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1.1 LCST-type phase transition 
The lower critical solution temperature (LCST) is the boundary temperature of following two phases, 

miscible phase at low temperatures and separated phase at high temperatures. Polymers having such 

LCST are phase-separated when the temperature of the solution is above the LCST. The polymers 

become compatible with solution again when the solution is cooled below the LCST. This 

phenomenon is called LCST-type phase transition. 

 

 

 

 

Figure1-1 Temperature vs. polymer volume fraction (ϕ). Schematic illustration of phase diagrams for 

polymer solution (a) lower critical solution temperature (LCST) behavior and (b) upper critical 

solution temperature (UCST) behavior.1 

 

 

1.2 Polymers showing LCST-type phase transition 
Since discovering LCST-type phase transition in cellulose derivatives in the 1930s, researchers have 

been studying LCST-type phase transition polymers, and fundamental studies on the properties of 

solutions have been conducted. Especially in the last several decades, applications to switching devices, 

and hydrogels have been proposed. Typical polymers exhibiting LCST-type phase transitions and their 

phase transition temperatures are shown in Table 1-1. The typical LCST polymers consist of N-

isopropylacrylamide2,3, N,N-diethylacrylamide4 methyl vinyl ether5 and N-vinylcaprolactam.6,7 

Poly(N-isopropylacrylamide) (PNIPAM), which has amide group and isopropyl group as  

hydrophilic and hydrophobic groups, has been the most extensively studied as a temperature-

responsive polymer since the temperature-responsive behavior of aqueous solutions was first reported 

by Heskins and Guillet in 1968.8 Here, the research results on PNIPAM are mainly described. 

 

 

 



Chapter 1 Thermoresponsive polymers showing LCST-type phase transition with water 

3 
 

 

Table 1-1 Some LCST-type thermoresponsive polymers.1 

Polymer Phase transition temperature in water 

Poly(N-isopropylacrylamide)  30 – 34 ºC 

Poly(N,N-diethylacrylamide)  32 – 34 ºC 

Poly(methyl vinyl ether) 37 ºC 

Poly(N-vinylcaprolactam) 30 – 50 ºC 

PEO-block-PPO  20 – 85 ºC 

Poly(pentapeptide) of elastin 28 – 30 ºC 

 

 

1.3 Phase transition behavior 
LCST-type Phase Transition of Linear Polymers in water 

It has been confirmed that PNIPAM aqueous solution shows phase transition around 32 oC, and the 

LCST is constant molecular weight above 50000 regardless of concentration 0.01 ~ 1%.9,10 The effect 

of tacticity and the stereoregularity of polymers were also studied.11 Since the phase transition of an 

aqueous solution of PNIPAM was accompanied by a change in turbidity, a standard method for 

determining the phase transition temperature is to define the temperature when the transmittance of 

light decreases to a specified ratio as a cloud point (CP or Tc). However, the transition is not sharp 

enough against temperature change and it is difficult to observe the macroscopic light transmittance 

change in a low molecular weight polymers or a low concentration solution. As methods for evaluating 

phase transition behavior except for transmittance measurement, differential scanning calorimetry 

(DSC) measurement was used. The viscosity change was also examined.12,13 

 Conformation and properties of temperature-responsive polymers before and after phase 

transition have been studied from various viewpoints by light scattering, simulation, ultrasonic 

spectroscopy, NMR, and Raman spectroscopy.14–21 Some temperature-responsive polymers, such as 

PNIPAM, are hydrated in dilute solutions in a fully elongated random coil state and that they change 

conformation from a coiled state to a collapsed globular state above the LCST.22 The phenomenon 

observed macroscopically as turbidity change is due to the aggregation of molecules in the globular 

state by hydrophobic interaction.  

 Siesler et al. evaluated the interaction between PNIPAM and water molecules by IR 

spectroscopy, and in clarifying the structure, interaction, and microscopic changes in individual 

functional group, they confirmed the phase transition behavior in which the terminal isopropyl group 

was first dehydrated and then the main chain aggregated by heating.23 Ozaki et al.. found that the 

amide group of PNIPAAM, which is hydrated at low temperatures, changed to a C = O ... NH bond 

above LCST with reflection/infrared (ATR/IR) spectroscopy.24,25 Meada et al. also found that 13% of 
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the carbonyl group interacts with the NH group upon heating. In addition, they clarified that 

dehydration occurred by heating, because CH stretching vibration of isopropyl side chain and main 

chain of PNIPAM shifted to the low frequency side in IR measurement.26,27 These results suggest that 

dehydration of hydrophobic groups and changes in the hydrogen bonding of hydrophilic groups cause 

the phase transitions. 

 Saito et al. and Cho et al. reported that water molecules around the isopropyl group form 

water cages and stabilize the structure through solvent interactions.28,29 Based on this water cage 

concept and the results of the structural changes obtained with the above measurements, it is 

considered that PNIPAM form hydrogen bonds with water at low temperatures and that water 

molecules are hydrophobic hydrated to surround the hydrophobic groups of PNIPAM. Heating breaks 

the hydrogen bonds among PNIPAAM and water molecules and forms hydrophobic hydration to wrap 

the entire PNIPAM chain (Figure 1-2). 

 Kitamura et al. examined the phase transition and phase separation speed of PNIPAM 

aqueous solution using a laser temperature-jump transmission light measurement.30–32 As a result, it 

was reported that the coil-globule phase transition of PNIPAM occurred about 30 microseconds, while 

the phase separation of aqueous solution is much slower than the phase transition and occurs over 

several milliseconds to several 100 milliseconds. In addition, in a report in 201531, the following 3 

points were clarified as guidelines for speed-up of phase separation: increase of aqueous solution 

concentration, weight average molecular weight of about 60,000, and improvement of stereoregularity. 

 

 

 
Figure 1-2 Schematic illustration of the behavior of water molecules and PNIPAM undergoing phase 

transition.29 

 

 

LCST-type Phase Transition of hydrogel 

There are also many studies of gel materials fabricating the termoresponsivity polymers owing to their 

fascinating properties and functions. Hydrogels having 3D network of polymer chains are generally 

filled with water. They are categorized into "physical gel" and "chemical gel" according to the 
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difference in cross-linking method. "The physical gel is cross-linked by physical interaction such as 

intermolecular interaction by hydrogen bonds and ionic bonds, and physical entanglement of polymer 

chains. Physical gels undergo reversible sol-gel transition by external stimuli such as heating. Against 

these, Chemical gels formed by cross-links with covalent bonding, so that they do not dissolve into 

solvent unless the cross-linking is destroyed. 

 PNIPAM is recognized to be one of the most actively studied in hydrogel systems. The 

volume change process of PNIPAM gels during heating has been studied and exploited by many 

researchers since 1985.33 Above the LCST, the polymer chains undergo a globule transition, which 

causes the hydrogel to shrink and generally become opaque. On the other hand, at temperatures lower 

than the LCST, the polymer chains reverse to an extended coil chain causing the hydrogel to swell and 

become transparent34. Using this volume change and solvent evacuation, various applications have 

been proposed, mainly in the biomedical field, such as actuators and drug delivery systems. This will 

be discussed in a Section 1.5. Most of the reported PNIPAMs form chemical gels; however, the size 

of the gels can be designed from macro to micro size. For the field of further oversized gels, the 

mechanical strength is often the subject of interest35–37, while for the smaller gels, there seems to be 

more research on responsiveness and functionality.38,39 These are deeply related to the applications. 

 

 

1.4 Control of phase transition temperature 
1.4.1 The effect of hydrophilicity of polymers 
The control of the phase transition temperature of temperature-responsive polymers is essential for 

developing applications in various fields. The most typical way to control the LCST is to change the 

hydrophilicity of the polymer chain by copolymerization of monomers with different 

hydrophilicity.40,41 Generally, in a polymers system that exhibit LCST-type phase transition in water, 

more hydrophilic polymers exhibit higher LCST, and more hydrophobic polymers exhibit lower LCST. 

For example, copolymer containing hydrophilic N,N-dimethylacrylamide (DMAAm) in the main 

chain shows the LCST to a higher temperature range, while copolymerization of hydrophobic 

buthylmethacrylate (BMA) can shift the LCST to a lower temperature range. Figure 1-3 represents 

the change in the transmittance of the solution of PNIPAAM oligomer copolymerized with DMAAm 

or BMA upon heating.42 LCST increases with the increase in the percentage of DMAAm fraction in 

the polymer chain, and conversely, when BMA is copolymerized, LCST decreases with the increase 

in its fraction. Thus, the LCST can be controlled step by step by changing the hydrophilicity according 

to the ratio of copolymerization. However, the introduction of non-temperature-responsive parts tends 

to slow down the temperature responsiveness of the entire polymers. Figure 1-4 shows the change in 

phase behavior sensitivity of PNIPAM with difference BMA fraction.43 The thermoresponsive 

sensitivity of the mixture dramatically decreased with increasing BMA fraction. This characteristic 
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Figure 1-3 Temperature-dependent transmittance change of copolymer/water mixture.42 

 

 

Figure 1-4 Temperature-dependent transmittance change of PNIPAM with difference BMA fraction. 

(△); PNIPAAm, (◇); BMA-1%, (◆); BMA-3%,(▲); BMA-5%.43 

 

 

prevents the wide application of thermoresponsive polymer. 

 Since the LCST is influenced by the hydrophobicity of the polymers, the LCST can also be 

controlled by designing the monomer structure such as the alkyl chain length and introduced functional  

groups. Furthermore, the LCST decrease as the alkyl chain length, but the structural isomers also 

effected the LCSTs even at the same carbon number of the alkyl chain. This result may be 

comprehended by the steric hindrance because polymers with branched structures generally show 

higher LCST than the linear ones. 
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1.4.2 The effect of molecular weight of polymers 
A method to control the phase transition temperature has been reported by using the polymer with 

precisely controlling the degree of polymerization by living polymerization.9 According to Stöver et 

al., the phase transition temperature of PNIPAM decreases with increasing molecular weight. Figure 

1-5 shows that the phase transition temperature decreased from 43.0 to 33.3 oC as the molecular weight 

increased from 2.8 to 26.5 kD. The dependence of the phase transition temperature on the molecular 

weight of polymers is attributed to the difference in the free volumes caused by the polymer chains 

and water. It is known that the phase transition temperature is proportional to the critical value of the 

Flory–Huggins interaction parameter and that the phase transition temperature decreases with the ratio 

of the molar volume of the polymer to that of water.44 Therefore, when the molar volume of the 

polymer increases with the length of the chain, the phase transition temperature of the polymer 

decrease with the molecular weight of the polymer. 

 Regarding polymers other than PNIPAM, Aoshima's group examined the effect of molecular 

weight using various vinyl ether polymers having oxyethylene chains. Since these polymers were 

prepared by living radical polymerization, the molecular weight was controlled precisely.45 As Figure 

1-6 shows, for both 0.1 and 1 wt% of polymer aqueous solutions, the phase transition temperature 

decreased with increasing the average molecular weight in the range from 1×104 to 2×104. However, 

when the molecular weight is above 2×104, the phase transition temperature is almost constant or 

slightly decreased with increasing molecular weight. In contrast, for a 10 wt% aqueous solution, no 

drastic change is observed. These results suggest that the effect of molecular weight on phase transition 

temperature is significant at the low concentration of low molecular weight polymer. 

 

 

Figure 1-5 Cloud point (50%T) vs polymer molecular weight (Mn,NMR) for narrow-disperse PNIPAM 

samples made by ATRP. Cloud points determined by turbidimetry on 1 wt % solutions; heating rate = 

0.2 °C/min.45 
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Figure 1-6 Dependance of number-average molecular weight of polymerized (2-

methoxyethoxy)ethene with a narrow molecular weight distribution on the phase transition 

temperature in aqueous solution in concentration of 0.1, 1, and 10wt%.45 

 

 

1.4.3 The effect of initiator 
Structure of polymerization initiator also affect the phase transition behavior. Stover et al. selected 2-

chloropropionamide (CP), N-isopropyl-2-chloropropionamide (i-PrCP), ethyl 2-chloropropionate 

(ECP), and N-phenyl-2-chloropropionamide (PhCP) as initiators to prepare polymers with end groups 

of varying polarity, ranging from hydrophilic for CP to hydrophobic for PhCP (Figure 1-7).46 Figure 

1-8 shows that the phase transition temperature of the polymers having each end group was different 

at the same molecular weight and inversely depended on molecular weight of the polymer. The 

hydrophilic initiator, CP, increased the phase transition temperature to 45.3 °C at 3 kDa, while the 

hydrophobic ECP and PhCP showed the phase transition temperature at 40.6 and 37.4 °C at 3 kDa, 

respectively. The effect of initiator was significant for the low molecular weight polymer. 

 The amount of enthalpy generated by the phase transition was also affected by the 

hydrophilicity of initiator, and the polymer prepared using a hydrophobic polymerization initiator 

showed a larger enthalpy. This may be because the hydrophobic end group promotes desolvation of 

the polymer above the phase transition temperature.  

 
Figure 1-7 Chemical structures of 2-chloropropionamide (CP), isopropyl 2-chloropropionamide (i-

PrCP), ethyl 2-chloropropionate (ECP), and phenyl 2-chloropropionamide (PhCP).46 
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Figure 1-8 phase transition temperature (50%T) vs polymer molecular weight (Mn,th) for narrow-

disperse PNIPAM samples with different initiator made by ATRP.46  

 

 

 

1.5 Applications 
Polymers exhibiting LCST type phase transition with water have been proposed for application as 

functional materials in various fields, especially in the biomedical field. This section introduces 

examples of polymer and gel applications. 

 

1.5.1 Separation and extraction 
Kanazawa's group reported the use of a temperature-responsive polymer as a chromatographic 

carrier.47–50 They modified the amino silica surface with a copolymer of NIPAM and BMA. The 

column packed with PNIPAM-modified silica showed drastic changes in retention of solutes with 

slight changes in column temperatures. The elution time of highly hydrophobic substances could be 

controlled by stepwise temperature gradient (Figure 1-9). Since the mobile phase does not require an 

organic solvent and only water was sufficient, it is possible to purify and analyze proteins, cells, and 

the like, which have not been possible using chromatography. 
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Figure 1-9 Schematic illustration of novel chromatography using a column packed with PNIPAM 

hydrogel-modified silica. 49 

 

 

 Attempts have been made to use temperature-responsive polymers as part of a seawater 

desalination system. Reverse osmosis, currently the most commonly used method for plant-level 

desalination; RO) method, is a membrane separation technique in which solvents are moved by 

applying pressure above the osmotic pressure. On the other hand, the forward osmosis; FO) method is 

a method that utilizes the transfer of solvent according to the osmotic pressure between solutions and 

does not require the application of pressure. The high osmotic solvent used to separate water from 

seawater, sludge, and sewage by the FO method is called the driving solution. When the process for 

isolating pure water from the driving solution was carried out, pure water should be obtained at lower 

energy than the RO method because pressurization is not required. 

 Conventionally, high-concentration sugar solution, ammonium carbonate solution, 

superparamagnetic nanoparticle solution, salt solution, etc., have been used as the driving solution 

when the FO method is used for seawater desalination. Studies using polyelectrolyte solutions and ILs 

have been carried out, but all still have many improvements. Wang et al. attempted to extract pure 

water using a semi-IPN gel consisting of a polyelectrolyte and a temperature-responsive polymer as a 

driving force (Figure 1-10).51–53 In this system, dry particulate gels are fixed on the surface of the 

semipermeable membrane, and the gel absorbs water toward swelling. However, at present, since the 

osmotic pressure of seawater is enormous compared with that of gel, it is almost impossible to recover 

water, and accordingly further improvement is required. 
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Figure 1-10 Schematic representation of the polymer hydrogel-forward osmosis desalination 

process.52 

 

 

1.5.2 Tissue engineering 
Okano et al. grafted PNIPAM onto surfaces of commercial polystyrene dishes in which cells were 

cultured and adhered to and recovered cultured cells by changing temperature.54–56 Above the LCST, 

the surface of the culture dish becomes hydrophobic, and the cells adhere to each other through cell 

adhesion proteins, as in the case of a conventional culture dish, so that seeded cells can be cultured. 

When the temperature was below the LCST, the surface of the culture dish became hydrophilic so that 

the cells were quickly recovered by peeling off the adhesive proteins. Desorption and recovery of 

cultured cells are generally carried out by treatment with trypsin, dispase, calcium chelating agent, etc. 

In these cases, adhesive proteins and membrane proteins were decomposed, and accordingly cell 

function deteriorates. However, the LCST-system can be recovered without impairing proteins and 

function of the cell.  

