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Abstract. The increasing global population has led to a growing demand for clean water,
accelerating the development of innovative, electricity-free purification systems for remote areas.
A promising solution is a solar-driven water purification system that utilizes thermoresponsive
hydrogels to adsorb and desorb water in response to temperature changes. This study investigates
the influence of the molecular structures of both anions and cations in poly(IL) gels on their water
adsorption/desorption behavior and phase transition temperature control. While previous
research has focused on the properties of homopolymer gels, this study systematically
investigated the distinct roles of the anionic and cationic structures by synthesizing and
evaluating copolymer hydrogels with a unified anionic or cationic structure, respectively. We
synthesized copolymer hydrogels with unified anionic and cationic structures, respectively, and
evaluated their water adsorption/desorption capabilities. The results demonstrated that the
hydrophilic/hydrophobic balance provided by the cationic structure is crucial for controlling the
phase transition temperature while maintaining a dramatic water adsorption/desorption response
to temperature changes. Specifically, in the system with varying anionic alkyl chain lengths, the
LCST was shown to shift to lower temperatures as the chain length increased. Conversely, the
system with varying cationic alkyl chain lengths exhibited linear dehydration behavior,
suggesting that the [N4] cation structure plays a critical role as a scaffold enabling a cooperative
phase transition. These findings contribute to the control of the phase transition behavior and the
improvement of functions such as water adsorption/desorption capability in poly(IL) gels.

Keywords: Ionic liquid, hydrogel, LCST, purification
1 Introduction

In recent years, challenges related to water sustainability have become increasingly
pressing due to factors such as population growth and climate change. Approximately
30% of the world's population currently lacks access to safe water resources, leading to
a significant increase in demand for purified water [1-3] . Addressing these challenges
necessitates the treatment and reuse of contaminated water, but conventional water
treatment processes are highly energy-intensive, accounting for a substantial portion of
global energy consumption [2]. Consequently, in regions with underdeveloped energy
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infrastructure, securing energy sources for processes like desalination and wastewater
treatment is difficult, severely hindering access to safe water [2].

To overcome these issues, solar-driven water purification systems have garnered sig-
nificant attention. These systems typically comprise two main processes: solar vapor
generation (SVG) and water vapor collection [4]. In SVG, porous photothermal mate-
rials are immersed in water and exposed to solar irradiation. The heat generated by
these materials causes water to evaporate, allowing for purification at temperatures be-
low its boiling point [4,5]. Numerous studies have explored various shapes and mate-
rials for SVG to enhance water evaporation efficiency [4-19].

However, a persistent challenge with these two-process systems (SVG and water va-
por collection) has been reduced water recovery efficiency. This reduction stems from
issues like steam mist obstructing solar light transmission and heat loss from the latent
heat of vaporization [20]. To address this, a novel solar-driven water purification sys-
tem was proposed [21]. This system enables the recovery of liquid water directly
through solar irradiation without the need for evaporation, by utilizing materials that
combine thermoresponsive hydrogels, photothermal materials, and adsorbents. The ma-
terials used in this system are fabricated by attaching black, pollutant-adsorbing poly-
meric materials such as polydopamine (PDA), MXene, carboxylic multi-walled carbon
nanotubes, and carbon dots to the surface of poly-N-isopropylacrylamide (PNIPAM)
gels, which exhibit lower critical solution temperature (LCST)-type phase transition
behavior, swelling by absorbing water upon cooling and contracting by expelling water
upon heating[20-26]. Furthermore, attaching sodium alginate or chitosan to this surface
can enhance the pollutant adsorption capacity[21,23,25,26]. When the gel swells in
contaminated water, pollutants can be adsorbed on the gel surface. Upon solar irradia-
tion, the gel heats up and contracts while retaining the adsorbed pollutants, expelling
purified water solely by solar irradiation (Figure 1).

