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PREFACE 

The present thesis embodies the obtained results of my research works 

towards the designing and synthesis of ionic liquids, ionic liquid monomers and 

poly (ionic liquid)s bearing different functional moieties and investigation of their 

stimuli-responsive behaviors in solution. I have mainly used conventional free 

radical and reversible addition-fragmentation chain transfer polymerization 

techniques to polymerize the ionic liquid monomers and also copolymerized these 

monomers with other conventional non-ionic monomers to synthesize various 

new poly(ionic liquid)-based copolymers. I then thoroughly examined the phase 

transition behavior of the synthesized polymers in aqueous and non-aqueous 

medium in response to two different external stimuli, temperature, and ion; and 

also investigated their stimuli responsive nanostructure formation. Further, I 

have also studied ionic conductivity and relaxation behaviors of several poly 

(ionic liquid)-based copolymers and investigated their potential applicabilities to 

be used as solid-state polymer electrolytes. Regarding other applications, I have 

demonstrated the capabilities of ionic liquids and poly(ionic liquid)s to be utilized 

as efficient photoinitiators  for polymerization of different vinyl monomers in 

aqueous medium. Further I have shown the applicabilities of various ionic liquid-

crosslinked polyionic hydrogels towards the removal of several charged organic 

dyes from aqueous media. The whole research work has been conducted at the 

School of Chemical Sciences, Indian Association for the Cultivation of Science, 

Jadavpur, Kolkata. I would like to express my sincere gratefulness to my advisor 

and mentor, Prof. Tarun Kumar Mandal, for his continuous encouragement, 

endless support, valuable ideas, freedom to work and help throughout my 

graduate career. It would have been really impossible to reach thus far without 

his tireless effort, invaluable guidance, and constant inspiration in this entire 

journey of my research work. 
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Kolkata, India for providing me the essential fellowship to finish my research 
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Abstract 

In recent years, the development of ionic liquids (ILs) and/or poly(ionic liquid)s 

(PILs) have enriched some areas in polymer science, material science and 

materials-engineering. PILs show the unique properties of ionic liquids with the 

benefits of macromolecular architectures and provide excellent physicochemical 

properties that are of immense potential for their applications as stimuli-

responsive materials, solid electrolytes, dispersant and stabilizer, adsorbent 

materials, precursor for carbon materials and porous polymers, etc. 

Thus, the present thesis describes the design and synthesize of new types of 

ionic liquids (ILs) and/or poly (ionic liquids) (PILs), their stimuli-responsive 

behaviours and explores the role of macromolecular engineering in the 

development of novel polymer materials with the desired combination of 

properties for advanced applications. The main aim of this thesis is to synthesize 

a series of new stimuli-responsive ionic liquid-based random copolymers of 

different architectures via RAFT polymerization of an ILM with a variety of 

hydrophilic or hydrophobic monomers followed by the investigation of these 

PILs with regards to their stimuli-responsiveness, particularly in solution under 

different external stimuli such as temperature and ionic strength. This follows by 

the polymerization of an ionic liquid monomer into nonionic-ionic type random 

copolymers with varying composition of monomers followed by the investigation 

of their ionic conductivities as a function of different parameters. Further 

development of new photoinitiating ILs and PILs along with the detailed study of 

the photoinitiation mechanism and comparative photoinitiating abilities in 

aqueous medium are described along with eexploration of PIL as 

macromolecular photoinitiator towards the development of different types of 
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thermoresponsive graft copolymers. Finally, new cross-linkable ILMs and their 

successive use to fabricate hydrogel adsorbents for the removal of dyes are 

described.  

 Chapter 1 provides a quick overview on the general aspects of ILs and PILs. 

This chapter also includes a brief overview of the design and synthesis strategies 

for different types of ILs, ionic liquid monomers (ILMs) in particular, PILs via 

conventional free radical or controlled radical polymerization (e.g. RAFT) of ILMs. 

The different properties of ILs/PILs, particularly in connection with their ionic 

conductivity and stimuli-responsiveness are described in detail. This section also 

concentrates on the recent developments on water-soluble photoinitiators and 

fabrication of polymeric hydrogel adsorbents which are potential for advanced 

applications. Finally, the chapter ends with precise descriptions of various 

potential applications of ILs/PILs. 