 When the cells are grown on a monolayer and then subjected to low-temperature treatment, 

all the cells can be recovered as a cell sheet connected by adhesion between the cells.55,56 It is 

impossible to obtain such a monolayer cell sheet because conventional methods such as tryptosine 

treatment disrupt cell-cell adhesion. The resulting cell sheet, in which almost all the cells remain alive, 

functions similarly to the medium they were transferred. So far, this has already been applied to 

vascular endothelial cell sheets55,57, epidermal cell sheets58, renal epithelial cell sheets59,60, myocardial 

cell sheets61, etc., and some of them have already been applied. The use of cell sheets is considered 

adequate in that the cells, extracellular matrix, humoral factors, etc. contained in the sheets are 

manipulated as a very non-invasive single structural unit to enable the formation of layered tissue close 

to the living body.  
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1.5.2 Actuator 
Since PNIPAM gels were reported by Tanaka et al. in 198462, gels consisting of temperature-

responsive polymers have also been extensively studied. It is known that the rate of volume change of 

a polymer gel is proportional to the square of its size.63 An actuator is designed to utilize the 

mechanical energy generated in the swelling/shrinking process of the gel. In addition, the polymer gel 

is an intelligent material with control functions, so it is a very effective material for use as a micro-

actuator that does not require wiring to control. Accordingly, various applications are being promoted, 

such as microfluidic control using polymers that respond to temperature64 and micro 

temperature/chemical sensors that convert changes in gel volume caused by temperature and pH into 

electrical signals.65 

 Figure 1-11 is an example of micro-lens-driven research using temperature-responsive 

hydrogels as a part of the perimeter of a liquid-liquid lens.66 The temperature change affected the 

volume of the hydrogel around the liquid-liquid lens, which further changes the lens's curvature and 

the focal length. When the gel is swollen at low temperature, the focal length of the lens takes a 

negative value, and when heated to the phase transition temperature, the focal length takes a positive 

value (Figure 1-11 d). 

 

 

 
Figure 1-11 A smart temperature-sensitive liquid microlens using NIPAAm hydrogel. (a) An optical 

image of the device. Scale bar; 2.0 mm. The contracted (b) and expanded (c) states of the hydrogel 

ring. The dashed lines show the boundaries of the inside periphery of the hydrogel ring at two 

temperature states. Scale bars, 500 mm. (d) The focal length of the microlens as a function of 

temperature.66  
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1.5.3 Drug delivery 
The coil-to-globule phase transition in the PNIPAM hydrogel rapidly reduces the volume of the gel, 

resulting in a fast release of an entrapped drug, subsequently causing more sustained, linear, and 

controlled release. Using a copolymer gel of PNIPAM, DMAAm, and BMA, Sakurai et al. achieved 

complete on-off control of the encapsulated indomethacin with temperature changes in between 36 oC 

and 38 oC.67 The gel releases the drug at temperature below the LCST and ceases the drug release 

above the LCST to form a skin layer on the gel surface. 

 Okano et al. proposed device that release drugs at only high temperatures, such as fever, but 

no release was driven at average temperatures.68 The device consists of a gel produced by 

copolymerizing PNIPAM with acrylamide, a hydrophilic monomer, and the skin layer is difficult to 

form on the gel surface. The gel is used in an impermeable capsule having a hole in a part. No drug 

release occurs when the gel is swollen at a low temperature. When the gel shrinks at high temperatures, 

space is created in the capsule, and the drug released from the gel diffuses through the pores of the 

capsule (Figure 1-12). 

 As described above, conventional thermoresponsive polymers, such as PNIPAM, have been 

developed for various applications. However, it has been difficult to control the phase transition 

temperature of PNIPAM while maintaining the sensitivity of its temperature response. Therefore, the 

available temperature of PNIPAM was limited to around 32 oC, and the use of the polymer in lower or 

higher temperature range was difficult. In order to utilize thermoresponsive polymers in various 

situations, a new polymer that can control the phase transition temperature at the desired temperature 

with a sharp temperature response has been required. 

 

 

 

Figure 1-12 Schematic illustrations of the novel, thermo-responsive drug delivery system to give a 

positive drug release by modulating the external temperature.68 
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1.6 Poly(ionic liquids) showing LCST-type-phase transition with water 
1.6.1 Ionic liquids and poly(ionic liquid)s 
Ionic liquids (ILs) 69 are organic salts with very low melting points, and have attracted a keen attention 

as a new type of liquid-state materials due to their unique physicochemical properties such as 

negligibly low vapor pressure, liquid state in the wide range of temperature, and high charge density. 

Another important feature of ILs is that the physicochemical properties can be freely designed by 

selecting anions and cations. For this reason, ILs with various constituent ions have been produced in 

order to obtain desired physical properties. Early ILs were unstable in air, but in 1992, Wilkes et al. 

first reported an IL with 1-ethyl-3-methylimidazolium cation that was stable in air and water and had 

a melting point below room temperature.70 After this discovery, the number of studies on ILs has 

increased continuously, and research area in various fields has been spread. The variety of ILs reported 

today is so great that the only feature that can comprehensively describe all of them is that they are 

salts that melt at room temperature and are composed entirely of ions. 

 In 1998, Ohno's group reported for the first time an IL-based polyelectrolyte referred to as 

polymerized ionic liquids poly(ionic liquids), PILs, containing a repeating unit of IL in the polymer 

chain.71 Following this report, the functionalization of polymers composed of ILs has been studied in 

establishing a new classification of polyelectrolytes and in a manner termed PIL. PILs have been 

designed for various applications such as solid polymer electrolytes72,73, lithium batteries74,75, solar 

cells,76,77 electrochromic devices78, however most of the research is conducted especially for solid-

state applications. The most PIL is simple polymers obtained from monomers having polymerizable 

group on a cation or an anion. 

 

1.6.2 IL/water mixture showing LCST-type phase transition 
The first report of an IL exhibiting the LCST type phase transition with water was presented by Ohno 

et al.. The temperature responsiveness is achieved by chemically modified amino acid as a component 

ion so as to bring the hydrophilicity to an appropriate range (Figure 1-13).79 Figure 1-14 shows the 

phase behavior of the tetrabutylphosphonium N-trifluoromethanesulfonyl leucine/water mixture, in 

which ILs are colored with red pigment. The solution has a liquid-liquid phase separation at 25.0 oC.  

 

 

 

Figure 1-13 Structure of tetrabutylphosphonium N-trifluoromethanesulfonyl leucine.79 
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The IL phase gradually increased upon cooling the solution and became a uniform liquid phase at 

22.0 °C. Then, when the solution was heated again, it became turbid at once and gradually separated  

into an aqueous and an IL phase. This quite sharp temperature dependence has never been found in 

other organic molecules /water mixtures. 

 Since the IL has an amino acid structure as an anion, the phase separation temperature can 

be easily controlled by changing the side chain structure. For example, a hydrophilic amino acid causes 

a phase transition at a higher temperature, whereas a hydrophobic amino acid gives a lower phase 

transition temperature (Figure 1-15). A similar tendency was observed when the hydrophobicity of 

the cations was changed (see Figure 1-15 □ and ■). As the increase in the carbon number of one 

alkyl chain on the cation from 4 to 8, the transition temperature decreased. 

 

 

 
Figure 1-14 Temperature-dependent phase transition of IL/water mixture.79 

 

 

 

Figure 1-15 Phase-separation temperature versus water content.79 
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 Ohno et al. also reported the phase behavior of ILs composed of various constituent ions.  

ILs undergoing LCST-type phase transitions with water were found in the region between hydrophobic 

and hydrophilic ion pairs.80 [P4444] cation was coupled with several different anions to examine and 

the phase behavior of the IL/water mixture containing 50 wt% water. ILs having hydrophilic anions 

such as [CH3SO]-, Cl-, and Br- were always miscible with water regardless of temperatures. On the 

other hand, ILs containing hydrophobic anions such as [Tf2N]- and [BF4]- were phase-separated from 

water. ILs with anions having moderate hydrophobicity such as [CF3COO]- exhibited the LCST-type 

phase transition. When the phase transition behavior of ILs having different cations was similarly 

evaluated, ILs having moderate hydrophobicity underwent the LCST type phase transition with water. 

These results indicate that the LCST-type phase transition should be found only when ILs with 

moderate hydrophobicity were used. In other words, ILs designed with adequate hydrophilicity have 

the potential to show the LCST-type phase transition with water. In order to quantify the required range 

of hydrophilicity showing the LCST-type phase transition, the amount of dissolved water in the 

separated IL-rich phase was measured at 60 oC and calculated the amount of water per ion pair, which 

is referred to as hydrophobicity index (HI).81 They proposed that relatively hydrophobic ILs with the 

HI above 7 had the potential to show LCST-type phase transition with water. 

 

 

 
Figure 1-16 Component ions used to prepare ILs.79 
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Table1-2 Phase behavior of ILs mixed with an equal amount of water (above) and Hydrophilicity 

index (HI) of each ILs (below).81 

 
 

 

1.6.3 PIL/water mixture showing LCST-type phase transition 
After finding adequate HI of IL showing LCST-type phase transition, Kohno et al. successfully 

prepared a few IL monomers having vinyl groups and polymerized them to obtain PILs (see scheme 

1-1).82 The reported poly(tetrabutylphosphonium styrenesulfonate) (poly([P4444][SS])) was a 

polyanionic type PIL. The transmittance of the aqueous solution containing 10 wt% of this PIL 

decreased to 90% upon heating to 57 °C (Figure 1-17; black line). In addition, copolymers of 

[P4446][SS]) with different hydrophobic IL monomers, also exhibit the LCST-type phase transitions 

(Figure 1-17; blue line). This shows that the transition temperature of PILs can also be controlled by 

the total hydrophobicity.  
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Scheme 1-1 Preparation of [P444n][SS] and its polymers.82 

 

 
Figure 1-17 Turbidity change of an aqueous solutions containing 10 wt% poly([P4444][SS]) (black 

line) and poly([P4444][SS]0.7-co-[P4446][SS]0.3; molar ratio of [P4444][SS] to [P4446][SS] was 7.0 to 3.0) 

(blue line); solid line: heating process, dotted line: cooling process.82 

 

 

1.6.4 The phase transition behavior of thermoresponsive IL and PIL in water 
The phase transition mechanism of the thermoresponsive IL and PIL has been investigated in various 

methods, a comprehensive explanation has not been obtained yet. Wang et al. analyzed the behavior 

of thermoresponsive IL, [P4444][CF3COO], in water by DLS, 1H NMR, and freeze-fracture 

transmission electron microscopy in order to explore the phase transition mechanism.83 The size and 

morphology of the IL aggregates were found to change upon heating even under the phase transition 

temperature. Figure 1-18 shows that all systems demonstrated a similar variation tendency for any 

concentration; the aggregate size increased gradually with increasing temperature and then increased 

rapidly as the temperature approached the phase transition temperature. The concentration of IL also 

affected the aggregate size. For example, when the temperature was fixed at 298 K, upon increasing 
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the concentration from 20 to 25 and then 40 wt%, the aggregate size was increased from 5.3 to 10.7 

and further to 30.5 nm. They considered that the size increases with increasing the concentration of IL 

because IL molecules form self-assembled aggregates in water as the water content of IL increases. 

On the other hand, if the size decreases as the IL concentration is further increased, water dissolved 

into the IL and forms liquid-like associated aggregates. 

 The aggregates size change of thermoresponsive IL, tetrabutylphosphonium 2,4-

dimethylbenzene sulfonate ([P4444][DMBS]), in water over a wide temperature range was reported by 

Kang et al.84 They found that the size of aggregates changes rapidly around the phase transition 

temperature and that aggregates exist in both the aqueous and ionic liquid-rich phases. The ionic liquid 

rich phase shows aggregates on the order of 500 nm at 37 °C, just above the phase transition 

temperature (Figure 1-19). The size of aggregates in the IL-rich phase subsequently decrease with  

 

 
Figure 1-18 Variation of the size of [P4444][CF3COO] aggregates with temperature in solutions 

containing different amounts of [P4444][CF3COO]. 83 

 

 
Figure 1-19 Particle size vs temperature of [P4444][DMBS]/H2O 50 wt.% over the fully miscible region 

and phase separated regions of the phase diagram. Phase separation temperature, Tc ca. 36 °C. 84 
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increasing temperature to 150 nm at 39 °C and then to 100 nm at 41 °C. The initial 50-fold increase 

in IL aggregate size going from the miscible phase to IL rich phase would likely arise from the sudden 

decrease in water concentration and additionally the reduced electrostatic screening from water 

enabling larger aggregates to form. The aqueous-rich phase shows nearly an order of magnitude 

increase scattering diameter of 3000 nm compared to the IL-rich phase just above phase separation. 

 Wu et al. have been analyzed phase transition behavior of some ILs and PILs with DSC, 

turbidity method, temperature-variable 1H-NMR, and FT-IR spectroscopy measurements in 

combination with perturbation correlation moving window and two-dimensional correlation 

analysis.85,86 They revealed that the dehydration of the alkyl chain of the [P4444] cation occurred 

initially in monomer systems upon heating then water molecules would be excluded out to the 

temperature response behavior between IL/water mixture and PIL/water mixture arises from the 

periphery. Following dehydration of cations, the hydration interaction and hydrogen bond between 

SO3- group and water molecular begin to break. Regarding poly([P4444][SS])/water mixture, on the 

other hand, SO3- groups of the polyanion firstly dehydrated upon heating. The difference of 

hydrophobic backbone contained in the polyanion. As for to tributylhexylphosphonium 3-sulfopropyl 

methacrylate ([P4446][MC3S]), on the other hand, the dehydration of ester group of (poly)anion first 

occurred upon heating both in IL/water mixture and in PIL/water mixture.  

 Thus, various methods have been used to analyze the phase transition behavior. However, 

these methods have not yet given the point where the phase transition behavior can be controlled by 

the hydrophilic/hydrophobic control of the whole system by mixing PIL, and further development is 

requested in the future. 

 

 

Figure 1-20 Schematic illustration of the dynamic phase transition mechanism of [P4444][SS] and 

poly([P4444][SS]) solutions during the heating and cooling processes.86 



Chapter 1 Thermoresponsive polymers showing LCST-type phase transition with water 

21 
 

1.6.5 Applications of thermoresponsive PILs 
Following my work of PIL showing LCST-type phase transition in water described in Chapter 2 to 4, 

many study using thermoresponsive PIL/water mixture or PIL hydrogel have been carried out until 

today. Most of them are applications of the PILs the author prepared, and there are few reports of novel 

thermoresponsive PIL undergoing LCST-type phase transition with water.  

 The forward osmosis (FO) applications are one of the most active field of use of 

thermoresponsive PIL. Lee et al. compared the performance of [P4444][SS] and oligomeric [P4444][SS] 

as draw solutes.87 Although the water permeation flux values in the FO system using the oligomer as 

a draw solute were slightly smaller than those using the monomer, the reverse solute flux values using 

the oligomer were found to be much smaller than those using the monomer, indicating that the 

oligomers are more efficient draw solute materials in the FO system than the monomer. The 

thermoresponsive PIL hydrogel was also used as draw agent of desalination system. Liu et al. used 

the PIL hydrogels prepared with tributyl-4-vinylbenzylphosphonium-based IL monomers with an 

alkyl sulfonate counterion. 88 This PIL hydrogel had the highest water content and the highest recovery 

rate, and thus had the highest desalination efficiency compared to conventional gels used as draw 

agents. They insisted that the excellent desalination properties of PIL hydrogel make it suitable for the 

permanent production of demineralized water. Urban et al. combined IL, 2,4-dimethylbenzensulfonate, 

and [P4444][SS] hydrogel in order to obtain more sustained driving force in FO systems.89 When the 

IL/water mixture was used as a draw solute, the water flux gradually decreased due to the decrease in 

osmotic pressure caused by the water absorbed from the NaCl solution. Once PIL gel was added to  

 

 
Figure 1-21 A forward osmosis desalination designed to perpetually produce desalinated water by 

cyclic drawing–dewatering of the PIL hydrogel.89 
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the solution, the decrease in osmotic pressure of the solution was suppressed by the PIL gel swelling 

with water absorbed into the solution, and the solution showed continuous water absorption ability. 

They concluded that the synergistic effect of using the IL/hydrogel binary draw solute system has been 

demonstrated in terms of creating a more durable draw solute with less active materials, the water 

recovered from the hydrogel contains less solutes compared to direct phase separation of IL solutions, 

and the hydrogels are in a mobile phase which makes a continuous FO process possible. 