While PNIPAM gels are commonly used as thermoresponsive hydrogels, they are ob-
tained by polymerizing non-ionic monomers with low molecular designability, making
their properties, especially the LCST, difficult to control. This limitation poses a chal-
lenge for their application in diverse temperature environments worldwide. To over-
come this, we previously proposed the use of thermoresponsive ionic liquid (IL)-
derived polyelectrolyte hydrogels (poly(IL) gels) as thermoresponsive hydrogels, lev-
eraging the high molecular designability of ionic liquids [27]. Ionic liquids are low
molecular weight salts composed of organic anions and cations, some of which have
been reported to exhibit LCST-type phase transition behavior when mixed with wa-
ter.[28-31] Similarly, poly(IL) gels, obtained by copolymerizing IL monomers with
polymerizable groups and a cross-linker, have been reported to exhibit LCST-type
phase transition behavior akin to PNIPAM gels [32-35]. We successfully developed a
hydrogel with a controllable phase transition temperature based on the poly(IL) gel ob-
tained by polymerizing the IL monomer N,N-dibutyl-N-(4-vinylbenzyl)butan-1-
aminium 1-hexanesulfonate ([N4][C6]) (Figure 2) [27]. Furthermore, by functionaliz-
ing this hydrogel with PDA, a black polymer with pollutant adsorption capabilities, we
successfully fabricated solar-driven water purification materials[27].



Effect of Cation/Anion Structure on Phase Transition Behavior ... 175

While previous research has led to the development of thermoresponsive poly(IL) gels
with controllable phase transition temperatures and their application in solar-driven wa-
ter purification, further elucidation of their detailed thermoresponsive properties and
correlation with molecular structure is necessary[27]. However, previous studies have
focused on homopolymer gels, and the individual roles of the cation and anion in ena-
bling the cooperative phase transition have not been systematically investigated. Spe-
cifically, focusing on the molecular structures of ionic liquid monomers, which are key
to thermoresponsiveness, previous studies reported that a homopolymer gel prepared
using the IL monomer of [N4][C6] (the [N4][C6] gel) exhibits clear S-shaped phase
transition behavior with rapid water expulsion upon small temperature changes[27]. In
contrast, homopolymer gels prepared from each of the four IL monomers with different
cationic alkyl chain lengths from [N4][C6] (N,N-dipropyl-N-(4-vinylbenzyl)propan-1-
aminium 1-hexanesulfonate ([N3][C6]), N,N-dipentyl-N-(4-vinylbenzyl)pentan-1-
aminium 1-hexanesulfonate ([N5][C6]) and different anionic alkyl chain lengths (N,N-
dibutyl-N-(4-vinylbenzyl)butan-1-aminium 1-pentanesulfonate ([N4][C5]), N,N-dibu-
tyl-N-(4-vinylbenzyl)butan-1-aminium 1-heptanesulfonate ([N4][C7]) showed no ther-
moresponsiveness (Figure 2) [27].

Therefore, this study aims to investigate in detail the influence of the molecular struc-
tures of anions and cations in poly(IL) gels on their water adsorption/desorption behav-
ior and phase transition temperature control. Specifically, copolymer hydrogels with
unified anionic or cationic structures were synthesized and their water adsorption/de-
sorption capability and phase transition behavior were evaluated. These include
poly([N3][C6]a-co-[N5][C6]1—a) gels and poly([N4][C5].-co-[N4][C7];-.) gels with
'a' values of 0.4, 0.5, and 0.6. As a result of evaluating the water adsorption/desorption
capability, it was shown that the cationic structure is important for controlling the phase
transition temperature while maintaining a dramatic water adsorption/desorption re-
sponse to temperature changes. Particularly, a clear S-shaped phase transition was ob-
served in the system where the anionic alkyl chain length was varied (poly([N4][C5].-
co-[N4][C7];-4) gels with 'a' values of 0.4, 0.5, and 0.6), whereas a linear dehydration
behavior was observed in the system where the cationic alkyl chain length was varied
(poly([N3][C6]4-co-[N5][C6];-4) gels with 'a' values of 0.4, 0.5, and 0.6). These find-
ings provide important guidelines for controlling the phase transition behavior of
poly(IL) gels at the molecular level and improving functions such as their water ad-
sorption/desorption capability.
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Figure 1 Schematic of the water purification mechanism using black polymer material and ther-
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Figure 2 Structures of IL monomers.

