviors, depending on the anion structure
of the IL. Specifically, PiPrOx transitions via a UCST-type phase
separation in [C,mim][TFSI] systems, while LCST-type phase
separation are observed in 1-hexyl-3-methylimidazolium tetra-
fluoroborate ([C¢emim][BF,]) and in 1-butyl-3-ethylimidazolium
tetrafluoroborate ([C,C,im][BF,]) (Fig. 2). In only the latter case,
PiPrOx undergoes rapid crystallization immediately following
LCST-type phase separation—a phenomenon sharply contrast-
ing the slower crystallization observed in aqueous solutions.
FT-IR spectroscopy revealed that PiPrOx adopts a trans-rich
conformation when dissolved in LCST-type ILs, effectively
rendering the polymer ‘ready-to-crystallize’.

We initially screened the solubility of PiPrOx in 43 kinds of
ILs, covering a temperature range from 4 °C to 120 °C (Table S1
in the ESIt). Among these, ILs containing [BF,] and trifluor-
omethylsulfonylimide ([TFSI]) anions were selected. A detailed
rationale for this selection is available in the ESI.{Fig. 3 shows
the transmittance curve for the PiPrOx (M, = 7700 g mol ',
M,,/M;, = 1.30) in [Cemim][BF,] and [C,C,im]|[BF,], respectively.
We found that the PiPrOx exhibited LCST-type phase separation
both in [Cgmim][BF,] and [C,C,im][BF,]. Table 1 compares the
solubility of PiPrOx and PNiPAm in ILs. PiPrOx exhibited
LCST-type phase separation in [Csmim][BF,] and [C,C,im][BF,],
while PiPrOx showed UCST-type phase separation in [C,mim]
[TFSI] and [C,mim][TFSI]. In contrast, PNiPAm showed only
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Fig. 3 Transmittance curves of PiPrOx in (a) [Cemim][BF4] and (b)
[CoC4im][BF4l.
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UCST-type phase separation in both [C,mim][BF,] with an alkyl
carbon number in the imidazolium cation of n = 2, 3 or 4 and
[C,mim][TFSI| with n = 2, 4, 6, 8, 10 and 12. Fig. 4(a) shows the
relationship between the T,, defined as the temperature corres-
ponding to 50% transmittance, of the polymers (2 wt% in ILs)
and n of the imidazolium cation. It is revealed that the
UCST-type phase separation temperature (7.,;y) monotonically
decreases with an increase in alkyl chain length. It is widely
reported that the mutual solubility in ILs improves as the
length of the alkyl chain attached to the cation increases both
in UCST-**** and LCST-systems.>**> A solubility improvement
of the polymer following an increase in the alkyl chain length
has also been reported in certain LCST-type phase separations
of polymethacrylates™>**?¢ and polyethers.'*?%?” A similar
tendency was observed to increase the T.; of the present
system. As can be seen in Table 1 and Fig. 4(a), LCST-type
phase separation of PiPrOx occurred only when [Comim|[BF,]
was used as the solvent. PiPrOx was incompatible with
[C,mim][BF,] at n = 2, 3, and 4, and gave a completely
compatible system at n = 8. This also indicates that extending
the alkyl chain length works to increase solubility.

Fig. 4(b) highlights the phase separation temperature of
PiPrOx and PNiPAm in [C,mim][BF,], [Cemim]BF,], and
[C,C4im][BF,] as solvents. For [C,C,im][BF,], where the cation
carries four carbons (butyl group) at position 1 and two carbons
(ethyl group) at position 3, the solubility of PiPrOx is lower
compared to [Cemim][BF,], which carries six carbons (hexyl
group) only at position 3. Consequently, the LCST-type phase
separation temperature of PiPrOx in [C,C,im] is nearly 30 °C
lower than that in [Cemim][BF,]. In contrast, the UCST-type
phase separation temperature of PNiPAm decreases by only
2 °C when the cation changes from [C,C,im] to [Csmim]. The
greater shift observed in the LCST-type phase separation tem-
perature compared to the UCST-type phase separation tempera-
ture suggests that the introduction of alkyl chains at both
positions 1 and 3 of the imidazolium ring significantly impacts
the thermodynamics of the solution. Detailed discussions on
the phase behavior of PiPrOx and PNiPAm in ILs from thermo-
dynamic aspects are available in the ESI}