 Besides FO applications, Chen et al used poly([P4444][SS]) as the shell of a hybrid drug 

nanocarrier developed with CuCo2S4 nanoparticles as the core (Figure 1-22).90 pH- and thermal-

responsive characteristics of poly([P4444][SS]) endow the multifunctional hybrid nanocarrier system 

Doxorubicin-CuCo2S4/PIL with sensitive dual-stimuli-triggered drug release behaviors. In this system, 

instead of heating the solution, the CuCo2S4 core converts near-infrared radiation into thermal energy, 

which induces shrinkage of the PIL shell. The nanocarrier achieved favorable controlled release of 

90.5% under pH/thermo dual stimuli. 

 Yuan et al. utilized the PIL as the stabilizer of graphene.91 The conventional PILs are known 

to disperse graphene and metal nanoparticles. 92,93 It was considered that the stabilization was designed 

by the interaction between the imidazolium ring of the cations and nanostructure surface. However, 

poly([P4444][SS]) containing no imidazolium rings also dispersed graphene in water. Figure 1-23A 

shows the transmittance change of the solution. An IL/water mixture was further mixed with graphene, 

sonicated, and left standing for 24 hours. The resulting solution is uniformly black, indicating that 

graphene was stably dispersed. Upon heating the solution, poly([P4444][SS]) was aggregate with 

graphene. Upon heating the solution above 61 oC, PIL underwent a phase transition to aggregate 

graphene. They also found that the aggregation state of graphene in the solution could be controlled  

 

 

Figure 1-22 A schematic diagram of hybrid drug nanocarrier with CuCo2S4 nanoparticles as the core 

and Poly[P4444][SS] as the shell. 90 
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Figure 1-23 (A) Turbidity curves of aqueous solution of poly([P4444][SS]) (red line) without added 

salt and poly([P4444][SS]) (black line) with [P4444]Br salt. (B) Precipitation of poly([P4444][SS])-

stabilized reduced graphene in the aforementioned two aqueous solutions below and at 61 oC.91 

 

 

by the added salt. When adding [P4444]Br to the solution, the graphene formed floated aggregates above 

the phase transition temperature (Figure 1-23 B left). On the other hand, when [P4444]Br was not added 

to the solution, the graphene formed precipitated aggregates above the phase transition temperature 

(Figure 1-23 B right). 

 Diamond et al. have developed PIL hydrogels prepared by [P4446][MC3S] as polymer 

actuators in microfluidic systems (Figure 1-24).94 They found that the results exhibited by the IL 

polymer flow controlactuator followed a sigmoidal fit. The characterization of the hydrogel indicates 

that the hydrogel shrinks by∼58% of its swollen area when the temperature is raised from 20 to 70 oC 

and ∼39% when the temperature is raised from 20 to 50 oC. Furthermore, the hydrogel exhibited 

repeatable shrink/reswell behavior when subjected to temperature cycles between 20 ◦C and 50 oC. In 

addition, by assembling the hydrogel in a microfluidic device as a temperature-controlled actuator, the 

microfluidic channel was tuned between ∼110 nL/min and ∼27 nL/min by varying the temperature 

between 50 oC and 20 oC. Diamond et al. also utilized direct laser writing method in order to prepare 

PIL hydrogel for actuator created from crosslinked [P4446][MC3S] at sub-micron resolution.95 The 

resulting hydrogel actuator showed a very fast response due to the small scale of the structure and 

could not be distinguished from the rate of temperature cycling. 

 There are also studies in which the PIL was used for separation and extraction materials. 

Noble et al. designed thermoresponsive membrane containing [P4444][SS] for concentrating proteins 

from aqueous media (Figure 1-25).96 The observed extraction efficiency value varies widely 

depending on both the protein species and the temperature. The extraction efficiency of cytochrome c 

exhibited by PIL membrane was highest than that of Myoglobin and Peroxidase, and the value 

increased as the increasing temperature to reach 99.7% at 30 oC. They explained that the mechanism 

of this selectivity result from the salting-out and salting-in profiles of the proteins. 
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Figure 1-24 The assembled microfluidic chip containing the [P4446][MC3S] hydrogel actuator. 95 

 

 

 

 
Figure 1-25 Photographs of PIL membrane after immersion in 0.1 mol L-1 aq. potassium phosphate 

buffer solution with the proteins cytochrome c from equine heart (left), myoglobin from equine heart 

(middle), and horseradish peroxidase (right) at 22 oC for 24 h. 96 
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1.7 Aim of this study 
The aim and objectives in this study is to design PIL/water mixture showing sharp LCST-type phase 

transition at desired temperature through physico-chemical analysis of required factors. It is also to 

design a fully charged thermo-responsive hydrogel composed of the PILs thus obtained. The design 

of component ions of IL monomer is first step to prepare thermoresponsive PIL, however, there is a 

limit to the adjustment of physical properties of PIL through the design of ionic structures only. Then, 

the author investigated some factor to control the phase transition temperature such as PIL 

concentration, additive salt, copolymerization. 

 Although there are many conventional non-ionic thermoresponsive polymers, it has been 

difficult to control the phase transition temperature with maintaining temperature sensitivity. Hence, 

there was a limit to usable temperature range of the polymers. On the other hand, it has already been 

reported that the phase transition temperature of a temperature-responsive IL/water mixture can be 

controlled by the hydrophobicity of component ions of IL, and the temperature responsiveness remains 

sharp. Based on this knowledge, the authors consider that by polymerizing an IL monomer and 

producing a new class of temperature-responsive polymer, a temperature-responsive polymer that 

overcomes problems of conventional nonionic temperature-responsive polymers can be provided.  

 Both structure of the IL monomers and the method to adjust the phase transition temperature 

of the PIL in water are discussed here. In addition, the hydrogel using IL monomer was prepared, and 

its thermoresponsive behavior was investigated. 
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2.1 Introduction 
Temperature-responsive polymers, which show an LCST-type phase transition with water, have been 

extensively studied as "intelligent polymers" or “smart polymers” in recent years and have been 

applied to a wide range of applications. Nevertheless, all of these intelligent polymers reported so far 

have been developed with mainly nonionic polymers represented by poly(N-isopropylacrylamide). 

Conventional temperature-responsive polymers have difficulty in both controlling the phase transition 

temperature and maintaining the temperature responsiveness. Therefore, their application has been 

limited to use at the phase transition temperature. 

 Meanwhile, PILs have been studied intensively as functional fluids for various applications. 

Interest has been focused recently on polyelectrolytes prepared by the polymerization of ILs. In 1998, 

Ito et al, first reported the polymerization of ILs composed of 1-alkyl-3-vinylimidazolium cations, 

giving rise to "polymerized ILs (PILs)."1 PILs are readily prepared from IL monomers composed of 

ions having polymerizable groups such as vinyl groups. They have unique combinations of properties 

derived from the starting ILs, including exceptionally high affinity with carbon dioxide, low glass 

transition temperature, and controllable affinity with water. Many kinds of PILs have been designed 

and have found application as functional polymers, including as solid polymer electrolytes for 

electrochemical devices2, as adsorbents or in selective permeation of gases3, and as self-assembling 

materials.4 Given the structural diversity of the component ions of IL monomers, the potential of these 

PILs is still not fully explored. 

 Ohno et al. has designed various ILs, including IL monomer, exhibiting unique phase 

behavior upon mixing with water. In 2012, they prepared a thermoresponsive IL monomer composed 

of tetrabutylphosphonium p-styrenesulfonate ([P4444][SS]), and polymerized it to prepare 

poly([P4444][SS]), which underwent a lower critical solution temperature (LCST)-type phase transition 

upon mixing with water.5 This polyelectrolyte–water mixture was miscible at room temperature, but a 

turbid suspension was obtained upon heating it. It reversibly returned to a homogeneous mixture upon 

cooling. Although an LCST-type phase transition had already been observed in aqueous solutions 

containing some non-ionic polymers represented by poly(N-isopropylacrylamide)6, the LCST-type 

phase transition of fully charged polymer–water mixtures was novel. The investigation of 

thermoresponsive IL monomer and PIL has started, and the knowledge is still insufficient. 

 In this chapter, the author demonstrated the LCST-type dynamic change in the PIL/water 

mixture. As a preliminary step, several IL monomers were prepared and their thermoresponsive 

behavior upon mixing with water was studied. Then, the prepared IL monomers were polymerized 

with radical polymerization, and thermo-responsivity of the resulting PIL/water mixture was evaluated. 

In addition, the aggregation state of PIL in water was evaluated, and the phase behavior of the 

PIL/water mixture was compared with that of the conventional non-ionic thermo-responsive polymer 

to deepen the understanding of this unique phenomenon. 
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 It is noted that the effect of molecular weight on the phase transition temperature of PILs 

has been investigated using PILs exhibiting UCST, and it was found that the cloud point is independent 

of molecular weight even in the low molecular weight polymer, which is generally affected by 

molecular structure and initiator.7 Therefore, the molecular weight of PILs was not specifically 

controlled in this study since the effect of molecular weight on the phase behavior and the phase 

transition temperature was regarded as negligible. 
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2.2 Experimental 
2.2.1 Synthesis of IL monomer 
Materials 

Tetrabutylphosphonium hydroxide ([P4444]OH) 、 tributylhexylphosphonium bromide ([P4446]Br), 

Tributylvinylbenzylphosphonium chloride ([P444VB]Cl) were provided by Hokko Chemical Industry 

Co., Ltd.. The following chemicals were purchased from Tokyo Chemical Industry: 

tributyloctylphosphonium bromide ([P4448]Br), sodium styrenesulfonate (Na[SS]), potassium 3-

sulfopropyl methacrylate (K[MC3S]), sodium 1-butanesulfonate (Na[C4S]), sodium 1-

pentanesulfonate (Na[C5S]), sodium 1-hexanesulfonate (Na[C6S]), and 4-(chloromethyl) styrene. 

Potassium 3-sulfopropyl acrylate (K[AC3S]) was purchased from Sigma-Aldrich Co. LLC. 

Acetonitrile, hexane, and hydrochloric acid were purchased from Kanto Chemical Co., Inc. 

Tributylamine and 2,20-Azobis(2-methylpropionamidine) dihydrochloride (V-50) were purchased 

from Wako. Chem. Co. 2,2'-Azobis(isobutyronitrile) (AIBN) was purchased from Kanto Chemical Co. 

and was used with recrystallization with methanol. All materials without AIBN were used without 

further purification.  

 

Synthesis of Tetrabutylphosphonium chloride ([P4444]Cl) 

A slight excess of HCl was added to the [P4444]OH aqueous solution to neutralize it. After confirming 

that the solution turned acidic, water and small excess of HCl were removed by evaporation. After that, 

it was re-dissolved in chloroform, and an appropriate amount of potassium hydrogen carbonate was 

added to that and stirred overnight. Potassium hydrogen carbonate was then removed by filtration, and 

chloroform was removed by evaporation. After confirming that the pH of the aqueous solution of this 

salt was neutral, the [P4444]Cl was dried by heating and vacuum drying. 

 

Synthesis of [N444VB]Cl 

Tributylamine was placed in a vial, dissolved in acetonitrile, and added dropwise a 0.9-fold mole of 4 

chloromethyl styrene. The vial was heated in an oil bath at 50 °C for 2 hours to allow the quaternization 

reaction to proceed. After the acetonitrile was removed from the solution by an evaporator, it was 

added dropwise to an excess of hexane and purified. After that, the white solid was taken out by suction 

filtration and was dried to obtain the target [N444VB]Cl. 

 

Synthesis of IL monomer via an anion exchange reaction 

ILs containing following anions; [SS]-, [MC3S]-, [AC3S]-, [C4S]-, [C5S]-, or [C6S]- were prepared by 

anion exchange reaction of [P4444]Cl, [P4446]Br, [P4448]Br, [P444VB]Cl, and [N444VB]Cl with the 

corresponding alkali salts, according to the literature.8,9 The products were extracted with 

dichloromethane, and the dichloromethane layer was washed with water several times. Since the 
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polymerization reaction of the IL containing [P444VB]+ is likely to proceed by light or heat, stirring 

and evaporation were carried out under dark, and stirring was carried out in an ice bath. After 

evaporation, the products were dried in a vacuum at 70 oC for at least 24h. The water content of all the 

ILs prepared was confirmed to be less than 0.2 wt% with Karl Fischer titration method (Kyoto 

Electronics MKC-510N). Structure of the ILs was confirmed with both 1H NMR spectrometry 

(JEOLECX-400, 400 MHz) and elemental analysis (Elementar vario EL III).  

 

 
Figure 2-1 Structure of cations and anions used in this study. 

 

 

Characterization of IL 

[P4444][SS] 
1H NMR (400 MHz, CDCl3, δ/ppm relative to TMS):0.93(t, 12H, CH3, J = 4.59 Hz), 1.43-1.49(m, 

16H, CH2), 2.26(t, 8H, CH2, J = 3.12 Hz), 5.22(dd, 1H, CH), 5.76(dd, 1H, CH), 6.64-6.78(m, 1H, 

CH), 7.33 (d, 2H, CH), 7.85(d, 2H, CH). 

[P4444][MC3S] 
1H NMR (400 MHz, CDCl3, δ/ppm relative to TMS): 0.88(t, 12H, CH3, J = 6.80 Hz), 1.44(t, 16H, 

CH2, J = 3.60 Hz), 1.82 (s,3H, CH3), 2.20-2.27 (m, 8H, CH2), 2.80(t, 2H, CH2, J = 7.80 Hz), 4.17 

(t,2H, CH2, J = 6.40 Hz), 5.43(dd, 1H, CH), 5.99(dd, 1H, CH). 

[P4446][SS] 
1H NMR (400 MHz, CDCl3, δ/ppm relative to TMS): 0.90(t, 12H, CH3, J = 6.87 Hz), 1.26(t, 4H, 

CH2, J = 3.66 Hz), 1,43-1.48(m, 16H, CH2), 2.25(t, 8H, CH2, J = 2.98 Hz), 5.23(dd, 1H, CH) , 5.74(dd, 

1H, CH), 7.35(d, 2H, CH) , 7.84(d, 2H, CH). 

[P4446][MC3S] 

 1H NMR (400 MHz, CDCl3, δ/ppm relative to TMS): 0.90(t, 3H, CH3, J = 2.29 Hz), 0.97(t,9H, 

CH3, J = 6.86 Hz), 1.31-1.32(m, 4H, CH2), 1.51-1.56(m, 16H, CH2), 1.92(t, 3H, CH3), 2.19-2.38(m, 

11H, CH2), 2.89-2.93(m, 2H, CH2), 4.26(t, 2H, CH2, J = 6.52 Hz), 5.52(dd, 1H, CH), 6.08(dd, 1H, 



Chapter 2 Design and properties of poly(ionic liquid)s to show LCST-type phase transition with water 

39 
 

CH). 

[P4446][AC3S] 
1H NMR (400 MHz, CDCl3, δ/ppm relative to TMS): 0.95(t, 12H, CH3, J = 3.66 Hz), 1.31-1.33(m, 

4H, CH2), 1.52-1.54(m, 16H, CH2), 2.19-2.35(m, 14H, CH2), 2.89-2.92(m, 2H, CH2), 4.28(t, 2H, CH2, 

J = 6.64 Hz), 5.80(dd, H, CH), 6.36(dd, H, CH). 

[P4448][MC3S] 
1H NMR (400 MHz, CDCl3, δ/ppm relative to TMS): 0.80(t, 3H, CH3, J = 8 Hz),0.98(t, 9H, CH3, J 

= 8 Hz), 1.27(m, 8H, CH2), 1.53(t, 16H, CH2, J = 4 Hz), 1.92(s, 3H, CH3), 2.19-2.38(m, 11H, CH2), 

2.91(t, 2H, CH2, J = 8 Hz), 4.26(t,2H, CH2, J = 6 Hz), 5.52(dd, 1H, CH), 6.08(dd, 1H, CH). 

[P444VB][MC3S] 
1H NMR (400 MHz, CDCl3, δ/ppm relative to TMS): 0.92(t, 3H, CH3, J = 6.80 Hz), 1.409-1.515(m, 

12H, CH2), 1.90(s, 3H, CH3), 2.114-2.328 (m, 8H, CH2), 2.95(t, 2H, CH2, J = 7.60 Hz), 3.969(d, 2H, 

CH2), 4.27(t, 2H, CH2, J = 6.40 Hz), 5.29(dd, 1H, CH2), 5.50(dd, 1H, CH), 5.75(dd, 1H, CH), 6.09(dd, 

1H, CH), 6.63-6.71(m, 1H, CH), 7.32(d, 2H, CH), 7.40(d, 2H, CH). 