2 Materials and Methods

2.1 Materials

Reagents were obtained from commercial suppliers and utilized without additional pu-
rification. Tripropylamine, tributylamine, triamylamine, sodium 1-pentanesulfonate
(Na[C5]), sodium 1-hexanesulfonate (Na[C6]), sodium 1-heptanesulfonate (Na[C7]), 4-
chloromethylstyrene, 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone, and
poly(ethylene glycol dimethacrylate) (average Mw=550) were procured from Tokyo
Chemical Industry Co. Acetonitrile and dichloromethane were purchased from Kanto
Chemical Industry Co., both with purities exceeding 99.5%. All specified purities for
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the initial reagents were greater than 98.0%, with the exception of 4-chloromethylsty-
rene, which had a purity greater than 90.0%.

2.2 Synthesis of ammonium chloride precursors

The preparation method for these ammonium chlorides has been documented in prior
literature, but for comprehensive understanding, a concise overview of the synthetic
route is provided here[28]. In a reaction vial, 8.0 g (0.043 mol) of tributylamine was
dissolved in 90 mL of acetonitrile. This solution was then incrementally added to 6.0 g
(0.039 mol), equivalent to 0.9 molar equivalents, of 4-chloromethylstyrene. The quater-
nization reaction was conducted by heating the sealed vial in an oil bath at 40 °C for a
duration of 72 hours. Post-reaction, the acetonitrile solvent was removed using a rotary
evaporator. The resultant solid was subsequently washed with hexane. A final purifica-
tion step involved suction filtration to isolate the white solid, followed by drying. This
yielded the target N,N-dibutyl-N-(4-vinylbenzyl)butan-1-aminium chloride ([N4]Cl)
with an 89% yield. Analogous procedures, substituting tributylamine with tripropyla-
mine or triamylamine, led to the formation of N,N-dipropyl-N-(4-vinylbenzyl)propan-
I-aminium chloride ([N3]CI) (86% yield) and N,N-dipentyl-N-(4-vinylbenzyl)pentan-
I-aminium chloride ([N5]Cl) (76% yield), respectively. The structural integrity of each
synthesized ammonium chloride was verified via '"H NMR spectroscopy (400 MHz,
CDCl).

NMR Data:

e [N4]CI 1H-NMR (400 MHz, CDCI3) 6 = 7.44-7.54 (4H), 6.66-6.77 (1H), 5.78-
5.87 (1H), 5.33-5.42 (1H), 4.95-4.99 (2H), 3.29-3.38 (6H), 1.74-1.83 (6H),
1.37-1.49 (6H), 0.97-1.05 (9H)

e [N3]CI 1H-NMR (400 MHz, CDC13) 6 = 7.41-7.55 (4H), 6.62-6.78 (1H), 5.77-
5.89 (1H), 5.33-5.42 (1H), 4.96-5.00 (2H), 3.22-3.32 (6H), 1.84-1.96 (6H),
0.97-1.08 (9H)

e [NS5S]CI 1H-NMR (400 MHz, CDCI13) 6 = 7.43-7.55 (4H), 6.65-6.79 (1H), 5.77-
5.88 (1H), 5.34-5.43 (1H), 4.97-5.01 (2H), 3.28-3.40 (6H), 1.69-1.85 (6H),
1.29-1.46 (12H), 0.87-0.97 (9H)

2.3  Synthesis of the IL monomers via anion exchange

The synthesis of these ionic liquid monomers also follows established procedures [27],
provided here for complete methodological clarity. IL monomers were synthesized
through an anion exchange reaction involving [N3]Cl, [N4]Cl, or [N5]CI with their re-
spective alkali salts. As a representative example, the preparation of [N4] 1-pentanesul-
fonate ([N4][C5]) involved combining 7.74 g (0.02 mol) of [N4]Cl with 3.83 g (0.022
mol) of Na[C6] (1.1 molar equivalents) in 50 mL of deionized water. This mixture was
continuously stirred at room temperature overnight. Subsequently, 200 mL of dichloro-
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methane was introduced into the solution. The organic phase was then subjected to mul-
tiple washes with water until a silver nitrate test confirmed the absence of AgCl precip-
itate. Evaporation of the dichloromethane yielded [N4][C5] as a clear liquid. The struc-
tures of all prepared ILs were confirmed using 'H NMR spectroscopy (400 MHz,
CDCL).