Previous work demonstrated that PiPrOx exhibited LCST-
type phase separation in aqueous solution, similar to PNiPAm.
However, unlike PNiPAm, PiPrOx undergoes crystallization in
the polymer-rich phase after prolonged heating. In water, the
crystallization of PiPrOx follows LCST-type phase separation. At
temperatures above the phase transition, polymer-rich droplets
form, initially smooth but slowly transforming into rugged
crystalline structures upon prolonged heating.”® The process
requires ~20 hours at T, + 2 °C, indicating slow kinetics. PiPrOx
chains must overcome rotational energy barriers in the backbone
C-C and C-N bonds to adopt the trans-conformation needed for
crystallization. Prior studies revealed that PiPrOx can be kinetically
trapped in metastable gauche-conformers before reaching the most
energetically favorable trans-conformer, making conformational
alignment a rate-determining step for nucleation.”® We discovered
that PiPrOx crystallizes rapidly in IL systems, immediately after
undergoing LCST-type phase separation. Notably, after cooling the

This journal is © The Royal Society of Chemistry 2025
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Table 1 Summary of the solubility test for the PiPrOx and PNiPAmM in [C,,mim][BF4], [C,mim][TFSI], and [C,C4imI[BF,4]. Polymer concentration is 2 wt%.
"Yes” and "No” mean the combination gives compatible and incompatible systems, respectively. The temperature conditions are from 4 °C to 120 °C

Anion: [TFSI] C,mim C,mim Cemim Cgmim Cyomim Cp,mim
PiPrOx UCST UCST Yes Yes Yes Yes
PNiPAm UCST UCST UCST UCST UCST UCST
Anion: [BF,] C,mim C;mim C,mim C,C,im Cemim Cgmim Cyomim
PiPrOx No No No LCST LCST Yes Yes
PNiPAm UCST UCST UCST UCST Yes Yes Yes
@ ®) band shows high intensity, suggesting a trans-rich conforma-
100 - Te O B1100|- o PIPIOX/IL (IBE.]) é) tion even in the dissolved state. In contrast, the FT-IR spectrum
® DDD ) o PNiPAm/ IL ([BF]) 3 . . . .
2 80| 3 of PiPrOx aqueous solution exhibits weaker C-N stretching
o g 90 TeL & . . . . . .
g % T s band intensity (Fig. 5(B)(a)). This indicates that the transforma-
3 60— ] @ . . .
5 S ProNCRTEET ] £ BOEED tion toward a trans-rich conformation occurs gradually
S T, PIPIOXICymim[TES! g ; it ot : g
: <>ru . Ph!;Aﬂ/[CTr;TrE][BFj 2 (Fig. 5[B)(b.)), contrlbutlng to §Iower crystallization. The mhe.:r
2 20 7T‘;J~<>.<>° PNIPAMAC,mIMITEST) g 70 = o ent trans-rich conformation in the ILs closely resembles its
s A & . . . . .
5 = B <|> o> Ty | crystalline state (Fig. 5(B)(c)), lowering the energetic barrier for
2 4 6 8 10 12 _O/NTN DN OSSN 1 1 il 1 1 1
el ehain leagth] NN e & NN crystallization and facilitating rapid crystal formation after
. . . y LCST- h ration. B ntr in m
Fig. 4 (a) Relationship between phase transition temperature and alkyl CST-type phase separatio y contrast, aqueous systems,

chain length of the imidazolium cation. (b) Phase transition temperature of
PiPrOx and PNiPAmM in [C4smim][BF4l, [CoC4im][BF,4], and [Cemim][BF,4] as
solvents.

solution following LCST-type phase separation, the solution did
not return to its original transparent state. Further investiga-
tion revealed that the polymer-rich phase, once washed with
methanol, was insoluble, and microscopic analysis of the
precipitate confirmed the formation of crystals (Fig. 5(A)). In
other PiPrOx/IL combinations exhibiting UCST-type phase
separations, the polymer-rich phase precipitated at low tem-
peratures did not show any detectable crystallization under the
same experimental conditions. FT-IR measurements revealed
that the rapid crystallization of PiPrOx is attributed to its
molecular conformation in [C¢gmim][BF,] (Fig. 5(B)). The C-N
stretching band between 1400 and 1450 cm ' indicates the
trans-rich conformation of PiPrOx, confirmed by DFT calcula-
tions with model compounds. In the FT-IR spectrum of PiPrOx
dissolved in [Cemim][BF,] (Fig. 5(B)(d)), the C-N stretching

IRintensity [a..]