[P444VB][AC3S] 
1H NMR (400 MHz, CDCl3, δ/ppm relative to TMS): 0.89(t, 12H, CH3, J = 7.10 Hz), 1.411-1.514(m, 

12H, CH2), 2.12-2.28 (m, 2H, CH2), 2.93(t, 2H, CH2, J = 7.60 Hz), 3.97(d, 2H, CH2), 4.25(t, 2H, CH2, 

J = 6.41 Hz), 5.40(dd, 1H, CH), 5.76(dd, 1H, CH), 6.06(dd, 1H, CH), 6.40(dd, 1H, CH2), 6.62-6.72(m, 

1H, CH), 7.31(d, 2H, CH), 7.40(d, 2H, CH). 

[P444VB][C4S] 
1H NMR (400 MHz, CDCl3, δ/ppm relative to TMS): 0.85(t, 3H, CH3, J = 7.22 Hz), 0.92(t, 9H, CH3, 

J = 7.10 Hz), 1.30-1.44 (m, 14H, CH2), 1.82-1.90(m, 2H, CH2), 2.40(t, 6H, CH2, J = 13.8 Hz), 2.85(t, 

2H, CH2, J = 8.20 Hz), 4.00(d, 2H, CH2), 5.20(dd, 1H, CH), 5.71(dd, 1H, CH), 6.70-6.75(m, 1H, CH), 

7.35(d, 2H, CH), 7.44(d, 2H, CH). 

[P444VB][C5S] 
1H NMR (400 MHz, CDCl3, δ/ppm relative to TMS): 0.88(t, 3H, CH3, J = 7.15 Hz), 0.93(t, 9H, CH3, 

J = 7.00 Hz), 1.26-1.32(m, 4H, CH2), 1.42-1.61 (m, 12H, CH2), 1.82-1.95(m, 2H, CH2), 2.36(t, 6H, 

CH2, J = 14.6 Hz), 2.95(t, 2H, CH2, J = 8.55 Hz), 4.10(d, 2H, CH2), 5.33(dd, 1H, CH), 5.81(dd, 1H, 

CH), 6.65-6.83(m, 1H, CH), 7.28(d, 2H, CH), 7.36(d, 2H, CH). 

[P444VB][C6S] 
1H NMR (400 MHz, CDCl3, δ/ppm relative to TMS): 0.85(t, 3H, CH3, J = 7.20 Hz), 0.95(t, 9H, CH3, 

J = 7.00 Hz), 1.26-1.30(m, 4H, CH2), 1.36-1.51 (m, 12H, CH2), 1.60(s, 6H, CH2), 1.82-1.90(m, 2H, 

CH2), 2.31(t, 6H, CH2, J = 14.6 Hz), 2.85(t, 2H, CH2, J = 8.40 Hz), 4.00(d, 2H, CH2), 5.29(dd, 1H, 

CH), 5.78(dd, 1H, CH), 6.65-6.72(m, 1H, CH), 7.33(d, 2H, CH), 7.40(d, 2H, CH). 
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2.2.2 polymerization of ILs 
Synthesis of PILs 

There are two main procedures to obtain PILs; one is to polymerize IL monomers directly. This method 

is effective but requires several preparation and purification steps to obtain the IL monomers. Another 

way involves the polymerization of monomeric IL precursors followed by quaternization or an anion 

exchange reaction. In this study, PIL having [P4444]+,[P4446]+, [P4448]+, and [P444VB]+ were prepared by 

the former method i.e., radical polymerization. PIL comprised of [P444VB] or [N444VB] cation and 

[C4S], [C5S], or [C6S] anions were prepared by the latter method.  

 

Synthesis of PILs comprised of [P4444],[P4446], [P4448] or [P444VB] cations. 

A series of anionic PILs comprised of n-tributyl-n-alkylphosphonium cations ([P444n]+, n = 4, 6, 8) 

have been prepared via a free radical polymerization of corresponding IL monomer in water. Each IL 

monomer (20 mL) was dissolved in 80mL water and loaded into a 200mL three-necked round-bottom 

flask equipped with a magnetic stirrer bar. The flask was sealed, and the inner solution was degassed 

exhaustively by sonication. A water-soluble radical initiator (2,2'-azobis(isobutyronitrile), 0.076 g, 

0.28 mmol (1.0 mol% to monomer)) was then added to the solution. The polymerization was 

conducted at 80 oC for 3 h. The resulting polymer solution was dialyzed in pure water thoroughly to 

remove monomers. The absence of the chloride anion was confirmed by the silver nitrate test. The 

solution was freeze-dried to obtain a white powder. 

 

 
Figure 2-2 Scheme of preparation of PIL via radical polymerization. 

 

Synthesis of PILs comprised of [P444VB] or [N444VB] cations and [C4S][C5S], or [C6S] anions. 

Each PIL was prepared by the same procedure as above. The synthesis of [P444VB][C4S] is described 

here as an example. Tributyl (4-vinylbenzyl) phosphonium chloride (10.0 g, 28 mmol) was dissolved 

in 80mL water and loaded into a 200mL three-necked round-bottom flask equipped with a magnetic 

stirrer bar. The flask was sealed, and the inner solution was degassed exhaustively by sonication. A 

water-soluble radical initiator (2, 20-Azobis(2-methylpropionamidine) dihydrochloride, 0.076 g, 0.28 

mmol (1.0 mol% to monomer)) was then added to the solution. The polymerization was conducted at 

60 oC for 3 h. The resulting polymer solution was dialyzed in pure water thoroughly to remove 

monomer, and freeze-dried to obtain a white powder. Then, obtained poly([P444VB]Cl) (0.47 g, 1.3 
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mmol) was mixed with 50mL water and 0.30 g (1.7 mmol) of sodium 1-butane sulfonate was added 

and stirred for 24 h. The resulting solution was dialyzed. The absence of the Cl anion was confirmed 

by silver the nitrate test. The solution was freeze-dried to obtain a white powder. 

 

2.2.3 Evaluation of phase transition behavior 
Phase transition behavior with water. 

Temperature-dependent turbidity measurement (heating rate; 2 °C/min) was used to determine the 

phase transition temperature (Tc) of the IL or PIL/water mixtures by defining the Tc value as the 

temperature value at which the turbidity value became 90 % upon heating. The measurement was 

carried out using an ultraviolet-visible near-infrared spectrophotometer V-660 of Nippon Spectroscopy 

Co., Ltd. The plastic cell with an optical path length of 10 mm was used. The concentration of ILs or 

PILs was 10 wt% in water. 

 

Light microscopic observation 

Poly([P4446][MC3S]) was added to 200 mM phosphate buffer and stirred at room temperature for 

overnight to give a clear homogeneous solution. A dye, coomassie brilliant blue R-250 (Figure 2-3), 

selectively soluble in the IL, was added to this solution and stirred to give a uniform solution. The 

resulting solution was centrifuged (10,000 rpm, EMD Millipore Corporation) to remove an excess dye. 

Only the upper layer of the solution after centrifugation was collected and heated at 2 oC/min from 

room temperature on a microscope cooling and heating device (LK -600, JAPAN HIGH TECH Co., 

Ltd.), and the change of the solution state as the function of temperature was observed by s optical 

microscope (BX -51, OLYMPUS). 

 

 
Figure 2-3 Structure of coomassie brilliant blue. 

 

Transmission electron microscopy (TEM) observation 

Surface-coated copper TEM grids were treated with JEOL HDT-400 to obtain hydrophilic surface. 

The aqueous solutions containing 0.1 w/w % polymer dispersions were then dropped onto the TEM 

grids. The grids were dried immediately by incubating them at 60 oC to avoid aggregation of polymers.  

TEM was measured with JEOL JEM-1400 operating at 120 kV.  
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Dynamic light scattering (DLS) measurement 

DLS measurements were carried out using Fiber-Optical Dynamic Light-Scattering Spectrometer 

(FDLS-3000, Otsuka Electronics Co., Ltd.) equipped with 100 mW Diode-pumped Solid-state laser 

(λ = 532 nm) at the scattering angle of 90o. 
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2.3 Phase transition of the IL monomers in water 
First, I have prepared some IL monomers and studied their thermoresponsive behavior upon mixing 

with water. The thermoresponsive behavior of IL monomers was checked after mixing with 90 wt% 

of water, and the resulting solution was cooled to 0 oC and then heated gradually to 70 oC. Each IL 

monomer was classified into "Miscible", "Phase separation", and "LCST" according to the phase of 

the solution. When a clear homogeneous phase of the IL/water mixture was separated into two phase 

upon heating, this was classified as an LCST-type phase transition. It was found that some IL 

monomers underwent a temperature-sensitive LCST-type phase transition upon mixing with water. 

When a clear homogeneous solution of the [P4446][MC3S]/water mixture was heated, it became turbid, 

and then showed an apparent liquid-liquid phase separation between the IL and aqueous phase. The 

phase transition temperature (Tc) was determined with turbidity measurement for those mixtures 

showing the phase transition.  

 Table 2-1 shows the phase state and transition temperature of the ILs used in this study. It 

has already been reported that the phase behavior of ILs with water and the Tc value largely depends 

on the total hydrophilicity of the component ions.10 To compare the phase behavior of ILs having 

[P4444]+ and [P4446]+, it was found that the [SS] anion is more hydrophobic than the [MC3S] anion. 

Both [P4448][MC3S] and [P444VB][MC3S] showed LCST-type phase transition, but their phase 

transition temperature suggested that [P444VB]+ was more hydrophobic than [P4448]+. The order of 

hydrophilicity of anions and cations used in this study are as follows. Since ILs were not prepared 

with the same cation, the exact order of hydrophilicity between [SS]- and [C6S]- was not clarified.  

 

 

Table 2-1 Phase state and phase transition temperature of each IL monomer. 

IL monomer Phase state Tc / oC (10 wt%) 

[P4444][SS] LCST 34 

[P4444][MC3S] Miscible － 

[P4446][SS] Phase separation － 

[P4446][MC3S] LCST 44 

[P4446][AC3S] Miscible － 

[P4448][MC3S] LCST 20 

[P444VB][C4S] Miscible － 

[P444VB][C5S] LCST 41 

[P444VB][C6S] Phase separation － 

[P444VB][MC3S] LCST 7 

[P444VB][AC3S] LCST 19 
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 Therefore, the order of hydrophilicity of the ions used in this study, as estimated from the 

phase transition temperature, is shown below. 

Hydrophobic       [P444VB]+ < [P4448]+ < [P4446]+ < [P4444]+   Hydrophilic 

Hydrophobic   [SS][C6S]－ < [MC3S]－ < [AC3S]－ < [C5S]－ < [C4S]－ Hydrophilic 

 

 

2.4 Phase transition of the PILs in water 
Effect of polymerization and ionic structure on the phase transition behavior of PILs 

The IL monomers showing LCST-type phase transition with water were then polymerized with radical 

polymerization. The resulting PIL was mixed with 90 wt% water, and the solution was cooled to 0 °C. 

and then heated to 70 °C. Each PIL was classified as "insoluble", "miscible", or "LCST" depending 

on the phase behavior of the solution. The PIL/water mixture exhibiting LCST was homogeneous at 

low temperatures, becoming turbid above the phase transition temperature. In the IL/water mixture 

system, phase separation immediately occurred above Tc. while in the PIL/water mixture system, the 

solution became turbid immediately above Tc, however the phase separation or precipitation were not 

observed even after a few minutes. It is suggested that the PIL showed incompletely phase separate 

above Tc are not hydrophobic, since a hydrophobic polymer would not completely dissolve in water. 

Otherwise, it is considered that the phase separation behavior becomes sluggish with an increase in 

the molecular weight of PIL caused by polymerization. 

 Table 2-2 shows phase behavior and Tc of each IL monomer and resulting PIL. The author 

expected that the PIL obtained by polymerizing an IL monomer showing LCST-type phase transition 

would also have termoresponsivity. However, some of PILs were a hydrophobic polymer. In addition, 

Tc of poly ([P4444][SS]) and poly([P4446][MC3S]) showing thermo-responsivity was different from that  

 

 

Table 2-2 Phase transition temperature of each IL monomer and PIL. 

IL Monomer / Tc (10 wt%) Polymer / Tc (10 wt%) 

[P4444][SS] 35 58 

[P4446][MC3S] 44 40 

[P444VB][C5S] 41 42 (3 wt%) 

[P4448][MC3S] 20 Insoluble 

[P444VB][MC3S] 7 Insoluble 

[P444VB][AC3S] 19 Insoluble 

[P4446][SS] Phase separation Insoluble 

[P444VB][C4S] Miscible Miscible (3 wt%) 

[P444VB][C6S] Phase separation Insoluble (3 wt%) 
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Figure 2-4 The change in transmittance of poly([P4444][SS])/water mixture (red) and poly-

([P4446][MC3S])/water mixture (black). The straight line denotes the transmittance during heating and 

the dotted line denotes the transmittance during cooling. 

 

 

of a monomer/water mixture having the same concentration. Former showed a higher phase transition 

temperature after polymerization. The change in transmittance of both poly([P4444][SS]) and 

poly([P4446][MC3S]) in water was highly sensitive upon temperature change and had small hysteresis 

(Figure 2-4). 

 Previous reports showed that the total hydrophilicity of component ions was an essential 

factor in controlling the LCST behavior of ILs.10 A similar trend was found in the resulting PIL. For 

example, comparing poly([P4446][MC3S]) and poly([P4448][MC3S]) having the same main chain, 

poly([P4448][MC3S]) is more hydrophobic be due to the total hydrophilicity of the component ions. 

However, a comparison of poly([P4444][SS]) and poly([P4446][MC3S]) indicated that poly([P4444][SS]) 

was more hydrophobic polymer because of its higher phase transition temperature. The phase 

transition temperature revealed that [P4444][SS] was more hydrophilic than [P4446][MC3S]. This result 

indicated that the effect of the charges on main chain was strengthened after polymerization. Here, 

focusing on the ions constituting the main chain of the two polymers, [SS] anion is more hydrophobic 

than [MC3S] anion, as indicated by the hydrophilic order of the ions as mentioned above. 

 When both anionic and cationic monomers were copolymerized like [P444VB][MC3S] or 

[P444VB][AC3S], many ionic interactions are formed between the polymer chains after polymerization. 

As a result, the polymer chains strongly aggregated to form polyion complexes, which are not 
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dissolved in water. Thus, the direct polymerization of ILs having a polymerizing group in both anions 

and cations is not suitable for the preparation of IL-derived polymers. 

 The poly([P444VB][C5S]) obtained by polymerizing [P444VB][C5S] also maintained the 

temperature response but showed a very high viscosity when dissolved in water. This result may be 

due to a strong interaction between polymers. Therefore, the phase transition temperature could not be 

measured at 10 wt%. At a lower concentration, the mixture of 3 wt% polymers showed Tc at 42 °C. 

From these results, IL monomers that do not exhibit LCST might be PIL showing LCST only when it 

got a suitable hydrophobicity after polymerization. 

 Next, the other method was mentioned for obtaining PIL by polymerizing a precursor of an 

IL followed by the counterion exchange. In detail, [P444VB]Cl or [N444VB]Cl, precursors of IL, were 

polymerized and then were ion-exchanged with a sodium salt having a target anion. Table 2-3 shows 

the phase behavior of each PIL/water mixture prepared by this methods. PILs containing [P444VB] 

cation exhibited the same behavior in water as the PIL containing [P444VB] cation prepared by radical 

polymerization. In PILs containing [N444VB] cation, the difference of the phase behavior and Tc value 

depended on the alkyl length of anion species. Poly([N444VB][C4S]), which has the shortest alkyl 

chain length of anions in this study, was a hydrophilic polymer that was always compatible with water 

over a wide temperature range. On the other hand, poly([N444VB][C5S]) and poly([N444VB][C6S]) 

showed the LCST type phase transitions, and their phase transition temperature decreased with the 

elongation of alkyl chain length of the anions. By comparing PILs in terms of the same number of 

alkyl chains, poly([N444VB][C5S]) and poly([P444VB][C5S]) underwent LCST behavior, but the Tc 

value of poly([N444VB][C5S]) was higher than that for poly([P444VB][C5S]). This results are 

consistent with previous reports on ILs in that ammonium-type ILs are more hydrophilic than 

phosphonium-type ones11, suggesting that the PILs prepared in this study inherited the basic physico-

chemical properties of the corresponding pristine ILs. It should be noted that poly([N444VB][C6S])  

 

 

Table 2-3 Phase transition temperature of each PIL prepared by polymerizing a precursor of an IL and 

then performing counterion exchange. 

