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Water solubility of polymers is affected by hydrophobic or hydro-
philic moieties introduced into polymer chains. In this study, the
introduction of hydrophobic units into polymeric ionic liquids (ILs)
unexpectedly resulted in an increase in the water solubility of poly-
mers. A vinyl ether (VE) homopolymer bearing imidazolium-type IL
moieties with nonanoate counteranions and poly(isobutyl VE)
[poly(IBVE)] are both insoluble in water, while statistical copoly-
mers of these VEs dissolved in water. Moreover, statistical copoly-
mers with appropriate IBVE contents exhibited lower critical solu-
tion temperature (LCST)-type thermoresponsive behavior. The
water solubility of an upper critical solution temperature (UCST)-
type thermoresponsive polymeric IL with 2-naphthoate countera-
nions was also increased by the introduction of hydrophobic units.

Polymers exhibiting thermoresponsivity in water are classified
into the following two types: lower critical solution tempera-
ture (LCST)-type thermoresponsive polymers,"” such as poly
(N-isopropylacrylamide) (PNIPAAm) and oxyethylene-contain-
ing poly(vinyl ether)s [poly(VE)s], and upper critical solution
temperature (UCST)-type thermoresponsive polymers,®*™> such
as polysulfobetaines and imidazolium salt-type ionic liquid
(IL) moiety-containing poly(VE)s. LCST-type thermoresponsive
behavior in water is usually caused by dehydration and hydro-
phobic interaction among polymer chains on heating.
Therefore, the introduction of hydrophobic units into LCST-
type thermoresponsive polymers leads to decreased solubility
and a decrease in cloud points.'®2°

Unlike the non-ionic, LCST-type thermoresponsive poly-
mers, the introduction of hydrophobic groups into UCST-type
thermoresponsive polysulfobetaines occasionally contributes
to not a decrease but an increase in water solubility.>'>* For
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example, the introduction of N-butylacrylamide units into poly
[3-((3-acrylamidopropyl)dimethylammonio)propane-1-sulfo-

nate] having a cloud point at 8.5 °C of the UCST-type thermo-
responsive behavior resulted in copolymers with lower cloud
points.>! Moreover, the replacement of a methyl group with an
ethyl, propyl, or butyl group in poly[3-((2-methacryloyloxyethyl)
dimethylammonio)propane-1-sulfonate], which is a UCST-type
thermoresponsive polysulfobetaine exhibiting a cloud point of
31.4 °C, resulted in polymers soluble in water at 0 to 100 °C.>*
The increase in solubility in water with an increase in hydro-
phobic content seems a strange phenomenon. The introduc-
tion of hydrophobic groups is considered to weaken the attrac-
tive electrostatic forces between the zwitterionic groups and
cause the interaction between the zwitterionic groups and
water. A decrease in water solubility with an increase in hydro-
philic sugar content was also reported in the study of poly(2-
oxazoline) glycopolymers with LCST-type thermoresponsivity.>*

Recently, our group reported that poly(VE)s with pendent imi-
dazolium carboxylate-type IL moieties exhibit different solubility
and thermoresponsive behavior in water depending on the alkyl
length or the aromatic ring structure of the alkyl or aryl carboxy-
late counteranions, respectively.>> Polymers with shorter alkyl
groups were soluble in water at 0 to approximately 90 °C, while a
polymer with octanoate counteranions (p[MeIm][C8]) exhibited
LCST-type thermoresponsive behavior. A further increase in the
alkyl length resulted in insoluble polymers. Unlike the LCST-
type behavior of a polymer with aliphatic carboxylates, a
polymer with 2-naphthoate counteranions (p[MeIm][NA]J)
exhibited UCST-type thermoresponsive behavior in water.

In this study, we aimed to examine the effects of hydro-
phobic units on the solubility of IL moiety-containing poly(VE)
in water. Hydrophobic units were introduced into polymer
chains by living cationic copolymerization of 2-chloroethyl VE
(CEVE), which is a precursor of IL unit-containing VE, and
hydrophobic VE (Scheme 1). The hydrophobic contents in the
statistical copolymers were elaborately tuned by adjusting
the monomer concentration and polymerization time.
Interestingly, the introduction of a hydrophobic VE resulted in
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Scheme 1 Synthesis of statistical copolymers consisting of imidazolium
carboxylate-type IL moiety-containing VE and hydrophobic VE.

increased solubility of the IL moiety-containing poly(VE)s in
water. In particular, water-soluble copolymers were synthesized
from monomers whose homopolymers were insoluble in
water. Increased solubility was observed in both aliphatic and
aromatic counteranion-containing polymers.