Chapter 2 describes the synthesis of a series of PIL, P[VBTP][Cl]- based 

random copolymers containing conventional polymer segments namely, 

P[VBTP][Cl]-ran-PMMA, P[VBTP][Cl]-ran-PS, P[VBTP][Cl]-ran-PHEMA and 

P[VBTP][Cl]-ran-PNIPAM of varying compositions via RAFT polymerization 

technique. The incorporation of only a very small percentage of ionic P[VBTP][Cl] 

segment into these copolymers enable the solubilization of hydrophobic polymer 

PMMA/PS segments in MeOH/water and hydrophilic PHEMA segment in water 

regardless of their molecular weights. Further, the copolymeric solutions 

undergo aggregation resulting in turbidity in the presence of externally added 

halide ions and experience phase transitions from turbid suspension to 

transparent solution upon heating, revealing the appearance of UCST-type phase 

behaviours due to the insertion of PIL (P[VBTP][Cl]) segment. The cloud point of 

UCST transitions in these copolymers are tunable with respect to various 

parameters such as content of ionic segment (copolymer composition) as well as 
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concentrations of added halide anions. On the other hand, P[VBTP][Cl]-ran-

PNIPAM copolymers show a composition dependent dual thermo- and ion-

responsive phase behaviour. The copolymers with low ionic PIL contents show 

only inherent LCST behaviour of PNIPAM with tunable cloud points by the 

addition of varying amount of Cl- anion. However, the copolymer with 

moderately high ionic PIL content exhibits both LCST-type behaviour, inherent to 

PNIPAM segment as well as UCST-type behaviour arising from PIL (P[VBTP][Cl]) 

segment simultaneously in the presence of halide anion. Overall, the 

development of a large varieties of dual ion- and thermo-responsive copolymers 

with tunable cloud point due to introducing the PIL segment with easily available 

and cheaper conventional polymer segments, opens up the possibility of making 

varieties of new smart materials towards sensor, drug delivery and other useful 

applications.  

Chapter 3 describes the polymerization of an ionic liquid monomer 

[VBTP][Cl] with a hydrophobic monomer MMA using both free radical 

polymerization as well as reversible addition-fragmentation chain-transfer 

(RAFT) polymerization methods to synthesize a series of ionic-nonionic type 

random copolymers (namely P[VBTP][Cl]-ran-PMMA) comprising of ionic PIL, 

P[VBTP][Cl] segment and non-ionic PMMA segments. The influence of copolymer 

compositions, counter anions (Cl- and TFSI-) and molecular weight as well as 

physical mixing of copolymer segments on the ion transport and relaxation of 

these random copolymers are investigated using broadband dielectric 

spectroscopy followed by analyzing the data using several theoretical models. 

The free ion diffusivity and ion number density of these random copolymers are 

obtained by analyzing the contribution of electrode polarization. The 

temperature dependence of ionic conductivity, relaxation time and ion diffusivity 

exhibit Vogel-Tammann-Fulcher behavior in these copolymers indicating ion 
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transport controlled by segmental motion of polymer chains. With increasing 

ionic content of PIL, the ionic conductivity increases in the random copolymers. 

P[VBTP][Cl]80-ran-PMMA20 copolymer show the ionic conductivity of 1.9510-7 S 

cm-1 while the neat P[VBTP][Cl] exhibits high ionic conductivity of 1.9610-6 S cm-

1 at room temperature. In spite of low ionic conductivity, the applicability of PIL 

copolymers as energy storage materials is higher because of their less moisture 

sensitivity due to incorporation of hydrophobic PMMA segment. The ionic 

conductivity decreases due to the introduction of larger counter anion TFSI- in 

the place of Cl- ion in copolymer. Ionic conductivity increases with decreasing 

molecular weight of the polymers. The random PIL copolymers show a better 

thermal stability and a faster ion diffusion compared to physically mixing of two 

homopolymers. In comparison with other reported systems, these PIL 

copolymers show good thermal stability, less moisture sensitivity and high ionic 

conductivity which open up new opportunities for making advanced materials 

for energy storage applications. 