NMR Data:

e [N4][C5] 1H-NMR (400 MHz, CDCI3) & = 7.41-7.51 (4H), 6.67-6.77 (1H),
5.80-5.86 (1H), 5.35-5.40 (1H), 4.75-4.80 (2H), 3.21-3.30 (6H), 2.81-2.87
(2H), 1.73-1.91 (8H), 1.27-1.51 (10H), 0.99-1.04 (9H), 0.84-0.90 (3H) (76%
yield)

e [N4][C7] 1H-NMR (400 MHz, CDCI3) & = 7.40-7.51 (4H), 6.67-6.76 (1H),
5.79-5.86 (1H), 5.35-5.40 (1H), 4.74-4.79 (2H), 3.18-3.29 (6H), 2.80-2.87
(2H), 1.71-1.90 (8H), 1.22-1.49 (14H), 0.99-1.05 (9H), 0.81-0.89 (3H) (46%
yield)

e [N3][C6] 1H-NMR (400 MHz, CDCI3) 8§ = 7.40-7.50 (4H), 6.67-6.76 (1H),
5.79-5.86 (1H), 5.35-5.40 (1H), 4.74-4.78 (2H), 3.16-3.25 (6H), 2.80-2.87
(2H), 1.79-1.94 (8H), 1.21-1.41 (6H), 0.99-1.07 (9H), 0.82-0.89 (3H) (58%
yield)

e [N5][C6] IH-NMR (400 MHz, CDCI3) 6 = 7.41-7.50 (4H), 6.67-6.76 (1H),
5.79-5.87 (1H), 5.35-5.40 (1H), 4.77-4.81 (2H), 3.19-3.29 (6H), 2.80-2.87
(2H), 1.73-1.89 (8H), 1.24-1.45 (18H), 0.91-1.00 (9H), 0.81-0.88 (3H) (58%
yield)

2.4  Preparation of poly(ionic liquid) gels

The synthesis protocol for these gels has been previously documented; nevertheless, for
comprehensive procedural detail, a summary is outlined below[27]. Copolymer-type
poly(IL) gels were fabricated using varying molar fractions of [N3][C6], [N4][C5],
[N4][C7], and [N5][C6]. Specifically, poly([N4][C5],-co-[N4][C7];..) gels and
poly([N3][C6].-co-[N5][C6]:..) gels were prepared with 'a' values of 0.4, 0.5, and 0.6.
For each preparation, appropriate quantities of structurally distinct IL monomers were
combined to achieve the desired copolymer composition. To this monomer mixture,
poly(ethylene glycol dimethacrylate) (cross-linker) was added at 1 mol% relative to the
total IL monomer content, and 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophe-
none (radical initiator) was incorporated at 5 mol% relative to the total IL monomer.
Subsequently, water was introduced at a concentration of 15 wt% based on the total
monomer weight. Following sonication for degassing, the homogenous solution was
carefully positioned between two quartz plates separated by a spacer. Polymerization
was then initiated by irradiating the assembly with 365 nm light at an intensity of 2.3
mWcm™ for 1 hour at room temperature. The resulting IL gels underwent a minimum
48-hour soaking period in water to ensure the complete removal of any unreacted mon-
omers.
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2.5  Evaluation of the water content of the hydrogel

The water content of the synthesized IL gels was quantitatively determined using a grav-
imetric method. This involved measuring the mass of the fully water-saturated gel
(Water+poiymer) and the mass of the completely dry gel (W poimer), as defined by Equation
(.

(Wwater+ polymerﬁWpulymer)/ Wpolymer ( 1 )

To obtain Wppmer, the hydrogel samples were subjected to vacuum degassing at an ele-
vated temperature of 80 °C until all absorbed water was completely removed.