Statistical copolymers of IL moiety-containing VE and
hydrophobic VE (p[R'-VE,-stat-([MeIm][R,COO]),,]) were syn-
thesized by three-step reactions consisting of living cationic
copolymerization of CEVE and hydrophobic VE, substitution
of the CEVE-derived 2-chloroethyl groups with imidazolium
groups, and a counteranion exchange reaction (Scheme 1).
First, living cationic copolymerization of CEVE and isobutyl VE
(IBVE) was conducted with the 1-isobutoxyethyl acetate (IBEA)/
Et, 5AIClL; 5/SnCl, initiating system in the presence of 1,4-
dioxane and 2,6-di-tert-butylpyridine (DTBP) in toluene at
0 °C.>>*® As summarized in Table 1, copolymers with various
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CEVE/IBVE ratios were successfully produced by copolymeriza-
tion at different initial monomer concentrations. IBVE exhibits
higher reactivity than CEVE**™° (the monomer reactivity ratios
were determined to be 2.3 (IBVE) and 0.40 (CEVE), respectively,
using the Meyer-Lowry method®'** [Fig. S21]; the values are
roughly comparable to the reported values*>*°); hence, polymer-
ization was quenched at not high but moderate monomer con-
version to obtain statistical copolymers with desired CEVE/IBVE
ratios. A representative result is shown in Fig. 1A. IBVE was con-
sumed at a faster rate than CEVE (Fig. 1A). The product copoly-
mers had very narrow molecular weight distributions (MWDs)
(Fig. 1B) and M, values that increased with an increase in
monomer conversion. The '"H NMR spectrum of the copolymer
exhibited peaks assigned to both CEVE and IBVE units (Fig. 2A).
The number of monomer units incorporated into copolymer
chains was determined from the integral ratios of the main
chain and chain ends in the "H NMR spectra. 2-Ethylhexyl VE
(EHVE) was also used instead of IBVE for the synthesis of a stat-
istical copolymer (entry 9 in Table 1; Fig. 1C).

Imidazolium moieties were introduced into the obtained
statistical copolymers via a substitution reaction of the 2-chlor-
oethyl groups with 1-methylimidazole in the presence of Nal
in DMF or DMF/methyl isobutyl ketone (2/1 v/v) at 80 °C for
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Fig. 1 (A) Time—conversion plots of the copolymerization (entry 8 in

Table 1) and (B) the MWD curves of p(IBVE-stat-CEVE) (entry 8 in
Table 1) and (C) p(EHVE-stat-CEVE) (entry 9 in Table 1).

Table 1 Synthesis of precursor statistical copolymers by living cationic copolymerization®

Entry Copolymer Time (min) IBVE or EHVE conv. (%) CEVE conv. (%) IBVE or EHVE ratio” (mol%) M, x107>° M, /M,°
1 p(IBVE,-stat-CEVEys) 7.5 78 63 10 11.4 1.04
2 p(IBVE,,-stat-CEVE,o) 30 78 45 17 15.2 1.03
3 p(IBVE,,-stat-CEVEg;) 10 77 48 25 13.8 1.03
4 p(IBVE,,-stat-CEVE,,) 2 42 22 51 10.0 1.05
5 p(IBVEs,-stat-CEVEsy) 1.7 59 30 63 17.9 1.08
6 p(IBVE;e-stat-CEVE,;) 0.8 49 31 71 10.2 1.07
7 p(IBVE,-stat-CEVE,;) 1.5 49 27 76 15.7 1.06
8 p(IBVE,;-stat-CEVE;;) 15 75 45 27 13.7 1.03
9 P(EHVE,;-stat-CEVE 3,) 10 60 45 25 23.1 1.11

% Polymerization conditions: [IBVE], = 0.050 (entry 1), 0.10 (entry 2), 0.17 (entries 3 and 8), 0.40 (entry 4), 0.60 (entry 6), or 0.80 (entries 5 and 7)
M; [EHVE], = 0.20 (entry 9) M; [CEVE], = 0.40 (entries 6 and 7) or 0.80 (entries 1-5, 8, and 9) M; [IBEA], = 4.0 mM, [Et, 5AICl, 5], = 10 mM,
[DTBP], = 5.0 (entries 5 and 7), 8.0 (entry 1), or 10 (entries 2-4, 6, 8, and 9) mM, [SnCl,], = 10 (entries 1-8) or 15 (entry 9) mM, [1,4-dioxane] = 1.2
M, in toluene at 0 °C. See Fig. S1t for the MWD curves.  Determined by "H NMR. By size exclusion chromatography (SEC) (polystyrene

calibration).