Chapter 4 describes a series of phosphonium and imidazolium ionic liquids 

(ILs) with high water-solubility followed by their utilization as efficient 

photoinitiators (PIs) for the polymerization of vinyl monomers such as N-

isopropylacrylamide (NIPAM) and 2-(dimethylamino)ethyl methacrylate 

(DMAEMA) upon UV irradiation (max = 310 nm) in aqueous medium at ambient 

temperature and pressure. The photopolymerization proceeds through a free 

radical pathway systematically established by EPR and 1H-NMR spectroscopy, 

MALDI-TOF-MS, SEC analysis, and other control experiments. The kinetic study 

demonstrates that this photopolymerization is fast enough to produce high-

molecular-weight polymers with 70% yield even after 30 mins of UV irradiation. 

Control experiments show that these IL-based PIs have high water solubility and 

capability of producing high-molecular-weight polymers compared to those 
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obtained by other commercially available water-based PIs. Additionally, 

poly(NIPAM)  and poly(DMAEMA) are grafted from the photoactive pendent IL 

moiety of the poly(ionic liquid), poly(triphenyl-4-vinylbenzylphosphonium 

chloride) (P[VBTP][Cl]) backbone by the grafting-from copolymerization. The 

presence of either poly(NIPAM) or poly(DMAEMA) graft segment induces 

thermoresponsiveness to their P[VBTP][Cl]-based copolymers. 

Chapter 5 describes the syntheses of two different types of cross-linkable 

ionic liquid monomers (ILMs) followed by their utilization as cross-linkers for the 

fabrication of acrylamide and 2-hydroxyethyl methacrylate-based hydrogels. 

FTIR and FESEM analyses are utilized to characterize the structures of the 

hydrogels. Investigation of the thermal stability of the hydrogels by TGA and DTG 

analyses shows that these hydrogels are thermally stable at high temperature. 

Swelling performance and diffusion mechanism of water within the hydrogels 

are investigated and pseudo Fickian mechanism is observed to be operated 

during transportation of water molecules into the hydrogel network. The 

introduction of ionic liquid into the hydrogel matrix as cross-linkages results in 

the incorporation of cationic binding sites which are further utilized to remove 

hazardous anion dyes from water through electrostatic interaction. The dye 

adsorption abilities of these hydrogels are investigated using Eosin B and Alizarin 

Red S as model dyes. The dye adsorption data of representative hydrogels fit 

well with three kinetic models: pseudo first-order, pseudo-second-order and 

Elovich kinetic models where pseudo second-order kinetic model gives the best 

fitting result indicating chemisorption to be the rate controlling step. To explain 

the dye adsorption mechanism, intra-particle diffusion model is further used 

which show multi-linearity behaviour confirming that the adsorption occurred 

through different steps. The intercepts of the intra-particle diffusion plots do not 

pass through origin indicating intra-particle diffusion is not only the rate 
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controlling step. Further fitting the experimental data to Boyd kinetic model 

shows straight lines, which do not pass through the origin, meaning that 

boundary layer diffusion is involved in the adsorption process and the adsorption 

system is not solely controlled by intra-particle diffusion. Therefore, neither 

intra-particle diffusion nor liquid film diffusion is the sole rate-determining step. 

This indicates that both liquid film diffusion and intra-particle diffusion jointly 

control the removal of anionic dyes from aqueous solution by the macroporous 

cationic hydrogels. 
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1.1  Ionic Liquids (ILs) 