 

PIL Polymer / Tc 

Poly([N444VB][C4S]) Miscible (3 wt%) 

Poly([N444VB][C5S]) 64 (3 wt%) 

Poly([N444VB][C6S]) 23 (3 wt%) 

Poly([P444VB][C4S]) Miscible (3 wt%) 

Poly([P444VB][C5S]) 42 (3 wt%) 

Poly([P444VB][C6S]) Insoluble (3 wt%) 
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Figure 2-5. Effect of PIL species on transmittance change upon heating; (■): poly([N444VB][C6S]), 

(●): poly([P444VB][C5S]), (▲): poly([N444VB][C5S]) 

 

 

exhibited rather anomalous behavior compared with other PILs showing the LCST-phase transition with 

water. The transmittance of the poly([N444VB][C6S]) mixture fell below 90% at 23oC but did not drop to 

less than 80% even further increasing temperature (Figure 2-5). The aggregation state and aggregation size 

of poly([N444VB][C6S]) in water should be different from those of poly([N444VB][C5S]). Detailed analysis 

of this will be discussed later. As compared with the poly([P444VB][C5S])/water mixture, the Tc of 

poly([N444VB][C5S]) was 22 oC higher than that of poly([P444VB][C5S]).  

 

Sol-gel transition behavior of Poly([P4446][MC3S])/water mixture 

For IL-water mixtures exhibiting LCST behavior, the separated IL phase contain relatively more 

significant amounts of water than in highly hydrophobic ILs undergoing static phase separation with 

water10. The same phenomena were observed in the poly([P4446][MC3S])-aqueous systems. To confirm 

this, four different mixtures, which contain 20 wt% of poly([P4446][MC3S]) and phosphate buffer 

having different salt concentration, were heated above 45 oC and maintained without perturbation. 

Figure 2-6 shows the phase change of the poly([P4446][MC3S])/buffer mixture when buffer 

concentration was 200 mM. The homogeneously mixed solution turned turbid immediately upon 

heating at 45 oC, and poly([P4446][MC3S]) was precipitated from the aqueous phase in 15 minutes. The 

precipitated polymer was dissolved again after cooling into 25 oC under stirring. Similar polymer 

phases were observed in all other mixtures with different buffer concentration. In the case of water, 

precipitation occurred after keeping it at 45 oC for more than 2 h due to the relatively high Tc value.  
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This suggests that the salt in phosphate buffer promotes the phase separation of PIL and water. It was 

also found that the salt concentration in the buffer had little effect on the phase separation rate. 

 After removing the upper aqueous phase, the thermal behavior of the resulting polymer-rich 

phase was studied. The precipitated polymer-rich phases showed a highly temperature-sensitive LCST 

transition (Figure 2-6 right). The turbid gel-like polymer phase immediately became a transparent 

viscous liquid upon cooling to 25 oC. This liquid began to turn turbid at 26 oC, and the gel-like phase 

was observed again upon maintaining it at 35 oC for 30 seconds. This implies that the polymer phase 

underwent a reversible liquid-to-gel transition over a small temperature change. Although some papers 

have reported this type of phase transition for a series of polymer-solvent mixed systems (e.g., 

amphiphilic block copolymers,12,13 surfactants,14, and even ILs15), there has been no previous report 

of the liquid-to-gel transition of polymers prepared in this manner that undergo LCST-type phase 

separation with water. 

 Visual observation of the polymer-rich phase of the lower phase confirmed that it was clearly 

larger than the volume of PIL existed in the mixture. To analyze this in detail, the water content of the 

separated polymer-rich phase (Waq/wt%) was determined. The Waq value was calculated using the 

weight loss of the samples measured by the TG/DTA method. As shown in Table 2-4, the polymer-

rich phases contained a large amount of water even after phase separation. It was also found that the 

Waq was almost constant regardless of the buffer concentration. In general, hydrophobic polymers that 

are phase-separated from water may swell slightly in water, but are substantially insoluble in water. It 

is not common for a hydrophobic polymer to contain 59 wt% water like poly([P4446][MC3S]). This 

difference between hydrophobic polymer and poly([P4446][MC3S]) might be due to the degree of 

hydrophobicity, PIL after the phase transition is insufficiently hydrophobic. It is also possible that the 

PIL may form a water containing structure during aggregation. In IL/water mixtures, similar trends 

have been reported. When the water content of hydrophobic IL and that of temperature-responsive IL 

after phase transition were evaluated, the number of water molecules per one ion pair of IL was the 

function of polymer structure. In addition, the water content of the hydrophobic IL was independent 

from temperature, but the water content of the temperature-responsive IL increased with decreasing 

temperature. 
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Table 2-4 The Tc value of poly([P444VB][C5S]) in pure water determined by turbidity measurement. 

The salt concentration of phosphate buffer Waq/wt% 

0 59±3 

100 51±2 

200 60±1 

300 58±2 

 

 

2.5 Changes in aggregation state of PIL in water 
The phase transition mechanism and the phase state of the thermoresponsive PIL in water are still not 

clear. The previous discussion suggested that the aggregation state and aggregation size of PIL 

depended on the ionic structure because poly([P4446][MC3S])/water mixtures showed a rapid change 

in transmittance above the Tc, while the change in transmittance of poly([N444VB][C6S])/water 

mixture was much slower. In order to design PILs showing highly temperature sensitive phase 

transition with water, it is necessary to understand the aggregation states of PILs showing a rapid 

change in transmittance above the Tc. Therefore, microscopic observation and dynamic light scattering 

measurements were carried out in order to observe changes in the aggregation state of several PILs in 

water with temperature change. 

 

Effect of polymer concentration 

After adding a dye (CBB), which is selectively soluble in IL, to a poly([P4446][MC3S])/water mixture, 

the change in the solution state upon increasing the temperature was observed by light microscopy (× 

400) (Figure 2-7). The poly([P4446][MC3S])/water mixture with polymer concentration of 20 wt%, 

was a homogeneous solution below the phase transition temperature. However, the sea-island structure 

appeared in the solution when heated up to near the phase transition temperature (36 °C). Since there 

was no blue color derived from the dye in the droplet and the surrounding liquid phase was colored 

blue, it was strongly suggested that the droplet was water phase and formed a water-in-polymer type 

(W/P) emulsion. Generally, in a sea-island structure, a minor volume component of the dispersed phase 

has a smaller contact area with the continuous phase, and the interfacial free energy is lowered so that 

the minor volume component is dispersed in the larger volume component. However, it is challenging 

to consider that water is a small volume component, even if the specific gravity of the resin is generally 

more significant than that of water. Taking into account the water content of the polymer-rich phase in 

the sol-gel transition as mentioned above, it was inferred that the polymer phase contained a large 

amount of water immediately after the phase transition. In the case of turbidity measurement, the 

transmittance of the solution was 0 up to 37 °C, while in the observation of the solution, the solution 

state continued to change, and the water phase gradually increased above 37 °C. The aqueous phase  
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was large and about 50 μm in diameter at 35 °C, whereas it was about 100 μm in diameter at 45 ° C. 

This result was explained by the gradual release of the water contained in the polymer phase. It was 

suggested that the PIL/water phase separation proceeds even above the phase transition temperature, 

and the amount of water contained in the polymer phase decreases with increasing temperature.

 A different behavior was observed in a poly([P4446][MC3S])/water mixture having a polymer 

concentration of 10 wt% (Figure 2-8). The formation of a multi-phase emulsion was observed in this 

mixture above the phase transition temperature (Figure 2-8 d). In contrast to the 20 wt% solution, the 

size of each phase was smaller. Since no clear color was observed in either phase, it was hard to clarify 

the PIL phase from water phase. 

 

Effect of alkyl chain length of counter anion 

Here I mention the effect of structural difference of constituent ions on the aggregation state. 

Poly([P444VB][C4S]), poly([P444VB][C5S]), and poly ([P444VB][C6S]), which are PILs having 

different alkyl chain lengths of anions, were mixed with water at room temperature to obtain polymer 

concentrations of 0.10 wt%, respectively. Clear homogeneous solutions were obtained for both 

poly([P444VB][C4S]) and poly([P444VB][C5S]), whereas poly([P444VB][C6S]) partially dissolved in 

water but a small amount of coagulum was seen in the mixture. This clearly indicates that a small 

extension of the alkyl groups of sulfonate anions drastically affects the hydrophilicity of the  

 

 

 
Figure 2-7 Optical microscope images of poly([P4446][MC3S]) with pure water upon heating. The 

polymer concentration was 20 wt%. 

 

 
Figure 2-8 Optical microscope images of poly([P4446][MC3S]) with pure water upon heating. The 

polymer concentration was 10 wt%. 
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corresponding PILs. After filtration of these solutions, transmission electron microscopy (TEM) was 

applied to determine the morphology of the PILs in water. As shown in Figure 2-9, polydispersed 

aggregates were seen for all PILs but their shapes and sizes depended strongly on the alkyl chain 

length. Amorphous aggregates with a size less than 100 nm were observed in the case of 

poly([P444VB][C4S]). On the other hand, spherical aggregates were found in both 

poly([P444VB][C5S]) and poly([P444VB][C6S]). Some poly([P444VB][C5S]) aggregates with slightly 

larger sizes (over 100 nm) than those of poly([P444VB][C6S]) were also found. Although these TEM 

samples were completely dried and their sizes might be different from that in an aqueous solution, it 

proved that spherical charged nanoparticles were formed by the PILs with the anions having suitable 

alkyl chains. 

 

Change in aggregation state before and after phase transition of LCST type observed by DLS 

In order to offer further insight into the phase change of thermoresponsive PIL, a temperature-

dependent dynamic light scattering (DLS) study was conducted on a 3.0 wt% aqueous 

poly([P444VB][C5S]) mixture (Figure 2-10). At and below 35 oC, a broad scattering profile was 

observed, and the measurement could not fix the average particle size. On the other hand, a different 

scattering intensity was observed at both 40 and 45 oC. The particle sizes observed at 45 oC were 70 

and 1000 nm. The solid and monodisperse scattering around 1000 nm affected the color change of the 

solution. This result strongly suggests that poly([P444VB][C5S]) nanoparticles fused into micrometer-

sized unimodal aggregates upon heating.  

 Then microscopy was carried out to support this result (Figure 2-11). Below the Tc, there 

was no object seen in the mixture. On the other hand, a number of unimodal and spherical particles 

were seen above the Tc. The particles disappeared upon lowering the temperature below the Tc.  

 

 

Figure 2-9 Transmission electron microscopy images for aqueous dispersions of poly([P444VB][C4S]) 

(left)、poly([P444VB][C5S]) (center)、poly([P444VB][C6S]) (right). 
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According to this microscopic analysis, poly([P444VB][C5S]) was found to display rapid growth into 

microspheres upon an LCST-type phase transition, which resembles coacervate formation. The 

formation of coacervates by the LCST-type phase transition is often seen in some non-ionic 

polymers16,17. 

 However, our IL-derived polyelectrolytes in this study are unique beyond the classical 

thermoresponsive polymers since they form spherical nanoparticles in water even below the Tc, and 

the particle size can be tuned by solution temperature. This result means that PILs are not completely 

soluble in water below the phase transition temperature like PNIPAM, suggesting that the phase 

transition behavior mechanism is completely different from that of conventional nonionic temperature-

responsive polymers. In addition, the property of PILs that the size of spherical nanoparticles can be 

controlled by temperature below the Tc may lead to new applications. 

 

 
Figure 2-10 DLS profiles for poly([P444VB][C5S]) (3.0 wt%) upon increasing temperatures. 

 

 
Figure 2-11 Optical microscope images for poly([P444VB][C5S]) (5.0 wt %) at 30 oC (left) and after 

heating at 40 oC (right) at a magnification of 400 times. 
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2.6 Conclusion 
In this chapter, some thermoresponsive IL monomers and PIL were prepared and evaluated. Some IL 

monomers showing LCST-type phase transition with water were polymerized in order to obtain PIL. 

Most of PIL prepared using ILs showing LCST-type phase transition with water remained thermo-

responsivity. The Tc value of PILs was strongly affected by hydrophobicity of component ion as well 

as IL showing LCST-type phase transition with water. The PIL/water mixture showing LCST-type 

phase transition became turbid above the Tc. In the case of poly([P4446][MC3S]), when the aqueous 

mixture was kept above the Tc for 15 min, the mixture separated into two phases and a sol-like PIL-

rich phase was obtained. Phosphate buffer accelerated the phase separation rate of the PIL/water 

mixture. The resulting polymer-rich phase underwent reversible sol-gel transition with a slight change 

in temperature. The polymer rich phase contained 59 wt% water, suggesting that PIL after phase 

transition was not completely hydrophobic. Changes in the aggregation state of several PILs in water 

with temperature change was also evaluated. TEM measurements suggested poly([P444VB][C5S]) 

showing LCST-type phase transition with water forms aggregates even below the phase transition 

temperature in water. According to DLS and microscopic measurement, poly([P444VB][C5S]) was 

found to display rapid growth into microspheres upon an LCST-type phase transition, which resembles 

coacervate formation.  
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3.1 Introduction  
Through the design of their ion structure, I have prepared thermoresponsive PIL/water mixtures. PILs 

showing LCST-type-phase transition with water have a great potential to be used for various 

applications such as purification and extraction due to their temperature sensitive responsivity. In order 

to apply the temperature-responsive PIL for various purpose, it is necessary to control the phase 

transition temperature. As described in chapter 2, phase behavior and Tc value of PIL strongly 

depended on the total hydrophobicity of component ions. However, it should be limited to finely 

control the Tc value by only designing their component ions. 

 There are a few ways known to control the Tc value in the IL/water mixture system. For 

example, Ohno et al. reported that the Tc value of the thermoresponsive IL/water mixture can be 

control by the concentration of IL.1 Mixing ILs with different hydrophobicity was also found to be 

effective in controlling the Tc value. It is expected that the Tc value of the PIL/water mixture could be 

controlled in the same way. In this chapter, I would like to discuss how to finely control the Tc value 

of PIL by the methods which were effective in the IL/water system. In addition, the difference between 

copolymer and blend was pointed out. 
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3.2 Experimental 
Preparation of PILs 

The PILs which composed of single IL monomer species such as (poly(tetrabutylphosphonium 3-

sulfopropyl-methacrylate) (poly([P4444][MC3S])), poly(tributylhexylphosphonium 3-sulfopropyl-

methacrylate) (poly([P4446][MC3S])), poly(tributylvinylbenzylphosphonium 3-sulfopropyl-

methacrylate) (poly([P444VB][C5S])), and poly(tributyloctylphosphonium 3-sulfopropylmethacrylate) 

(poly([P4448][MC3S])) were prepared according to the methods as described in chapter 2. 

 Copolymer of [P4446][MC3S] and [P4448][MC3S] was prepared using solution in which 

corresponding IL monomers are mixed at different molar ratio, and polymerized. Polymerization is 

the same procedure as that in the chapter 2. The name of the copolymer was described as 

poly([P4446][MC3S]1-x-co-[P4448][MC3S]x); x = 0, 0.1, 0.2, 0.3, 0.4. 

 Poly(1-methyl-3-ethyl imidazolium 3-sulfopropylmethacrylate) (poly([C2mim][MC3S])) 

was prepared by ionexchange method. First, 3-sulfopropylmethacrylate potassium (K[MC3S]) was 

polymerized to obtain poly(K[MC3S]). Then, 1-methyl-3-ethyl imidazolium bromide ([C2mim]Br) 

was synthesized by quaternization reaction of 1-methyl imidazole and ethyl bromide. Then 1.35 fold 

mole of [C2mim]Br was added to the poly(K[MC3S]) aqueous solution and stirred vigorously for more 

than one night to allow the ion-exchange reaction. The prepared poly([C2mim][MC3S]) was purified 

by dialysis and freeze-drying. 

 One or two types of the obtained PILs were mixed at different molar ratios in pure water, 

salt solution, or buffer and stirred for more than 48 hours to give a homogeneous solution. The resulting 

solution was filtered using a Tefron® filter (Hole Diameter 0.20 μm, DISMIC -13 HP045AN, Toyo 

Roshi Kaisha Ltd.). 

 

 
Scheme 3-1 Ionic exchange between poly(K[MC3S]) and [C2mim]Br in order to obtain poly-

([C2mim][MC3S]). 