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 'H NMR spectra of (A) p(IBVE-stat-CEVE) (in CDCls at 30 °C;
entry 4 in Table 1) and (B) plIBVE-stat-(IMelm][C9])] (in DMSO-dg at
100 °C; entry 5 in Table 2). *Grease, water, CHClz, DMSO, Me,Si, etc.

72 h. Subsequently, the iodide counteranions were changed
into carboxylate anions with an excess of sodium carboxylate
in methanol. The "H NMR spectrum of the product obtained
with sodium nonanoate is shown in Fig. 2B as an example.
Peaks assignable to the imidazolium moiety and the carboxy-
late anion were observed, indicating successful incorporation
of IL moieties. The incorporation ratios of imidazolium groups
and carboxylate anions are summarized in Table S1.f
Quantitative incorporation of imidazolium groups and carbox-
ylate anions was not achieved in some cases. In our previous
study, quantitative incorporation was achieved when a CEVE
homopolymer was used; hence, the presence of the isobutoxy
groups derived from IBVE in the copolymers likely prevented a
quantitative reaction of the copolymers.

Water solubility of the obtained copolymers bearing various
carboxylate anions was examined with a focus on the hydro-
phobic-unit ratios. As our group reported before, a [MeIm][C9]
homopolymer is insoluble in water (entry 1 in Table 2; purple
curve in Fig. 3A).>° Interestingly, the copolymers with IBVE
contents of 10% and 17% were soluble in water at room temp-
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erature (entries 2 and 3). Moreover, the solution became turbid
at 23 °C (IBVE content = 10%, blue curve in Fig. 3A) and 55 °C
(17%, red curve in Fig. 3A) on heating, indicating that the
copolymers exhibited LCST-type thermoresponsive behavior.
Hysteresis was observed in the cooling scans (Fig. S47), which
suggests that relatively strong aggregation occurred among
polymer chains. A further increase in the hydrophobic content
to 25-63% resulted in copolymers that were soluble even at
high temperature (0-90 °C; entries 4-6; Fig. 3 and S57). A copo-
lymer with an IBVE content of 71% (entry 7; green curve in
Fig. 3A) also exhibited LCST-type thermoresponsive behavior,
whereas a further increase in the IBVE content (76%) resulted
in an insoluble copolymer (entry 8) as expected from the inso-
lubility of the IBVE homopolymer in water (entry 10). An
increase in water solubility by the introduction of hydrophobic
units was observed even when EHVE, which has a larger hydro-
phobic group, was used instead of IBVE. A copolymer with an
EHVE content of 25% was soluble in water even on heating
(entry 9; Fig. S77).

Copolymers bearing carboxylate anions with shorter or
longer alkyl groups were also synthesized and subjected to
solubility testing. The results are summarized in Table 3.
p([MeIm][C8]) is soluble in water at room temperature (entry 1
in Table 3),**> while it becomes insoluble on heating (LCST-
type behavior). As expected from the solubility of the
[MeIm][C9]-containing copolymers, the copolymers of IBVE
and [MeIm][C8] were soluble in water even on heating (entries
2 and 3), which indicates that solubility increased due to the
incorporation of the hydrophobic units. Similar results were
obtained when [MeIm][C10] was used. p([MeIm][C10]) was in-
soluble in water (entry 4),>> while p(IBVE-stat-[MeIm][C10])
with an IBVE content of 54% was soluble in water (entry 6).

The unexpected increase in solubility via the introduction
of hydrophobic units likely resulted from the subtle change of
the balance among different interactions. p([MeIm][C8]) is
considered to dissolve in water by hydration around the imida-
zolium moiety at low temperature. On heating, aggregation is
caused by dehydration, ionic interaction among the ionic moi-
eties, and hydrophobic interaction among the alkyl groups of
the carboxylate counteranions and the main and side groups

Table 2 Solubility and thermoresponsivity in water of statistical copolymers with C9 counteranions?