3 Results

3.1 Phase transition behavior of hydrogels obtained by copolymerizing IL
monomers with different cationic alkyl chain lengths at various ratios

Figure 3 shows the change in water content at each temperature for hydrogels obtained
by copolymerizing IL monomers with the same anionic alkyl chain length but different
cationic alkyl chain lengths ([N3][C6] and [N5][C6]).The poly([N3][C6]o.6-co-
[N5][C6]o.4) gel swelled, absorbing approximately 17 times its own weight in water at
2°C. This gel desorbed water with heating and contracted to a state containing approx-
imately 2 times its own weight in water at 70°C.The poly([N3][C6]o.5-co-[N5][C6]0.5)
gel absorbed approximately 10 times its own weight in water at 2°C. This gel desorbed
water with heating and almost completely contracted at 40°C, reaching a state contain-
ing approximately 0.8 times its own weight in water. The poly([N3][C6]o4-co-
[N5][C6]o.6) gel absorbed approximately 9 times its own weight in water at 2°C. This
gel desorbed water with heating and almost completely contracted at 30°C, reaching a
state containing approximately 0.2 times its own weight in water.

3.2  Phase transition behavior of hydrogels obtained by copolymerizing IL
monomers with different anionic alkyl chain lengths at various ratios

Figure 4 shows the change in water content at each temperature for hydrogels obtained
by copolymerizing IL monomers with the same cationic alkyl chain length but different
anionic alkyl chain lengths ([N4][C5] and [N4][C7]). All hydrogels swelled, absorbing
approximately 18 times their own weight in water at 2°C, and desorbed water with
increasing temperature. At 70°C, they were shown to contract to a state containing ap-
proximately 1 time their own weight in water. Since these temperature-dependent water
content data showed typical S-shaped behavior, fitting was performed using the follow-
ing Boltzmann function (Equation 2):

y=As+(A1—Az)/(1+exp((x—x0)/dx)) (2)
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Here, y is the water content, x is the temperature, A; and A are the maximum water
content at low temperatures and the minimum water content at high temperatures, re-
spectively, X is the center temperature of the phase transition (corresponding to
LCST), and dx is a parameter indicating the steepness of the phase transition. The pa-
rameters obtained from the fitting are shown in Table 1. As shown in Figure 4, the ex-
perimental data were well reproduced by the Boltzmann function. From the fitting,
the LCST of poly([N4][C5]o.6-co-[N4][C7]o.4) gel was calculated to be xo =43.8 +
1.3°C, the LCST of poly([N4][C5]o.s-co-[N4][C7]o.5) gel was xo = 36.6 £ 0.6°C, and
the LCST of poly([N4][C5]o.4-co-[N4][C7]o) gel was xo =26.1 + 1.7°C.
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Figure 3 Temperature dependence of the water content of gels obtained by copolymerizing
1L monomers with different cationic alkyl chain lengths at various ratios.
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the Boltzmann fitting lines.
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Table 1 Boltzmann fitting parameters for the temperature-dependent swelling curves of
poly([N4][C5]-co-[N4][C7]) gels with different anionic alkyl chain lengths at various ratios

Pa-
ram-  poly([N4][ poly(IN4][  poly(IN4][
eter  C5]o¢-co- C5]o.5-co- C5]o4-co- n Description
(Sy [N4][CT]os) [N4][CT]os) [N4][CT]os) " P
mbo gel gel gel
D
Up-
per g Water content at ex-
pla- 177404 180+03 181413 / ‘cmallowtempera-
eau tures (fully swollen
& state)
(A1)
Low
er Water content at ex-
lat- & ternal high tempera-
p 1.0+ 04 1.0£0.1 0702 /
eau tures (fully deswollen
& state)
(A2)
Tran
si-
tion
tem- o  Center point of the
per- 43813 36.6+0.6 26.1+17 C sigmoiq curve (corre-
a- sponding to LCST)
ture
(x0)
Slop
e Steepness of the tran-
fac- 73+10 7805  60x13 sition curve (inverse
tor related to cooperativ-
(d) ity)
Ag' Adjusted R-Square,
Squ 0.997 0.9988 0.9876 - accounts for number

of predictors
are
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4 Discussion

In this study, the influence of the alkyl chain length of IL monomers on the ther-
moresponsiveness of hydrogels, particularly their LCST-type phase transition behavior,
was evaluated in detail. The obtained results show that these design parameters signif-
icantly affect the gel's swelling degree, the type of phase transition behavior, and the
phase transition temperature.