 

Preparation of NaCl solution 

NaCl purchased from Kanto Kagaku Co., Ltd. was used without purification. First, 7.01 g of NaCl 

was dissolved in 200 mL of pure water to prepare a 600 mM NaCl aqueous solution. Then the solution 

was diluted to prepare 300, 150, and 75 mM NaCl aqueous solution. 
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Preparation of Phosphate Buffer 

KH2PO4 was purchased from Wako Pure Chemical Industries, Ltd. and K2HPO4 was purchased from 

Kanto Kagaku Co., Ltd. Each reagent was used without purification. Each solution of KH2PO4 and 

K2HPO4 were prepared and mixed to a prepare phosphate buffer of the desired pH. The pH was 

measured with a pH meter (InLab ® Routine Pro, METTLER TOLEDO International Inc.). 

 

GPC measurement 

The weight-average molecular weight (Mw) and the number-average molecular weight (Mn) of the 

prepared PIL was measured by gel permeation chromatography (GPC) measurement using 

water/acetonitrile mixed (water/acetonitrile = 6/4) containing 50 mM LiCl as an eluent. The GPC 

curve was recorded by Shimadzu instruments equipped with Shimadzu SPD-20A UV-vis detector (λ 

= 215 nm), LC-20AD solvent delivery unit, and a poly(vinyl alcohol) gel column (Shodex Asahipak 

GF-7M HQ, 0.4 ml min-1). The column was heated at 40 oC using a column oven (Shimadzu CTO-

20AC). A calibration curve was prepared using PSS as a standard sample. Polydispersity index (PDI) 

is defined as Mw/Mn and is an indicator of the wideness of the molecular weight distribution. 

 

Table 3-1 Mn value, Mw value, and PDI of PILs used in this study. 

 Mn Mw PDI 

Poly([P4444][MC3S]) 2.6×105 4.1×105 1.54 

Poly([P4446][MC3S]) 7.9×104 3.6×105 4.50 

Poly([P4448][MC3S]) 3.8×105 8.7×105 2.29 

Poly([C2mim][MC3S]) 1.7×105 9.9×105 5.78 

 

Evaluation of phase transition behavior 

The phase transition behavior of the PIL/water mixtures was evaluated by the turbidity change of the 

solution. For turbidity measurement, an ultraviolet-visible V-660 of Japan Spectroscopy Co., Ltd. was 

used. The measurement was performed using a plastic cell with an optical path length of 10 mm, under 

following conditions; a wavelength of 600 nm, and a bandwidth of 2 nm. The phase transition 

temperature (Tc) was defined as the temperature at which the transmittance decreased to 90% under 

the heating speed of 2 oC/min. 
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3.3 Factors affecting phase transition temperature 
3.3.1 Concentration of PIL 
A concentration dependence of the phase transition behavior of PIL was first evaluated. Figure 3-1 

shows changes in the transmittance of aqueous mixtures containing different amounts of 

poly([P4446][MC3S]), determined by UV-vis spectroscopy. The Tc value was determined as the 

temperature at which the transmittance of the mixture fell below 90%. The transmittance of the mixture 

fell immediately when temperature close to the Tc. This sharp change in transmittance was one of the 

characteristic properties of suitably designed PILs. The Tc value decreased from 54 to 36 oC upon 

increasing the concentration of poly([P4446][MC3S]) from 2.5 to 20 wt%, The Tc value of monomeric 

and polymerized [P4446][MC3S] was 44 (see chapter 2 Table 2-1) and 40 oC (water content was 90 

wt%), respectively(Table 3-2). The Tc value of poly([P4446][MC3S])/water mixture were inversely 

proportional to the natural logarithm of the concentration of poly([P4446][MC3S]).  

 

 

Figure 3-1 Temperature-dependent change in transmittance of poly([P4446][MC3S]) in pure water 

upon heating. The polymer concentration was 20 (■), 10 (▲), 5 (▼), and 2.5 wt% (◆).  

 

Table 3-2 The Tc value of poly([P4446][MC3S]) in pure water determined by turbidity measurement 

and DSC measurement. 

Polymer concentration / wt% Tc / turbidity Tc / DSC 

2.5 54 - 

5 48 48 

10 40 42 

20 36 37 
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 The phase transition temperature of PNIPAM remains constant in the solution concentration 

range of 0.01 to 1 wt%, but phase change was slow when the concentration was lower. This is due to 

the fact that the coil-globule transition of PNIPAM takes around 30 microseconds, while the phase 

separation of aqueous solutions takes much longer as several milliseconds to several hundred 

milliseconds. That is, the phase separation is the rate-determining step of the entire process of 

temperature response. As the distance between molecules decreases with increasing concentration, the 

polymers aggregates earlier . On the other hand, this tendency was not observed in 

poly([P4446][MC3S])/water mixture. The Tc value changed with PIL concentration, but the temperature 

responsiveness did not change. It suggested that the phase transition of PIL differs from that of 

PNIPAM. The phase transition of PIL takes longer than the phase separation of aqueous solution and 

that phase transition would be the rate controlling process of the whole process. In addition, the 

findings that the phase transition of PILs is affected by the intermolecular distance suggested that the 

phase transition does not occur with a single pair of side chains and counterions. It is likely that the 

side chains and counterions interact with each other in a wide range of intermolecular distances. 

 The concentration dependence of the phase behavior was also evaluated using poly-

([P444VB][C5S]). A poly([P444VB][C5S])/water mixture was prepared at a lower polymer 

concentration than the poly([P4446][MC3S])/water mixture because of its high viscosity. As a result, 

the solutions with PIL concentration of 5 and 4 wt% showed a rapid change in transmittance at 

temperature near Tc. However, the decrease in transmittance became slow as the concentration of PIL  

 

 

 

Figure 3-2 Temperature-dependent transmittance change (λ = 600 nm) of poly([P444VB][C5S])/water 

mixtures upon heating. The polymer concentration (wt%) was 5 (■), 4 (▲), 3 (●), 2 (▼) and 1(►). 

Heating rate was 1 oC/min. 
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decreased to 3 wt% (Figure 3-2). The turbidity of the solution with a PIL concentration of 1 wt% was 

hardly changed (as seen in Figure 3-2; ▲) even heated up to 70 oC. The concentration-dependent in 

phase transition temperature of poly([P444VB][C5S]) was more distinct than that of poly-

([P4446][MC3S]) (Table 3-3). It was also found that poly([P444VB][C5S]) had a large concentration 

dependence on the phase transition behavior of PIL. The phase transition behavior of 

poly([P444VB][C5S]) is likely to be affected by the average intermolecular chain distance. Also in 

([P444VB][C5S]) system, The Tc value of PIL/water mixture were inversely proportional to the natural 

logarithm of the concentration of PIL as well as poly([P4446][MC3S])/water mixture. It was found that 

there is a fundamental property that the natural logarithm of the PIL concentration is inversely 

proportional to the Tc value of PIL/water mixture. 

 Figure 3-3 is photographs of a poly([P444VB][C5S])/water mixture with a PIL concentration 

of 3 wt%. As the solution is heated/cooled, the turbidity of the solution was slightly changed. Above 

45 oC, the phase transition temperature, the solution became opaque and bluish. Upon cooling to 35 °C, 

the solution turned transparent again. No precipitation was observed in the solution within the 

temperature range analyzed. Reversibility of phase behavior was also confirmed by transmittance 

measurements. 

 

 

Table 3-3 The Tc value of poly([P444VB][C5S]) in pure water determined by turbidity measurement. 

 Polymer concentration / wt% Tc / turbidity 

1.0 Not detected 

2.0 53 

3.0 41 

4.0 37 

5.0 32 

 

 

Figure 3-3 Visual appearances of poly([P444VB][C5S]) (3 wt% in pure water) upon varying 

temperatures from 35 oC to 45 oC. The transmittance of solution was c.a. 50 % at 45 oC. 
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3.3.2 Salt strength 
The effect of adding salt to the PIL/water mixture on its phase transition behavior was evaluated using 

NaCl and phosphate buffer. Firstly poly([P4446][MC3S]) was dissolved in NaCl aqueous solution 

containing various concentration of NaCl. The PIL concentration of the solution was fixed to 5 wt%. 

The transmittance of the solution was measured upon heating (Figure 3-4). In the range of salt 

concentration of 0 ~ 600 mM, all the solutions showed the LCST-type phase transition, and the 

transmittance decreased with increasing temperature. The transmittance rapidly decreased to almost 

0% at a temperature change of only about 2 oC near Tc. There are no salt strength dependence in the 

decreasing manner. The Tc value increased with increasing NaCl concentration in the solution. In 600 

mM NaCl aqueous solution, equivalent to seawater, showed 6 oC higher Tc than that in pure water. 

 

 

 
Figure 3-4 Change in transmittance of 5 wt% poly([P4446][MC3S]) after mixing with phosphate buffer 

having differing salt concentrations; salt concentration was 0 (■), 75 (▲), 150 (▼), 300 (◆), and 

600 mM (●). 

 

Table 3-4 The Tc value of poly([P4446][MC3S]) in NaCl solution having different salt concentrations 

determined by turbidity measurement. 

Salt concentration Tc / turbidity 

0 48 

75 49 

150 50 

300 54 

600 54 
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 In anticipation of its use in the biomaterials field, phosphate buffer containing 

KH2PO4/K2HPO4 was essentially used (pH = 7.0, polymer concentration 20 wt%). The Tc value of 

poly([P4446][MC3S])/buffer mixture was much lower than that in pure water while maintaining the 

same sensitivity of the phase transition (Figure 3-5). Table 3-5 shows that Tc was 33, 27, and 23 oC 

when poly([P4446][MC3S]) was mixed with phosphate buffers at salt concentrations of 100, 200, and 

300 mM, respectively. The buffer concentration and the Tc value of poly([P4446][MC3S])/buffer 

mixture were simple proportional. This trend was different from the relationship between the PIL 

concentration and the Tc value of PIL/water mixture. It is considered that the mechanism by which 

buffer concentration controls the Tc value of mixture is different from that of PIL concentration. 

 

 

 
Figure 3-5 Change in transmittance of 20 wt% poly([P4446][MC3S]) after mixing with phosphate 

buffer having difference salt concentrations; salt concentration was 0 (◆), 100 (▼), 200 (▲), and 300 

(■).  

 

 

Table 3-5 The Tc value of poly([P4446][MC3S]) in phosphate buffer having different salt the 

concentration determined by turbidity measurement. 

Salt concentration Tc / turbidity 

0 36 

100 33 

200 27 

300 23 
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 Yuan et al. reported that the Tc value for poly([P4444][SS]) increased dramatically upon 

adding KBr.2 This trend is opposite to that observed upon adding KH2PO4/K2HPO4 salts, implying 

that the kosmotropicity of the salts strongly influences the Tc value. KH2PO4/K2HPO4 become 

kosmotropic ions in water and the ions order the structure of water. Accordingly a salting-out effect 

leads to the dehydration of PIL which cause the phase transition temperature of PIL getting lower. On 

the contrary, KBr and NaCl become caotropic ions in water and cause a salting-in effect which increase 

the phase transition temperature of PIL. therefore, the Tc value of the aqueous PIL solution was 

proportional to the concentration of the added salt. The result that the Tc value was the same when 

NaCl concentration was 300 mM and 600 mM was probably because the salting-in effect reached the 

upper limit. 

 

 

3.4 Control of Phase Transition Temperature through Copolymerization 
of Ionic Liquid Monomers with Different Hydrophobicity 
It is necessary to precisely control the total hydrophilicity of component ions in order to design ILs 

that showing the LCST-type phase transition with water. It has also been suggested in the previous 

chapter that the total hydrophilicity of component ion of PIL affects their LCST-type phase transition 

with water in the same way. However, it is difficult to precisely control their hydrophilicity only by 

the ion design and to tune the phase behavior and Tc. In monomeric IL systems, Ohno et al. has 

achieved successive control of Tc by mixing ILs with different hydrophobicity. Based on this finding, 

I have attempted to control the phase behavior and Tc of PIL by copolymerization. 

 First of all, [P4446][MC3S] and [P4448][MC3S] were mixed at the desired ratio and then 

polymerized. The obtained PIL described as poly([P4446][MC3S]1-x-co-[P4448][MC3S]x (x = 0, 0.1, 0.2, 

0.3, or 0.4)) (Figure 3-6). The copolymer was mixed with pure water to obtain a PIL concentration of 

5 wt%, and the phase behavior with temperature change was analyzed. All the prepared copolymer 

solutions showed the temperature response and became turbid with increasing temperature. As shown 

in Figure 3-7, contrary to expectations, the phase transition sensitivity of each solution was the same 

regardless of the copolymerization ratio. It was suggested that even when PILs which are not 

temperature-responsive were copolymerized, they would undergo a phase transition in response to 

temperature if the total hydrophilicity of entire PILs was in the appropriate range. This result also 

supported the previous argument that the side chains and counterions interact over a wide range of 

intermolecular distances. Such sensitivity was not observed in the conventional non-ionic thermo-

responsive polymers which copolymerized with hydrophobic monomer in order to control the Tc 

value3,4. The Tc value of each PIL/water mixture decreased steadily with increasing the 

copolymerization ratio (Table 3-6). It was suggested that the hydrophobicity of component ions of IL 

monomer affected the phase transition temperature of PIL/water mixture as well as the IL/water 
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mixture and the Tc value of PIL can control by the copolymerization ratio of IL monomers having 

different hydrophobicity. 

 

 

 
Figure 3-6 Structure of poly([P4446][MC3S]1-x-co-[P4448][MC3S]x). 

 

 

Figure 3-7 Change in transmittance of poly([P4446][MC3S]1-x-co -[P4448][MC3S]x) in water upon 

heating. The x value was 0 (▲), 0.1 (●), 0.2(◆), 0.3(▼), and 0.4(■). 

 

Table 3-6 The Tc value of of poly([P4446][MC3S]1-x-co-[P4448][MC3S]x) (x = 0, 0.1, 0.2, 0.3, or 0.4) in 

pure water. 

x value Tc / turbidity 

0 48 

0.1 43 

0.2 40 

0.3 

0.4 

36 

31 
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3.5 Control of Phase Transition Temperature by blending Ionic Liquid-
Derived Polyelectrolytes having Different Hydrophobicity 
The PIL is composed of polyions and counterions, and the thermal responsiveness is affected by 

affinity and hydrophobicity, as described in the previous chapter. When several IL monomers are 

copolymerized, ion exchange may occur on the polymer chains. If this assumption is true, the Tc can 

be controlled very easily just by mixing. To verify the assumption, poly([P4446][MC3S]) and 

poly([P4448][MC3S]) were prepared and mixed. The PILs were mixed in desired molar ratios and were 

dissolved in water to give 5 wt% solution. When each solution was heated up to 50 oC, all solutions 

showed temperature response and became turbid (Figure 3-8). The change in transmittance with the 

increasing temperature of the solution was measured. The transmittance of the solution decreased 

rapidly near Tc. When the Tc value of the resulting mixture was compared with that of the 

aforementioned copolymer, both the copolymer and the mixture exhibited approximately the same Tc 

value when the ratios of [P4446][MC3S] were the same(Table 3-7). 

 The Tc value was the function of the hydrophobic PIL fraction in the mixture. This result 

clearly indicated that counterion exchange is occurred among poly([P4446][MC3S]) and poly([P4448]-

[MC3S]) in the mixture. Otherwise, the Tc value of the mixture should increase as the concentration 

of poly([P4446][MC3S]) decreases with the increase in the amount of poly([P4448][MC3S]) added. It is 

also suggested that the Tc value of the PIL/water mixture depends on the total hydrophobicity of the 

PILs in the solution and that Tc value can be controlled by only mixing PILs, if the hydrophobicity is 

appropriately adjusted. 

 

 

 
Figure 3-8 Change in transmittance of poly([P4446][MC3S])/ poly([P4448][MC3S]) blends in water 

upon heating. the mole fraction of poly([P4448][MC3S]) was 0 (▲), 0.1 (●), 0.2(◆), 0.3(▼), and 

0.4(■). 
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Table 3-7 The Tc value of of poly([P4446][MC3S]1-y/[P4448][MC3S]y) (y = 0, 0.1, 0.2, 0.3, or 0.4) in 

pure water. 

 y value Tc / turbidity 

0 48 

0.1 44 

0.2 41 

0.3 

0.4 

35 

31 

 

 

 Based on the above results, hydrophilic PIL (poly([P4444][MC3S]) and hydrophobic PIL 

(poly([P4448][MC3S])) were mixed to obtain the mixture showing LCST-type phase transition. Figure 

3-9 shows a transmittance change of the resulting PILs/water mixtures. When the molar ratio varied 

from equimolar to 4 : 6 or 6 : 4, all the mixture remains LCST-type phase transition. The Tc value of 

the solutions increased with increasing the ratio of hydrophobic PIL (Table 3-8). The sharpness of the 

phase transition of PILs/water was as sharp as that of poly([P4446][MC3S])/water mixture. This result 

clearly demonstrates the importance of the total hydrophobicity of ion composing PIL in the solution 

for showing the LCST-type phase transition. 