1.1.1 Overview 

Ionic liquids (ILs) are generally defined as salts comprising of organic cations and 

organic /inorganic anions that are liquid at or below some arbitrary temperature, 

such as 100C. It should also be noted that this temperature constraint is not 

always required for a substance to be termed as an IL. The history of ILs started 

in 1914 with the synthesis of the salt, ethylammonium nitrate ([EtNH3][NO3]), 

which is believed to be the first reported IL by  Paul Walden and it was 

synthesized by the neutralization of ethyl amine with concentrated nitric acid 

and has a melting point of 13-14C.1 Though, his paper did not receive much 

appreciation at that time, IL has drawn great attention in past couple of decades 

and still remains as a topic of great curiosity even after a century. The reason of 

having lower melting point of an IL is mainly due to the bulky and unsymmetrical 

structure of the constituent ions. The large ions weaken the electrostatic 

interactions and the asymmetric structure lowers the lattice energy leading to 

lowering the melting points.2 Cations and anions with different structure can be 

paired together in different combinations to tailor their thermo-physical 

properties which can end up with formation of innumerable types of ‘task 

specific’ ionic liquids.3-4 Again by chemically modifying either the cationic or 

anionic component of an IL, the physical properties (e.g., melting point, viscosity, 

density, solubility, hydrophobicity etc.) of the IL can easily be fine-tuned.5 These 

advantages make ionic liquids an appealing choice of solvent in many important 

areas such as catalysis,6 biocatalysis,7 synthetic chemistry,8 and 

electrochemistry.9 New types of ILs have actively been developed in the last two 

or three decades and the explorations are going on. Nowadays,  ILs are in the 

cutting-edges of academic and industrial research because of their extraordinary 



Introduction                                                          Chapter 1 

IACS                                                  3                                                   JU 

reactivity, solubility and miscibility properties.10 Some of the commonly 

implemented cations and anions in the formation of ILs are shown in Figure 1. 

The electrostatic interaction between the constituent ions of an IL though 

weaker than that of the normal ionic salts but is still strong enough to give rise to 

very low vapour pressure under ambient condition. Readily biodegradable 

imidazolium and pyridinium-based ionic liquids have been developed by 

introducing ester functional groups which are susceptible to enzymatic 

hydrolysis.3, 11  Low vapour pressure, low toxicity, high biodegradability, low 

bioaccumulation and low environment impact which can be achieved by suitable 

design and modification of these novel ILs make them as potential candidate for 

green solvent to replace the conventional volatile organic solvents.4 Being 

environment friendly and depending on the nature of the ions, ILs can also act as 

a versatile solvents  as they can dissolve a wide range of polar or nonpolar, 

organic or inorganic molecules providing new paths to chemical synthesis.12 The 

ability of an IL to form a polar and non-polar domain nanostructure determines 

how other molecules and ions are solvated in these media.12-13 
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Figure 1. Commonly used cations and anions for the formation of ionic liquids. 

1.1.2 Synthetic strategies to ILs 

The synthesis of ILs can be simply described by two steps (Figure 2). The first 

step is the formation of the desired cation by quaternization reaction which 

occurs through an SN2 pathway. The second step is anion exchange which is 

applicable only when the desired anion is not possible to be obtained directly. 

Now as exemplified in Figure 2, starting from a tertiary amine, NR3, the desired 

cation can be easily synthesized either by the protonation of the amine by an 

acid or through quaternization reaction of the amine with an alkyl halide. Now 

the anion present in the as-synthesized ammonium halide, [R'R3N][X], can be 

further altered in two different ways. First, the halide [R'R3N][X] can be  
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Figure 2. General synthetic pathway for the preparation of ammonium-based 

ionic liquid.14  

treated with a Lewis acid MXy (e.g. AlCl3 for the chloride salt of IL) leading to the 

formation of an ionic liquid [R'R3N][MXy+1] through simple Lewis acid-base 

reaction. Alternatively, anion exchange can also be carried out by anion 

metathesis. It is to be noted that highly purified starting materials are necessary 

to be used in each step to produce pure IL, since the presence of impurity can 

change not only the physical but also the chemical properties of the as-

synthesized IL. The synthetic strategies and corresponding steps for the most 

useful ILs are described in more detail in the following section. 