4.1 Influence of alkyl chain length of cations on phase transition behavior

As shown in Figure 3, hydrogels obtained by copolymerizing IL monomers with the
same anionic alkyl chain length but different cationic alkyl chain lengths ([N3][C6] and
[N5][C6]) showed changes in water content temperature responsiveness depending on

the composition ratio. Observing the initial swelling degree at 2 °C , the

poly([N3][C6]0.6-co-[N5][C6]0.4) gel absorbed approximately 17 times its own
weight in water and swelled, the poly([N3][C6]0.5-co-[N5][C6]0.5) gel absorbed ap-
proximately 10 times its own weight in water, and the poly([N3][C6]0.4-co-
[NS][C6]0.6) gel absorbed approximately 9 times its own weight in water, confirming
a tendency for the initial swelling degree to decrease as the proportion of [N5][C6]
increased. This is considered to be because the increase in the content of IL monomers
containing [N5], which is a cation with a long alkyl chain, increases the hydrophobicity
of the entire gel network, weakening the interaction with water in the low-temperature
range.

Furthermore, a significant observation is that the decrease in water content in these
hydrogels occurred linearly with increasing temperature. Unlike the sharp S-shaped
phase transition exhibited by general LCST-type hydrogels, this linear behavior sug-
gests that a clear cooperative phase transition was not induced in the gels copolymer-
ized with [N3][C6] and [N5][C6]. This phenomenon suggests that the lack of a coop-
erative phase transition might stem from two main factors. First, the large difference in
hydrophobicity between the [N3][C6] and [N5][C6] monomers could disrupt the for-
mation of a homogeneous gel network. This inhomogeneity would prevent the synchro-
nized expulsion of water molecules at a single, well-defined temperature. Second, the
absence of the specific [N4] cation structure, which was shown in previous work to be
critical for the sharp S-shaped transition, suggests that the balance of hydrophilic and
hydrophobic interactions provided by this particular structure is essential for enabling
the cooperative behavior.

4.2  Influence of alkyl chain length of anions on phase transition behavior

On the other hand, as shown in Figure 4, hydrogels obtained by copolymerizing IL
monomers with the same cationic alkyl chain length but different anionic alkyl chain
lengths ([N4][C5] and [N4][C7]) commonly showed an S-shaped temperature depend-
ency of water content. This clearly confirms that these hydrogels exhibit distinct LCST-
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type phase transition behavior. All gels showed a high swelling degree of approxi-

mately 18 times their own weight at 2°C and a similar swelling/deswelling behavior,

contracting to approximately 1 time their own weight at 70°C, indicating that the basic

thermoresponsive mechanism is maintained within these composition ranges.

As a result of fitting using the Boltzmann function to quantitatively evaluate this S-
shaped behavior (Table 1), it became clear that the anionic alkyl chain length has a
significant influence on the LCST. The LCST of poly([N4][C5]0.6-co-[N4][C7]0.4)
gel was 43.8 + 1.3 °C, the LCST of poly([N4][C5]0.5-co-[N4][C7]0.5) gel was 36.6 =
0.6 °C, and the LCST of poly([N4][C5]0.4-co-[N4][C7]0.6) gel was 26.1 £ 1.7 °C.
These results show that the LCST shifts to lower temperatures as the alkyl chain length
of the anion in the IL monomer increases (i.e., as the content of [N4][C7] increases).
This decrease in LCST can be interpreted as the introduction of IL. monomers contain-
ing [C7], which is a long alkyl chain anion, increasing the overall hydrophobicity of the
gel network. Hydrophobic interactions overcome the interaction with hydrated water as
the temperature rises, serving as the driving force for gel contraction. As the anionic
alkyl chain length becomes longer, these hydrophobic interactions become dominant at
lower temperatures, causing the gel to start dehydration and contraction at a lower tem-
perature. This is consistent with the general understanding that LCST is strongly de-
pendent on the gel's hydrophobicity/hydrophilicity balance. Furthermore, comparing
the dx parameter (indicating the steepness of the phase transition) in Table 1 provides
insight into the cooperativity of the phase transition of these gels. For example, the
poly([N4][C5]0.5-co-[N4][C7]0.5) gel showed a slightly larger value of dx=7.8+0.5 °C
compared to the other two gels (with dx values of approximately 7.3 and 6.0). This may
suggest that the phase transition tends to proceed somewhat more gradually in gels with
an intermediate composition ratio Further investigation into network structural inho-
mogeneity and the complexity of these interactions is needed to provide a more defin-
itive explanation for these subtle differences in steepness.