 

 

 

Figure 3-9 Change in transmittance of poly([P4444][MC3S])/poly([P4448][MC3S]) blends in water 

upon heating. the mole fraction of poly([P4448][MC3S]) was 0.4(▲), 0.5(■), and 0.6(●). 
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Table 3-8 The Tc value of of poly([P4444][MC3S]1-z/[P4448][MC3S]z) (z = 0.4, 0.5, 0.6) in pure water 

determined by turbidity measurement. 

The z value Tc / turbidity 

0.4 44 

0.5 

0.6 

37 

32 

 

 

 Finally, it should be remarked that the fine-tuning of LCST behavior, i.e., by blending 

hydrophobic and hydrophilic PILs, was observed not only in PILs with n-butyl-n-alkylphosphonium 

cations but also in PILs blended with highly hydrophilic poly([C2mim][MC3S]), in which [C2mim]+ 

was used as the counter cation. When an equimolar amount of poly([C2mim][MC3S]) was mixed with 

poly([P4448][MC3S]), the resulting blended PIL assumed underwent the LCST behavior and showed 

the Tc value at 64 °C. This value was much higher than that observed for any other blended PILs, 

reflecting the hydrophilic nature of the [C2mim]+-based PIL more extensive than that of [P444n]+-based 

ones. These results clearly suggest that LCST-type phase transition is possible even in hydrophilic 

alkylimidazolium-based PILs upon suitably blending them with hydrophobic PILs. The property of 

thermoresponsive PILs make it possible to easily add further functions to the aqueous mixture by 

simply blending other functional PILs. 
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3.6 Conclusion 
In summary, I have mentioned several methods to control the Tc value of the PIL/water mixture. The 

Tc value changed with PIL concentration, but the temperature responsiveness did not change. The 

natural logarithm of the PIL concentration is inversely proportional to the Tc value of PIL/water 

mixture. It suggested that the phase transition mechanism of PIL differs from that of PNIPAM, and 

the phase transition of PIL takes longer than the phase separation of aqueous solution and that phase 

transition would be the rate controlling process of the whole process. The findings that the phase 

transition of PILs is affected by the intermolecular distance suggested that the phase transition does 

not occur among only single pair of side chains and counterions. Adding salt is also effective and the 

Tc value greatly changed with increasing salt concentration. This result suggests that the ionic strength 

of the solution affect the phase transition behavior of the PIL. The kosmotropicity of the salts also 

strongly influenced the Tc value. Subsequently, when monomers having different hydrophilicity were 

copolymerized, the Tc value of thus prepared copolymer tended to decrease with an increase in the 

proportion of hydrophobic fraction of the PIL. However, unlike the case of the conventional 

temperature-responsive polymer, the phase transition behavior did not become low sensitive even if 

the ratio of the hydrophobic moiety increased. This result also supported the previous argument that 

the side chains and counterions interact over a wide range of intermolecular distances. At last, I showed 

that aqueous mixtures containing thermoresponsive poly([P4446][MC3S]), which underwent the LCST-

type phase transition, and water-immiscible poly([P4448][MC3S]) exhibited analogous LCSTs 

compared to those of the copolymerized PILs. This result clearly indicated that counterion exchange 

is occurred among poly([P4446][MC3S]) and poly([P4448][MC3S]) in the mixture. I also show that the 

Tc values of the blended PILs strongly depended upon the total hydrophilicity of the component ions.  
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4.1 Introduction  
Stimuli-responsive hydrogels that undergo reversible changes in their physicochemical properties 

have been broadly investigated for a variety of applications, such as “smart materials”. The hydrogel 

prepared using non-ionic thermoresponsive polymers represented by PNIPAM are well-known as 

thermoresponsive materials that show a LCST-type phase transition. The phase transition of 

thermoresponsive hydrogels are expected to be accompanied by a large volume change, the “smart 

gels” have been exploited specifically for biomedical fields such as drug delivery,1 tissue 

engineering,2,3 actuators, 4 enzyme immobilizations,5 and material separation systems.6  

 In spite of their potential for a variety of intriguing applications,7–9 little effort was paid to 

fabricate thermoresponsive hydrogels composed of wholly charged polymers. In fact, there was no 

report on hydrogel composed of charged polymers undergoing the LCST-type phase transition until 

the author began to prepare smart gel derived from ILs. Since polyelectrolytes have a higher affinity 

for water than nonionic polymers, charged polymer gels such as sodium polyacrylate can swell more 

water and are widely used as superabsorbent materials. If the water content of fully charged hydrogels 

can be reversibly controlled by temperature, the superabsorbent material can be reused in various 

application fields, making it an environmentally friendly material. It is also expected that the large 

water content change of the charged hydrogel can be utilized to further develop applications where 

conventional non-ionic thermoresponsive polymer hydrogels have been used. 

 In this chapter, I have examined the composition and preparation condition of the hydrogel 

using IL monomer which shows LCST-type phase transition with water. In addition, I have investigate 

necessary condition to prepare PIL hydrogels that reversibly undergo absorb/desorb water molecules 

via the LCST-type phase transition.  
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4.2 Experimental 
Materials 

Tributylhexylphosphonium 3-sulfopropylmethacrylate ([P4446][MC3S]), tributyloctylphosphonium 3-

sulfopropylmethacrylate ([P4448][MC3S]), and poly([P444VB][MC3S]) were prepared according to the 

methods described in chapter 2. Ethylene glycol dimethacrylate (EGM) and triethylene glycol 

dimethacrylate (TEGDM) were purchased from Tokyo Chemical Industry Co. 1,6-Hexylene 

dimethacrylate (C6M), 2,2’-azobis[2-(2-imidazoline-2-yl)propane] disulfate dehydrate (VA-046B), 

and ammonium persulfate (APS) were purchased from Wako Chemical Industry Co. 1,14-

Tetradecanediol dimethacrylate (C14M) and poly(ethylene glycol) dimethacrylate with the number-

average molecular weight of 550 (PEGDM) were purchased from Sigma-Aldrich Co. 2,2’-

Azobis(isobutyronitrile) (AIBN) and tetramethylene diamine (TEMED) was purchased from Kanto 

Chemical Co. AIBN was recrystallized with ethanol before use. All of other chemicals and solvents 

were used as received.  

 

Preparation of hydrogel by chemical crosslinking 

Both [P4446][MC3S] and pure water were mixed to exhibit a monomer concentration of 70 wt %, and 

crosslinker was added. The resulting mixtures were individually placed into a vial or plastic syringe 

(1 mL syringe; TERUMO Co.) and degassed by ultra-sonication. A free radical initiator was then 

dissolved in the mixture and the vial or syringe was sealed under N2 atmosphere. To induce gelation, 

the vial was heated up to 80 °C for a method where AIBN was used as an initiator, and the syringe 

was heated up to 50 °C for VA-046B, depending on the 10-hour half-life temperature (T10) of each 

initiator, i.e., AIBN with T10 of 65 °C and VA-046B with T10 of 46 °C. When APS/TEMED was used, 

the gelation reaction was carried out at room temperature. After the gelation reactions, the resulting 

PIL hydrogels were removed off from the vials or syringe and soaked in pure water. After the 

equilibrium soaking of water into the hydrogel, the visual appearances of the resulting PIL hydrogels 

were confirmed. When the hydrogels did not crack after water absorption, temperature-dependent 

water pumping behavior was further investigated by heating the gels to induce the LCST-type phase 

transition 

 

Preparation of hydrogel by electrostatic interaction 

Poly([P444VB][MC3S]) was used as a matrix and [P4446][MC3S] was used as a monomer. AIBN was 

used as the polymerization initiator at 1 mol% to IL monomer. The other procedure is the same as 

described above. 

  

Preparation of hydrogel using both covalent bonding and electrostatic interaction 

Poly([P444VB][MC3S]) was used as a matrix and [P4446][MC3S] was used as a monomer. PEGDM 



Chapter 4  Design of thermoresponsive hydrogel derived from ionic liquids 

73 
 

was used as the crosslinking agent, and AIBN was used as the polymerization initiator at 1 mol% to 

the IL monomer. The other procedure is the same as described above. 

 

Determination of the phase transition temperature of PIL gels (Tc’) 

The Tc’ values were determined from characteristic endothermic peaks of LCST-type phase transition 

using DSC during heating the PIL hydrogels. The heating rate was 1 °C min-1 from 20 to 60 °C.  

 

Evaluation of water content of the hydrogel 

The water content of the PIL hydrogel was determined by measuring the weight of water-saturated gel 

(Wwater+polymer) and dry gel (Wpolymer) with the following equation.  

(Wwater+polymer - Wpolymer)/Wpolymer.  

The Wpolymer was measured after the hydrogel was freeze-dried for at least 48 hours to completely 

remove water. 
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4.3 Effect of preparation method on phase transition behavior of 
hydrogels 
4.3.1 Crosslinking method 
There are such three main methods to prepare polymer networks as (i) a method for forming a chemical 

crosslinking through covalent bonding (chemical gel), (ii) a method for physically forming a crosslink 

by electrostatic interaction or physical entanglement of a polymer (physical gel), and (iii) a method by 

combining above mentioned ones. PIL gels prepared using these three methods were examined to 

study the temperature response, phase transition temperature, and appearance of the hydrogels. 

 

(i) Gels formed by chemical crosslinking 

First, I sought a suitable synthetic procedure to obtain PIL gels by varying conditions such as species 

of the crosslinkers. I firstly selected dimethacrylate-type crosslinker 1,14-tetradecanediol 

dimethacrylate (C14M). When PIL gels were prepared by mixing IL monomers; C14M and AIBN, the 

resulting gels became so rigid that we could not handle them. Instead, IL monomers were mixed with 

pure water to reach the water content of 20 wt% and the resulting solution was degassed with ultra-

sonication. Both 1 mol% AIBN and 3 mol% C14M were then added to the reaction mixture. 

Polymerization was carried out in glass vials at 80 oC for 1h under a nitrogen atmosphere. Self-

standing gels were obtained and were easily detached from the vials (Figure 4-1 left). When a larger 

amount of crosslinking agent was added, the flexibility of the gel decreased and accordingly the gel 

was easily broken into pieces after taking from vial. (Figure 4-1 right). When the gels were heated, 

the entire gels gradually became white. This phenomenon was also observed when the PNIPAM 

hydrogel was heated above the phase transition temperature. Therefore, the PIL gel prepared by 

chemical crosslinking were found to maintains thermal responsiveness. On further heating, there was 

leaching out of the water with volumetric shrinkage. After holding them at 60 oC, the gels were broken 

down into small fragments by a large volume change. Improving the mechanical strength of the gel 

will prevent fragmentation, while adding too much crosslinking agent will cause the gel to become  

 

 

 

Figure 4-1 PIL gels prepared with 1 mol % of C14M (right) and 3 mol % of C14M (left). 
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too rigid, leading to fragmentation and making it difficult to undergo a volume phase transition. In 

order to prepare PIL hydrogel with excellent temperature response and mechanical strength, it is 

important to optimize the type and amount of crosslinking agent. These considerations will be 

discussed later. 

 

(ii) Gels formed by electrostatic interaction 

It is known that physical gels show a sol-gel transition due to temperature change because the bonding 

of crosslinking points is generally reversible. Therefore, the physically crosslinked PIL gel may show 

a flexible volume change when the water is released. Meanwhile, conventional polyion complexes, 

which are complexes of polyanions and polycations, are widely used mainly as membranes for 

batteries, humidity sensors, antistatic coating, hemodialysis, and artificial lung. The polyion complex 

is generally a water-insoluble solid because it has many interaction points between opposite charges 

on the polymer chains. In fact, when [P444VB][MC3S] was polymerized in Chapter 2, a water-

insoluble polymer was obtained. Therefore, it is necessary to adjust the amount of interaction between 

polyanions and polycations in order to prepare flexible hydrogels. 

 For the above-mentioned purpose, poly([P444VB][MC3S]), [P4446][MC3S], and AIBN were 

mixed. The AIBN was used as a radical initiator at 1 mol% of IL monomer. Water was added to the 

mixture (30 wt%) and heated at 80 °C for 1 h to polymerize. A 5 mL glass vial was used for preparation. 

Figure 4-2 shows photographs of the resulting gel where poly([P444VB][MC3S]) was [P4446][MC3S] 

in a ratio of the repeating units of 1: 10. The saturated swelling PIL gel was too soft to stand on. When 

the gel was heated, a large amount of water was released while the gel became turbid, suggesting that 

the thermoresponsiveness was maintained. However, when it was held at high temperatures the gel 

gradually failed to endure volume changes and fractured. The gel did not recombine even when it was 

soaked in water again. The volume change induced by the phase transition of the physically 

crosslinked gel was larger than that of the chemically crosslinked gel. This suggested that the  

 

 

 

Figure 4-2 Visual appearance of PIL gel before (A) and after (B) heating. 
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flexibility of the physically-crosslinked gel facilitates the leaching out of water caused by the phase 

transition of the PIL. It was also found that the reformation of physical crosslinks after swelling was 

not carried out. In order to improve the strength of the gel by increasing the crosslinking point, the 

molar ratio of poly([P444VB][MC3S]) to [P4446][MC3S] was raised and mixed, however, the solution 

before polymerization did not become uniform and the gel could not be produced. 

 

(iii) Gels formed using both covalent bonding and electrostatic interaction 

The gel formed the crosslinking through electrostatic interaction was not strong enough, whereas the 

amount of water in the gel was very large. Therefore, it was attempted to form gels with a crosslinking 

points by both chemical and physical interaction. I have prepared gels containing linear polycations, 

network polyanions and monocations by the radical polymerization of poly([P444VB][MC3S]), 

[P4446][MC3S], and crosslinker. 

 First, poly([P444VB][MC3S]) and [P4446][MC3S] were mixed in a molar ratio of 1 : 10, and 

PEGDM was added (0.05 mol% to IL monomer). The resulting gel remained rigid after swelling with 

water. The gel became turbid by heating, suggesting that the thermoresponsivity was maintained. The 

gel continued to shrink when heated, causing cracks on the gel surface. Hence, the gel was prepared 

by changing the ratio of poly([P444VB][MC3S]) to [P4446][MC3S] as well as the amount of crosslinking 

agent. The optimum crosslinking ratio was proposal by the results. Figure 4-3 shows photographs of 

the resulting hydrogels. As a result, the gel prepared by mixing poly([P444VB][MC3S]) and 

[P4446][MC3S] at a molar ratio of 1: 50 and adding 0.10 mol% of a chemical crosslinking agent to an 

ionic liquid monomer became a self-standing gel and had appropriate elasticity. When the gel was  

 

 

 

 
Figure 4-3 visual appearances of chemically and physically crosslinked PIL gels. 
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heated up to 60 oC, an LCST type phase transition occurred and the gel became turbid. However, water 

was not released even when the gel was heated further up to 70 oC. Therefore, a gel having both 

mechanical strength and showing reversible water absorption could not be obtained by this method. 

 

4.3.2 Effect of crosslinker and radical initiator 
It can be expected that not only the properties of the monomer used here but also the properties of the 

reagent to be added such as the polymerization initiator or crosslinking agent strongly affect the 

properties of the obtained hydrogel. Therefore, the effects of the crosslinking agent and the 

polymerization initiator on the physical properties of the gel were evaluated. the PIL gels were 

prepared using the method for chemically forming the crosslinked structure which showed relatively 

good properties in the previous section. Figure 4-4 shows the structures of the crosslinking agent and 

the polymerization initiator used in this section. Five kinds of dimethacrylate crosslinking agents with 

different spacer lengths and repeating structures of spacers were used. Also time different 

polymerization initiators were used. 