1.1.2.1 Quaternization 

ILs are generally prepared by quaternization of heteroatoms for example 

nitrogen, phosphorous and sulphur of organic compounds through SN2 

mechanism. The direct alkylation of tertiary amines and phosphines, binary 
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sulphides, pyridine, pyrrolidine,15  azoles or other quaternizable moieties with 

alkyl halides or other alkylating agents upon conventional heating16-17 or 

microwave18-19/ultrasound irradiations20 can produce various types of ILs. The 

anions of ILs come from the alkylating agents, for example, halides from alkyl 

halides, alkyl sulfates from dialkyl sulfates etc. The ILs obtained from this single 

step quaternization process are called first generation IL. Figure 3 represents the 

general method used for ionic liquid synthesis involving the alkylation of 1-

alkylimidazole with an alkyl halide. This method is advantageous due to 

availability of low-priced alkyl halide and requirement of moderate reaction 

temperature. Alkyl fluorides are not used in ionic liquid synthesis due to the 

presence of strong C-F bonds. Other alkyl halides used in IL synthesis follow the 

reactivity order as: chloride < bromide < iodide, where alkyl iodides being very 

reactive should be used in low temperature and high dilution condition to avoid 

rapid formation of products leading to localized hot-spots formation and 

runaway reactions.21 Again alkyl iodides are generally not used because of their 

photoactive nature which makes difficult in the purification step. However, the 

reaction time and temperature may vary  

 

Figure 3. Synthesis of alkyl imidazolium ILs via quaternization reaction. 

depending upon the nature of the alkylating agent and/or nucleophilic groups. 

Again, the reactivity of haloalkane generally decreases with increasing alkyl chain 

length. Alternative single step routes for halide-free ILs have also been reported 
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which requires the use of different alkylating reagents for the desired ILs. The 

halide-free ILs are formed via direct alkylation reaction of phosphine, amine, 

pyridine, or azole with, e.g., dialkyl sulfates, alkyl nitrate, dialkyl phosphonate, or 

alkyl triflates producing  the corresponding alkyl sulfate, dialkyl phosphonate, or 

triflate ILs, etc.22-23 

Solvent-free quaternization reaction can be achieved with the help of  

microwave (MW) irradiations,24  or ultrasound25 and a small excess of 1-

haloalkane. Varma et al.26 reported the first MW-assisted bulk synthesis of 

several imidazolium-based ILs where the reaction time was only few minutes. 

The IL that begins to form under MW irradiation increases the polarity of the 

reaction medium, and consequently the rate of MW absorption. Namboodiri and 

Varma 25 have also developed an efficient synthetic route for the preparation of 

ILs using ultrasound as the energy source by simple exposure of the reactant 

mixtures in a closed container for irradiation using a sonication bath. 

However, first-generation ILs are usually hydrophilic and sensitive to air and 

moisture that restrict their use in many applications. Again, only a limited 

number of cation-anion combinations are possible to produce ILs by this 

method. In most of the cases, the quaternization step is followed by an anion 

exchange to obtain the desired cation-anion combination. The anion exchange 

procedure has been discussed in the next section. 

1.1.2.2 Exchange of counter ion 

As already mentioned, the halide-free ILs can be formed by direct alkylation 

reaction, however, the range of ionic liquids attainable through this route is very 

limited. Most of the ILs are synthesized in two steps, where an organic halide salt 

is formed via alkylation of a base by a haloalkane followed by an anion exchange 

reaction (Figure 4) involving either the direct acid-base reaction of a halide salt 
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with a strong Lewis acid (HY) like aluminium chloride to form complex anions or 

the formation of an ionic liquid with a different anion by the addition of a metal 

salt (MY) to the alkylated halide precursor while precipitating the unwanted ion 

(called anion metathesis).27 Exchange of counter ions is also carried out by 

Brønsted acid and ion exchange resin. 

 Anion metathesis 

In most of the cases, the syntheses of water and air stable ionic liquids involve a 

consecutive quaternization-anion metathesis procedure. The first step generates 

an alkylated halide precursor, which upon treatment with a metal salt having 

charge-delocalized soft anion (e.g. BF4
−, PF6

−, TfO−, NTf2
− etc.) or with the free 

acid of the appropriate anion generates the desired cation-anion combination 

for its material application, called second generation ILs.27 The halide ion-

containing by-product salts can be separated by extraction or precipitation 

followed by filtration. Anion-exchanged hydrophobic ILs can be easily separated 

from the reaction media if the metathesis reaction is carried out in water. 