(c) 42°C,
2

(b) 40 °C
@)20°C

7700 7800 T500 7400 T30 200 Tioo
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Fig.5 (A) A photograph of the PiPrOx crystal deposited from
[Cemim][BF4]. (B) FT-IR spectra of PiPrOx (a) in D,O homogeneous
solution before phase transition, (b) soon after phase separation from
D,0, (c) after complete phase separation from D,O, (d) in [Cemim][BF,]
homogeneous solution before phase transition, and (e) soon after phase
separation from [Cemim][BF,].

This journal is © The Royal Society of Chemistry 2025

PiPrOx requires significant conformational adjustments post-
phase separation, delaying crystallization onset. In UCST
systems such as PiPrOx in [C,mim][TFSI], the FT-IR spectra
confirm no trans-rich conformation in the dissolved state
(Fig. S6 and S7, ESIYt). This lack of pre-alignment likely explains
the absence of crystallization in UCST-type phase separations
and underscores the critical role of the trans-rich conformation
in facilitating rapid crystallization in LCST-type phase separa-
tion systems. A noteworthy aspect of the trans-rich PiPrOx
conformer is its potential influence on solution entropy. This
conformational restriction may reduce mixing entropy, serving
as a thermodynamic requirement of LCST-type phase separa-
tion. This interpretation agrees with the lack of crystallization
in UCST-type PiPrOx/IL systems, where phase transitions do not
rely on entropy-lowering solvation. To further explore the
structural origin of the trans-rich state, we examined the con-
formation of PiPrOx in [Cemim][TFSI] and [Cgmim][BF,]
(Fig. S8, ESIT). The latter, despite being fully miscible, shows
strong C-N stretching bands similar to [Csmim][BF,], whereas
[Cemim][TFSI] exhibits much weaker intensity. This suggests
that the [BF,] anion plays a key role in stabilizing the trans-
conformation. The absence of LCST behavior in [Cgmim][BF,],
despite the trans-rich state, is likely due to enhanced polymer-
solvent interactions caused by longer alkyl chains, elevating the
LCST above the experimental range. Furthermore, to assess
differences among [BF,]-based ILs, we compared IR spectra of
PiPrOx in [C¢emim][BF,] and [C,C,im][BF,] (Fig. S9, ESIt). Both
display comparable C-N band intensities, indicating that the
trans-rich conformation exists in both. Therefore, the ~30 °C
difference in LCST-type transition temperature between them
likely arises not from differences in the conformation, but from
a dissimilarity in solvation-related factors, potentially linked
to the degree of nanostructuring in longer-chain ILs like
[Cemim][BF,]. Finally, we note that the ¢rans-rich conformation
observed in ILs may reduce not only the conformational

Chem. Commun., 2025, 61, 8843-8846 | 8845
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entropy but also the configurational entropy, as the spatial
freedom in the configuration of the extended chains should be
highly limited compared to that of flexible random coils. This
dual entropy reduction could serve as an additional driving
force for the LCST-type phase separation.

In this study, we described the unique phase transition
behaviors of PiPrOx in ILs, revealing its ability to exhibit either
UCST- or LCST-type phase separation depending on the IL
structure. The rapid crystallization of PiPrOx in ILs, observed
immediately after LCST-type phase separation, marked a sig-
nificant departure from the slow crystallization kinetics in
aqueous systems. Our findings unveil novel insights into
polymer-IL interactions, emphasizing the role of IL structure
in modulating polymer phase behavior and offering a founda-
tion for designing advanced functional materials.
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