 The effect of crosslinker species on the stability of the PIL hydrogels has first been 

investigated, where AIBN has been used as an initiator (method 1 to 5). Since AIBN is often used to 

prepare PNIPAM gels, it was also used in this study. AIBN is an insoluble polymerization initiator in 

water, but was soluble in aqueous IL monomer solutions. Both EGDM and TEGDM with relatively 

short spacers made the hydrogel fragile and stiff, resulting in complete fragmentation when soaking 

them in pure water. I then did not further investigate these hydrogels. The PIL hydrogels with C6M 

and C14M were stable and did not undergo fragmentation after soaking in pure water. However, once 

the PIL hydrogels were heated to induce  

 

 

 
Figure 4-4 Chemical structures of crosslinker and radical initiator used here. 
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Table 4-1 List of synthetic methods and water absorption/desorption reversibility of thermoresponsive 

PIL hydrogels  

Method # 

Crosslinker Initiator 
Water pumping 

reversibility Name 
Concentration 

(mol% to IL) 
Name 

Concentration 

(mol% to IL) 

1 EGDM 1.0 ~ 3.0 AIBN 0.1 ‒a 

2 TEGDM 1.0 ~ 3.0 AIBN 0.1 ‒a 

3 C6M 1.0 ~ 3.0 AIBN 0.1 ‒a 

4 C14M 1.0 ~ 3.0 AIBN 0.1 ‒a 

5 PEGDM 0.1 AIBN 0.1 +b 

6 PEGDM 0.1 APS/TEMED 0.3/0.4 ‒a 

7 PEGDM 0.1 VA-046B 0.1 +b 

aThese gels were fragile and did not show reversible absorption/desorption of water; bThese gels 

reversibly absorbed/desorbed water.  

 

 

the LCST-type phase transition, they were fragmented while desorbing water. Although the spacer 

lengths of C6M and C14M were about doubly different, the effect of the spacer length in this range on 

the strength of the swollen gels seemed to be small. Then, I changed the crosslinker to PEGDM having 

sufficiently long ethylene glycol spacer. The spacer structure was changed from alkyl chains to 

ethylene glycol chains to improve the water affinity. However, the resulting PIL hydrogels with 1 

mol % of PEGDM were also rigid and fragile. On the other hand, it is confirmed that relatively stable 

PIL hydrogels showing reversible water pumping behavior can be prepared when 0.1 mol% of 

PEGDM is used as a crosslinker (method 5). The PIL hydrogel reversibly absorbs/desorbs water upon 

temperature change, but after fifth absorption/desorption cycles, the hydrogel was fragmented. Since 

the polyethylene glycol chain is more hydrophilic than the alkyl chain, the gel can retain water during 

both swelling and shrinking. This is considered to reduces volume change of the gel and thus 

suppresses fragmentation. Note that when concentration of PEDMG was smaller than 0.1 mol%, the 

gel became too soft to self-standing. From the above results, it was found that the hydrophilicity and 

the amount of cross linker were important to control the mechanical strength of hydrogel, while the 

effect of their spacer length were little.  

 As [P4446][MC3S] shows LCST behavior with water, the monomer is phase-separated from 

water during polymerization when AIBN is used as an initiator due to active temperature (~ 60 oC). 

The polymerization, therefore, proceeds under heterogeneous conditions. Such heterogeneous gelation 

reaction was also exploited for Gemini-dicationic PIL systems by Yuan’s group.10 Although there is 

still no data on the mechanical stability of the gels upon temperature change, the heterogeneity of the 
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reaction mixtures should be ascribed as one of the issues to make the hydrogels fragile, upon 

considering my current investigations. 

 AIBN was then replaced by two different types of initiators (i.e., APS/TEMED and VA-

046B) for radical polymerization at lower-temperature so that the gelation was carried out under a 

homogeneous state. The PEGDM-type crosslinker (0.1 mol %) was used in all the following systems 

because it provided relatively stable PIL hydrogels based on the aforementioned results. The gelation 

was undertaken at room temperature for APS/TEMED system and at 50 °C for the VA-046B system, 

during which the reaction mixture remained a homogeneous state in both cases. When APS/TEMED 

was applied for the gelation (method 6), the resulting mixture was still liquid state and did not undergo 

gelation regardless of the initiator concentration tested. Against this, a mechanically stable, transparent, 

and thermoresponsive PIL hydrogel was obtained by employing VA-046B in the system (method 7). 

As Figure 4-5 shows, the gel had excellent mechanical strength and showed little change in 

appearance even after 10 cycles of swelling and shrinking. Therefore, it was found that the reduction 

of the heterogeneity of the structure of the gel by polymerization in a homogenous state improves the 

resistance of the volume change of the gel.  

 

 

 

Figure 4-5 Visual appearances of PIL gels prepared by method 7 before and after 10 times 

swelling/shrinking process. 
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4.4 Control of phase transition temperature by copolymerization 
The control of Tc value is very important when considering the wide application of PIL gel as a 

temperature-responsive material. In the previous chapter, the author showed that copolymerization of 

ionic liquid monomers with different hydrophobicity was effective in controlling the Tc value of PILs. 

It was also cleared that increasing the ratio of hydrophobic fraction in PILs tended to decrease the Tc 

value linearly. Therefore, in this section, the ionic liquid monomers, [P4446][MC3S] and [P4448][MC3S] 

having different hydrophobic cations, were copolymerized and evaluated the effect of the obtained 

PIL gel on Tc. 

 The two types of IL monomer, [P4446][MC3S] and [P4448][MC3S], were mixed in a molar 

ratio of 10: 0, 8: 2, and 6: 4, and polymerize them according to the method 4 or the method 7 (see in 

Table 4-1) to prepare PIL gels. The obtained gel was soaked in pure water for 24 hours or more to 

saturate and then, the Tc value was determined by DSC measurement. The phase transition 

temperatures of each prepared PIL gel are shown in Table 4-2. In the gel prepared by the method 4, 

the Tc value changed almost linearly with the fraction of [P4448][MC3S], similar to the linear polymer 

system as described in the previous chapter. On the other hand, in the PIL gel prepared by method 7, 

endothermic peaks attributable to phase transitions could not be identified during DSC measurement. 

It might be because the saturated water content of the gel was very high and the amount of polymer in 

the gel was small when it was separated into the sample pan. However, it was confirmed that the phase 

transition occurred because the whole gel was turbid when heated. When the gels using only 

[P4446][MC3S] as monomers were compared, the Tc value differed by approximately 20 oC. The gels 

prepared by the method 7 showed higher Tc value than that by the method 4. This suggests that the 

polymerization initiator and crosslinker also affect the Tc value of PIL gels and the effect is not small. 

On the other hand, when the molar ratio of [P4446][MC3S] to [P4448][MC3S] was 6:4, the phase  

 

 

Table 4-2 The Tc values of PILs gel  

[P4446][MC3S][P4448][MC3S] Tc / oC 

AIBN, C14M (method 4)  

10 : 0 47 

8 : 2 44 

6 : 4 37 

VA-046B, PEGDM (method 7)  

10 : 0 c.a. 65 *1 

8 : 2 c.a. 55 *1 

6 : 4 c.a. 35 *1 

*1 visually determined value  
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transition temperatures were almost the same in spite that the measurement methods were different. 

This result indicates that the structure of polymerization initiator and crosslinker also contribute to the 

Tc value. 

 The change of saturated water content in PIL gels prepared with VA-046B and PEGDM was 

found to be proportional to the [P4446][MC3S] fraction (Table 4-3). As the hydrophilicity of the 

polymer chains increases, more amount of water retained. The amount of water in poly([P4446][MC3S]) 

gel which calculated from water content was 99.6 wt%. In the previous chapter, I found that the Tc 

value of PIL/water mixture can be controlled by PIL concentration. For example, 

poly([P4446][MC3S])/water mixture showed the Tc value at 54 °C when a polymer concentration was 

2.5 wt%, and the Tc value of poly([P4446][MC3S])/water mixture were inversely proportional to the 

logarithm of the concentration of poly([P4446][MC3S]). According to the calibration curve calculated 

by the results, the Tc value when a polymer concentration was 0.4 wt% should be 70 °C. Considering 

this value, the Tc value of 65 °C for the poly([P4446][MC3S]) gel is low. It was suggested that the Tc 

value of PIL is affected by polymer structure. This property is particularly unique for PILs showing 

the LCST-type phase transitions with water. In the case of PNIPAM, polymer structure has little effect 

on the phase transition temperature. The Tc value of hydrogel and linear polymer in water are almost 

the same, around 32 °C. In addition, the Tc value of the poly([P4446][MC3S]0.6-co-[P4448][MC3S]0.4) 

gel was much lower than that of poly([P4446][MC3S]) gel, although the amount of water in the gel, 

99.5 wt%, was almost the same as poly([P4446][MC3S]) gel. It is found that the Tc value of PIL gel is 

much more sensitive to water content than that of PIL/water mixture.  

 

 

Table 4-3 Water content of PIL gel which is a fully swollen state. 

[P4446][MC3S][P4448][MC3S] Water content (g/g) 

VA-046B, PEGDM  

10 : 0 275 

8 : 2 221 

6 : 4 191 
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4.5 Semi Reversible Changes of Water Content in PIL gels 
In PIL gels, polymer chains are entangled by a crosslinked structure. In addition, the internal structure 

of PIL gels is more complex than that of IL monomer/water mixtures and that of PIL/water mixtures. 

Therefore, the volume phase transition caused by the phase transition (phase separation in the solution 

system) is expected to be slow. Moreover, since the polymerization initiator and crosslinker affected 

the phase transition temperature, they may also affect the behavior of the volume phase transition. 

Therefore, I evaluated the phase transition behavior by measuring the temperature dependence of the 

water content of PIL gels. The prepared PIL gels were kept at 6.5 oC for more than 72 hours to reach 

a saturated water swollen state, and then weighed after 30 minutes at every temperature. Five samples 

were used for each evaluation, and the average value was used for discussion. 

 Figure 4-6 shows the water content of the PIL gels ([P4446][MC3S]:[P4448][MC3S] = 6:4) 

prepared by method 4. Compared with the PIL/water mixture system reported in the previous chapter, 

the water content of the PIL gel changed slowly over a wide temperature range. This slow and wide 

response is thought to be due to the inhomogeneous network structure of the gel. It was suggested in 

the previous chapter that the intermolecular distance is important because the polymer concentration 

affects the phase transition temperature. When there is a variation in the intermolecular distance of the  

 

 

 

 
Figure 4-6 Change in water content of poly([P4446][MC3S]0.6-co-[P4448][MC3S]0.4) gel prepared by 

method 4 upon heating for 30 min. 
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gel, the phase transition will occur over a wide temperature range. The change in water content was 

not constant between 6.5 oC to 60 oC, and the largest change in water content was observed around the 

Tc value as seen in the figure. The gel released about 9 times its own weight of water when the 

temperature was raised from 6.5 oC to 60 oC. The water content of the gel at 60 oC was less than 1wt%. 

Thus, the water content of the gel decreased by 90% by heating. The large volume change associated 

with the phase transition was thought to be the cause of the cracks in the gel. 

 The PIL gel prepared by method 7 ([P4446][MC3S]:[P4448][MC3S] = 5 : 5) had higher water 

content at all temperatures than the gel prepared by method 4. The gel gradually released water over 

a wide temperature range (Figure 4-7). When the hydrogel was heated from 6.5 oC to 60 oC, the 

amount of released water was about 110 times its own weight, but it still held 170 times its own weight 

in water even at 60 oC. This means that the volume change of the gel prepared by method 7 was small 

as compared to the gel prepared by method 4. This small volume change made PIL gel able to adsorb 

and desorb water repeatedly. 

 

 

 

 

 

Figure 4-7 Change in water content of poly([P4446][MC3S]0.5-co-[P4448][MC3S]0.5) on heating for 30 

min. 
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 Since the PIL gels prepared by method 7 did not show any crack during shrinkage, the water 

absorption behavior of the PIL gels was subsequently evaluated. The change in water content of the 

gel with time is shown in Figure 4-8. The gel began to absorb water slowly when it was immersed in 

water at room temperature, and reached a saturated state after about 150 minutes. The swelling seems 

to be caused by the natural diffusion of water in polymer network chain, whereas the shrinkage was 

induced by the repulsive force generated by phase transition. 

 

 

Figure 4-8 Swelling profile of poly([P4446][MC3S]0.6-co-[P4448][MC3S]0.4) at room temperature. 
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4.6 Repeated Changes of Water Content in the PIL gel 
Finally, the continuous change in water content of the PIL gel in response to temperature was evaluated. 

Figure 4-9 summarizes the change of the water content of poly([P4446][MC3S]0.5-co-[P4448][MC3S]0.5) 

gels prepared by method 7 by temperature cycling. The water content of the water-saturated hydrogel 

was 280. The gel oozed a certain amount of water at 50 °C. The average water content was calculated 

to be 242 after desorption at 50 °C. The gel oozed more water by further heating, but the reversibility 

of water pumping was evaluated at a temperature between 5 and 50 °C. The change in water content 

during swelling and shrinking was almost the same during the 10 cycles. In addition, this hydrogel 

was found to be stable without generating any crack even after absorption/desorption cycles for more 

than 10 times. It can be claimed, therefore, that suitably prepared PIL hydrogels in this study can 

undergo reversible water pumping without degradation. It should be noted that the water content in 

the hydrogel was sometimes fluctuating as shown in Figure 4-9. Before measuring the water content 

of the hydrogel, the excess amount of the oozed water on the gel was wiped off. This process might 

cause experimental errors.  

 As described above, I succeeded in fabricating PIL gels that reversibly adsorbs and desorbs 

water. The water pumping mentioned here would provide a new platform to fabricate a wide variety 

of hydrogels based on these PILs. 

 

 
Figure 4-9 Swelling/shrinking behavior of poly([P4446][MC3S]0.5-co-[P4448][MC3S]0.5) gel upon 

temperature change between 5 oC and 50 oC. 
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4.7 Conclusion 
This chapter mentions the formation method of crosslinked gel structure and the control of physical 

properties targeting long life PIL hydrogels. Then, the excellent temperature response of the obtained 

PIL gel was evaluated. Through careful selection of both radical initiators and crosslinkers, as well as 

the reaction procedures, some mechanically stable thermoresponsive PIL hydrogels that reversibly 

absorb/desorb water molecules by moderate temperature change have been prepared. It was confirmed 

that the gels that continuously absorb/desorbed water have smaller volume changes during saturated 

swelling and shrinkage than the gels easily fragmented after first swelling. Such materials capable of 

inducing changes of the chemical environment with small temperature change. They have potential 

for various applications.  
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This thesis mentioned the design of polymerized ionic liquids (PILs) to show temperature-sensitive 

lower critical solution temperature (LCST)-type phase transition in water and the chemical control of 

their transition Based on the obtained results, the preparation method of the thermoresponsive 

hydrogel was summarized. Through the physicochemical evaluation of its temperature-responsive 

behavior, the physicochemical propertied of PIL hydrogel were also discussed.  

 

 Chapter 1 gave a general introduction of conventional non-ionic polymer showing 

LCST-type-phase transition with water, themoresponsive IL, and PIL. Then the objective of this 

thesis was also outlined. 

 

 In Chapter 2, the phase behavior of the ILs monomer and the resulting PILs was evaluated. 

In addition, the aggregation state of PIL in water was analyzed by various methods. Some IL 

monomers showed LCST-type phase transition with water and the thermoresponsivity was 

confirmed to be maintained after polymerization. Consequently, the polymer was found to aggregate 

in the water even in the under the phase transition temperature. 

 

 In Chapter 3, the factors to control the phase transition temperature of PIL/water mixtures 

were discussed. It was confirmed that the phase transition temperature of the PIL/water mixture can 

be controlled by some methods such as adjusting the PIL concentration, adding an inorganic salt, and 

copolymerizing monomers having different hydrophilicity. In addition, it was clarified that the phase 

behavior with water could be controlled by blending PILs with different hydrophilicity. It was 

clearly confirmed that it is possible to give a temperature response to PILs that are not showing the 

LCST-type phase transition by adjusting the hydrophilic and hydrophobic properties within an 

appropriate range by blending. 

 

 In Chapter 4, adequate cross-linking methods and additives were explored for the purpose 

of obtaining a thermoresponsive PIL hydrogel capable of continuous use. The gel prepared by 

chemical cross-linking was the easiest to handle. The phase behavior of the PIL hydrogel with 

temperature change was evaluated. This gel retained water 280 times its weight below the phase 

transition temperature and discharged 14% of the water upon heating above the phase transition 

temperature. In addition, water was continuously adsorbed and desorbed for 10 times or more by the 

temperature change. 

 

 All the results discussed in this thesis lead to a conclusion that PILs showing the 

LCST-type phase transition with water provides new class of thermoresponsive polymer as 

thermoresponsive polymers which easily control their phase transition temperature with temperature 
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sensitivity. These materials surely expand both scientific interest and advanced applications. 

Particularly, thermally phase transition of water/charged species is extremely useful for different 

applications and different temperature range from non-ionic systems. Dynamic change of hydration 

state of the ionic environment may induce additional switching of many functions via change of 

electrostatic interaction force derived from the change in hydration state. I believes that diverse 

functional applications can be designed with this PIL showing LCST-type phase transition with 

water. 
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