4.3  Overall influence of IL monomer structure on phase transition behavior

The results of this study clearly show that the alkyl chain lengths of both the cation and
anion of IL monomers exert significant influences on the thermoresponsiveness of hy-
drogels. In our previous research, we reported that a homopolymer gel prepared using
the IL monomer [N4][{C6] (an IL monomer not explicitly dealt with in this study), spe-
cifically the [N4][C6] gel, exhibits clear S-shaped phase transition behavior, whereas
homopolymer gels prepared from each of the four IL monomers investigated in this
study ([N3][C6], [N4][C5], [N4][CT7], [N5][C6]) showed no thermoresponsiveness[27].
Against this background, in the present study, the system in which the anion was unified
to [C6] and the cationic alkyl chain length was varied (copolymers of [N3][C6] and
[N5S][C6]) showed no S-shaped phase transition, and a gradual dehydration behavior
was observed. On the other hand, the system in which the cation was unified to [N4]
and the anionic alkyl chain length was varied (copolymers of [N4][C5] and [N4][C7])
showed clear LCST-type phase transition. This difference is probably attributable to
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the differences in the mode of hydrogen bonding and hydrophobic interactions that cat-
ions and anions form with water molecules within the gel network.

Particularly, considering the reported characteristics of the [N4][C6] gel in conjunc-
tion with the results of this study, it is strongly suggested that the structure of the [N4]
cation plays a crucial role as a scaffold enabling a cooperative phase transition that
responds dramatically to temperature changes. Furthermore, it is plausible that the [C6]
anion contributes to optimizing this phase transition behavior.

These findings indicate that the molecular structural design of IL monomers is ex-
tremely important for designing responsive materials that function at specific tempera-
tures.

5 Conclusion

In this study, we comprehensively investigated the influence of the molecular structures
of both cations and anions in ionic liquid (IL) monomers on the water adsorption/de-
sorption behavior and phase transition temperature control of thermoresponsive
poly(IL) gels.

Hydrogels prepared by copolymerizing IL monomers with identical anionic alkyl
chain lengths but varying cationic alkyl chain lengths ([N3][C6] and [N5][C6]) exhib-
ited changes in water content temperature responsiveness based on their composition
ratio and showed a linear dehydration behavior. This suggests that a clear cooperative
phase transition was not induced, possibly due to factors such as a large difference in
hydrophilicity/hydrophobicity between the two IL monomers.

Conversely, hydrogels prepared by copolymerizing IL monomers with identical cati-
onic alkyl chain lengths but varying anionic alkyl chain lengths ([N4][C5] and
[N4][C7]) exhibited clear S-shaped LCST-type phase transition behavior. In this sys-
tem, it became evident that the LCST shifted to lower temperatures as the anionic alkyl
chain length increased. This result indicates that the anion structure plays a crucial role
in effectively adjusting the gel's hydrophobicity/hydrophilicity balance and controlling
the phase transition temperature.

Considering the previously reported clear S-shaped phase transition behavior of the
[N4][C6] homopolymer gel alongside the finding that the homopolymer gels prepared
from [N3][C6], [N4][C5], [N4][C7], and [N5][C6] in this study showed no ther-
moresponsiveness, it is strongly suggested that the structure of the [N4] cation is im-
portant as a scaffold enabling a cooperative phase transition that responds dramatically
to temperature changes. Furthermore, it is plausible that the [C6] anion contributes to
optimizing this phase transition behavior.

These results provide crucial guidelines for precisely controlling the phase transition
behavior of poly(IL) gels at the molecular level. It was particularly clarified that the
molecular structural design of both cations and anions is extremely important for en-
hancing functions such as water adsorption/desorption capability in responsive materi-
als that function at specific temperatures, especially for solar-driven water purification
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systems. Future research is expected to further elucidate the correlation with micro-
structural changes in these mechanisms through additional physicochemical character-
ization techniques such as DSC and SAXS.
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