M, x 1073 M,/M, Hydrophobic unit ratio Solubility and

Entry Polymer (precursor) (precursor) (mol%) thermoresponsivity”
1 p((MeIm][C9]) 13.4 1.07 0 Insoluble

2 P[IBVE, -stat-([MeIm][C9])os] 11.4 1.04 10 LCST-type

3 p[IBVE, 4-stat-([MeIm][C9]),] 15.2 1.03 17 LCST-type

4 P[IBVE,,-stat-([MeIm][C9])g3] 13.8 1.03 25 Soluble

5 P[IBVE,,-stat-([MeIm][C9]),,] 10.0 1.05 51 Soluble

6 p[IBVEs;-stat-([MeIm][C9])s9] 17.9 1.08 63 Soluble

7 p[IBVEs4-stat-([MeIm|[C9]),5] 10.2 1.07 71 LCST-type

8 P[IBVE, s-stat-([MeIm][C9]),5] 15.7 1.06 76 Insoluble

9 P[EHVE,;-stat-([MeIm][C9])130] 23.1 111 25 Soluble

10 p(IBVE) — — 100 Insoluble

11 p(EHVE) — — 100 Insoluble

“See Fig. S3 and S67 for the "H NMR spectra and Table S1+ for the imidazolium and carboxylate incorporation ratios. 3 wt% for entries 1-9.
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Fig. 3 (A) Turbidity measurement of plIBVE,-stat-([Melm][C9]),ls in
water (entries 1, 2, 3, 6, and 7 in Table 2; polymer concentration: 3 wt%;
scan rate = 1 °C min~%; see Fig. S4} for the cooling scan). (B) The
relationship between solubility and thermoresponsivity in water of the
statistical copolymers and IBVE content (the data are listed in Table 2,
polymer concentration: 3 wt%).

of the copolymer chains. Considering the suggested effects of
hydrophobic units on polysulfobetaine solubility,>* > the intro-
duction of hydrophobic units likely weakened the ionic inter-
action among the ionic moieties of the imidazolium-type IL
moiety-containing VE copolymers. This effect facilitates favor-
able hydration of the ionic moieties, resulting in increased solu-
bility of the hydrophobic unit-introduced copolymers. Indeed,
p([MeIm][C9]) is insoluble in water, while the introduction of
hydrophobic units contributed to increased solubility, resulting
in LCST-type thermoresponsive (IBVE content = 10, 17, or 71%)
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and soluble (25, 51, or 63%) copolymers. When a large amount
of hydrophobic units are introduced, copolymers are insoluble
in water likely due to more dominant hydrophobic interaction
than hydration. In the "H NMR spectra of p[IBVE,,-stat-
(MeIm][C9]);0] in D,O at different temperatures (Fig. S10t), the
methyl peak of the nonanoate anion slightly broadened at
90 °C, which suggests that the aliphatic counteranions are likely
involved in polymer aggregation at high temperature. However,
more detailed information was not obtained from the "H NMR
analysis (see the note for Fig. S10 in the ESIT).

The solution behavior depended on polymer concentration
as in the case of the polymeric ILs examined in our previous
studies."®*® A dynamic light scattering (DLS) measurement of
the copolymer with an IBVE content of 17% was conducted at
20-70 °C at a polymer concentration of 0.1 wt% (Fig. S117).
The diameters of the detected particles were less than 10 nm
(comparable diameters to those of the copolymer with an IBVE
content of 63% [Fig. S121]). In addition, the transmittance of a
polymer solution at a polymer concentration of 0.1 wt% was
approximately 100% at low temperature (Fig. S131), which was
in contrast to the transmittance of approximately 60% at
3 wt% (Fig. 3A). From these results, the polymer chains are in
a single chain state at a low concentration, while likely in an
assembled state at a high concentration even at a temperature
lower than the cloud point.

The introduction of hydrophobic units into UCST-type
thermoresponsive polymers also resulted in increased solubi-
lity in water (Table 4 and Fig. 4B). A polymeric IL bearing

Table 3 Solubility and thermoresponsivity in water of statistical copolymers with C8 or C10 counteranions?

M, x1073 M, /M, Hydrophobic unit ratio Solubility and

Entry Polymer (precursor) (precursor) (mol%) thermoresponsivity”
1 p([(MeIm][C8]) 13.5 1.05 0 LCST-type

2 PIIBVE¢-stat-([MeIm][C8])gs] 11.5 1.03 17 Soluble

3 P[IBVEs;-stat-([MeIm][C8]),0] 11.9 1.05 66 Soluble

4 p((MeIm][C10]) 14.5 1.04 0 Insoluble

5 PIIBVEg-stat-([MeIm][C10])oo] 12.8 1.03 17 Insoluble

6 PIIBVE,;s-stat-([MeIm][C10])30] 13.6 1.05 54 Soluble

7 p(IBVE) — — 100 Insoluble

“See Fig. S8 and S97 for the "H NMR spectra and Table S27 for the imidazolium and carboxylate incorporation ratios.

b 5 wt% for entries 1-6.

Table 4 Solubility and thermoresponsivity in water of statistical copolymers with NA counteranions?