However, for water-miscible ionic liquids, the extraction of the desired IL from 

aqueous media becomes challenging. To overcome this issue, an exchange 

reaction of the halide anion is usually carried out in the presence of a silver salt 

of various anions, e.g., dicyanamide, thiocyanate, or tetrafluoroborate.28-30   

Wilkes et al. first reported the air and water stable IL where the anion of 1-ethyl-

3-methylimidazolium cation was replaced by anion of silver salts e.g., AgBF4 and 

AgNO3. Some other examples include IL with tetrafluoroborate anions 

synthesized in aqueous solution from halide-based IL and AgBF4, precipitating 

silver halide, or IL with perchlorate anions synthesized from ethylsulfate-based IL 

and LiClO4, precipitating lithium ethylsulfate in an organic solvent. Generally the 

group 1 metal, silver, or ammonium salts are mostly used for this metathesis. ILs 

with thiocyanate, nonafluoro-1-butanesulfonate, 
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bis((trifluoromethyl)sulfonyl)imide, tris((trifluoromethyl)sulfonyl)methide, 

trifluoroacetate, heptafluorobutanoate, nitrate, tetrafluoroborate, 

hexafluorophosphate  counter anions  have been easily prepared by metathesis 

reactions.31-33 It is to be noted that the metathetic exchange of anions often 

produces halide by-products (MX), which may be difficult to remove by filtration 

especially for hydrophilic ILs.  

 

Figure 4. General anion-exchange procedure for the synthesis of imidazolium – 

based ionic liquids.27 
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1.2 Poly(ionic liquid)s (PILs) 

1.2.1 Overview 

Polymerized ILs or poly(ionic liquid)s (PILs) are typically considered as a special 

type of polyelectrolytes which carry an IL species in each of the repeating units 

(Figure 5).34 Recently, PILs have received great interest in the fields of polymer 

chemistry and material sciences, not only because of the combination of the 

unique properties of ILs with the macromolecular architecture, but also due to 

generating materials of new properties and functions. Though, the first research 

on PILs started in 1970s,35 later Ohno et al.36 revitalized the field of PILs by 

designing PIL-based solid electrolytes which were able to replace ILs for 

electrochemical applications. PILs have several advantages over ILs such as 

enhanced  

 

Figure 5. Schematic representation of the relationship between ionic liquid 

monomers (ILMs) and poly(ionic liquid)s (PILs). Here ‘P’ represents as 

‘polymerizable group’ such as vinyl or acrylate group.34 

mechanical stability, improved processability, durability and better control of 

their meso- to nano-structure. PILs also exhibit unique properties compared to 

common neutral polymers, such as high ion conductivity, chemical and thermal 
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stability, and tunable solubility. The structures and properties of PILs can be  

easily tuned by changing the type of counter-ion.37-38 For instance, PILs can be 

tuned from being hydrophilic to hydrophobic via simple counter-ion exchange  of 

a halide ion with TFSI- or PF6
-. Mecerreyes et al.38 reported the synthesis of 

poly(1-vinyl-3-alkylimidazolium) halides through radical polymerization of the 

corresponding ILMs and the solubility of the resulting polymers were tuned via 

anion exchange with excesses of various alkali salts of BF4
-, PF6

-, CF3SO3
-, 

(CF3SO2)2N-, (CF3CF2SO2)2N-, and ClO4
- to produce PILs ranging from hydrophilic to 

hydrophobic nature. Gnanou and co-workers39 studied the of self-assembly for 

PIL block copolymers and examined how the size and shape of the self-

assembled aggregates formed in water or organic media can be tuned by either 

changing the composition of the blocks or by a partial exchange of the counter 

anion. For instance, anion exchange of Br- for NTf2
- turned the solution properties 

of PIL blocks from hydrophilic to hydrophobic, resulting in their self-assembly 

into spherical polymeric micelles.  