M, x1073 M, /M, Hydrophobic unit ratio Solubility and
Entry Polymer (precursor) (precursor) (mol%) thermoresponsivity”
1 p([MeIm][NA]) 11.9 1.05 0 UCST-type
2 p[IBVE, 4-stat-([MeIm][NA]),,] 14.7 1.03 16 UCST-type
3 P[IBVE,,-stat-([MeIm]|[NA]),3] 13.7 1.03 27 UCST-type
4 P[IBVE;g-stat-([MeIm][NA]),,] 13.1 1.04 48 Soluble
5 P[IBVE, -stat-([MeIm|[NA])s,] 16.7 1.04 58 UCST-type
6 p[IBVE,¢-stat-([MeIm][NA])3,] 13.5 1.06 72 Insoluble
7 P[IBVE, 4-stat-([MeIm][NA]),;] 13.9 1.06 78 Insoluble
8 P[EHVE g-stat-([MeIm][NA]), 5] 13.7 1.03 15 UCST-type
9 p(IBVE) — — 100 Insoluble
10 p(EHVE) — — 100 Insoluble

“See Fig. S14 and S15t for the 'H NMR spectra and Table S31 for the imidazolium and carboxylate incorporation ratios.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (A) Turbidity measurement of (A) pl[IBVE,-stat-([Melm][NA]),,Is in
water (entries 1-5 in Table 4; polymer concentration: 2 wt%; scan rate =
1 °C min~?). (B) The relationship between solubility and thermorespon-
sivity in water of the statistical copolymers and IBVE content (the data
are listed in Table 4, polymer concentration: 2 wt%).

2-naphthoate (NA) counteranions (p[MeIm][NA]) is soluble in
water at high temperature, while becomes insoluble at approxi-
mately 60 °C on cooling (entry 1 in Table 4; purple curve in
Fig. 4A).>> p(IBVE-stat-[MeIm][NA])s with an IBVE content of
16% or 27% exhibited a cloud point of approximately 48 °C or
20 °C, respectively (entries 2 and 3; green and blue curves in
Fig. 4A), which indicates increased solubility compared to the
homopolymer. Moreover, a copolymer with an IBVE content of
48% was soluble even when cooled at approximately 5 °C
(entry 4; red curve in Fig. 4A). A further increase in IBVE
content resulted in a decrease in solubility. A copolymer with
an IBVE content of 58% exhibited a cloud point of 32 °C (entry
5; orange curve in Fig. 4A) and those with 72% and 78% were
insoluble even at high temperature (entries 6 and 7). The
increase in solubility was observed when EHVE was used
instead of IBVE as a hydrophobic VE. p[EHVE-stat-
([MeIm][NA])] with an EHVE content of 15% exhibited UCST-
type thermoresponsive behavior in water (entry 8; Fig. S167).
The cloud point was 40 °C, which was lower than that of the
[MeIm][NA] homopolymer.

A possible cause of the UCST-type thermoresponsive behav-
ior is the n—x interaction among aromatic groups. Indeed, the
n-n interaction between the imidazolium group and the aro-
matic counteranion was suggested in the study of not poly-
meric but low-molecular ILs.*® In this study, the incorporation
of hydrophobic units into polymeric ILs likely disturbed the
n-n interaction, which led to the increase in water solubility.
Further investigation is required to elucidate the mechanism
of thermoresponsivity.

The narrow MWDs of the polymers, which were achieved by
living cationic polymerization, potentially contribute to very
sensitive thermoresponsivity as in the case of the LCST-type
thermoresponsive poly(VE)s with oxyethylene side chains.”
Indeed, most of the thermoresponsive polymers examined in
this study exhibited very sensitive LCST- and UCST-type ther-
moresponsivity (Fig. 3A and 4A).

In conclusion, the introduction of hydrophobic units into
imidazolium-type IL moiety-containing VE polymers resulted

1796 | Polym. Chem., 2025, 16, 1792-1797
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in an increase in water solubility. A [MeIm][C9] homopolymer
was insoluble in water, while statistical copolymers consisting
of IBVE and [MeIm][C9] were soluble (IBVE content = 25, 51,
or 63%) or exhibited LCST-type thermoresponsivity (IBVE
content = 10, 17, or 71%) in water. A statistical copolymer with
a high IBVE content (76%) was insoluble in water. The solubi-
lity of p([MeIm][NA]), which exhibits UCST-type thermorespon-
sivity in water, also increased with the introduction of hydro-
phobic units. The results obtained in this study expand the
possibility of polymeric ILs and thermoresponsive polymers.
We will investigate the mechanism of the unexpected behavior
in more detail.
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