PILs in most cases are amorphous materials mainly due to the mobile nature 

of the counter anion which makes the crystallization processes difficult. PILs are 

much less hygroscopic and less fragile than the conventional polyelectrolytes. In 

spite of having a very high charge density, PILs are generally reported to have a 

lower and rather broad glass transition temperature (Tg), due to weak 

electrostatic ion pair interactions.40 The nature of counter ion influences the Tg 

of these PILs, and substitution of one mobile ion with an appropriate one 

through an ion exchange process can result in decrease of Tg. Chen et al.41 

reported a significant reduction in Tg of the as-synthesized PIL-based copolymers 

by substituting the BF4
− anion with larger TFSI− which was attributed to weaker 

ionic interactions. Tang et al.42 synthesized a series of imidazolium-based PILs 

and showed that the anions strongly affected the Tgs of the polymers. The NTf2
- 
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and o-benzoic sulphimide (Sac−) anions substantially lower the Tg of the polymers 

because they plasticize the bulk polymer. Recently a PIL with a Tg of -57 C was 

synthesized via free radical polymerization of an acrylate-type IL monomer 

containing 2-acrylamido-2-methyl-1-propanesulfonate anion and tris(2-[-[2-

methoxyethoxy]ethyl)ammonium cation.43-44 Even though these PILs possessed 

high charge density, they exhibited a low Tg by structurally shielding the 

coulombic interactions. 

The thermal stability of PILs is also an important property considering their 

several applications such as (quasi-)solid-state electrolytes for electrochemical 

devices. PILs with a high thermal stability, ranging from 150C to more than 400 

C can be achieved by the structural variation of the constituting cations and 

anions.45-46 The nature of the PIL typically controls the onset of decomposition 

temperature (Td). Aromatic PILs usually possess a higher Td than PILs with 

aliphatic backbone structures. PILs with ammonium polycations exhibit lower 

thermal stability compared to that of imidazolium- and pyrrolidinium-based PILs, 

but better chemical stability than phosphonium and sulfonium-based PILs. The 

thermal stability of a PIL increases with the length of substituent in the cation.47 

Ionic conductivity is also an important property of PILs, particularly when applied 

as solid-state polymer electrolytes in electrochemical devices, which will be 

discussed in detailed later in the section 1.4.  

In PILs, the ionic liquid moieties can be tethered to the polymer chain either 

as pendant groups (pendant PILs)48-50 or directly in the polymer backbone 

(backbone PILs)51-53 as shown in Figure 6. Although, PILs with pendants are, in 

general, easier to synthesize, backbone PILs (also termed as ‘ionenes’) may be 

synthesized via straightforward step growth polymerization of a diamine with a 

dibromoalkane and contain cationic charges located within the polymer main-
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chain.54 The huge majority of experimental reports have focused on pendant PILs 

where the charged group is hanging from the polymer backbone.  

 

Figure 6. Chemical structures of cationic PILs (a-e), zwitterionic PILs (f-g), anionic 

PILs (h-j) and ionenes (k-l).55 

Among the reported pendant PILs found in literatures, major part can be 

contributed to the  PILs composed of polycations and free anion. The cationic 

PILs are mainly comprised of imidazolium,38, 56-58 tetraalkyl ammonium,59-61 

phosphonium,62-63 pyridinium,59, 64 pyrrolidonium,65-66 guanidinium,67-68 and  

piperidinium69 cations. The commonly used counter anions used in these PILs 

include chloride, bromide, iodide, thiocyanate, tetrafluoroborate, 

hexafluorophosphate and bis(trifluoromethane-sulfonyl)imide.47, 70 The common 

polymerizable functional groups that present in a monomer are used to prepare 

these type of PILs include  vinylic,56, 64 styrenic,71-72 (meth)acrylic59-60etc. On the 

other hand, the number of anionic PILs is much more limited as compared with 

cationic PILs. Ohno et al. first reported  the synthesis of  a new class of PILs with 

polyanion backbones containing anions such as vinyl carbonate, vinyl 
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sulphonate, vinyl phosphonate, styrenyl sulphonate, methacryloyl sulphonate 

etc  and free imidazolium cations.36 The anionic PIL of polystyrene sulfonate with 

tetrabutyl phosphonium as counter cation has been reported.73 Apart from 

these, trifluoromethylsulfoimide (TFSI) PILs with a variety of counter cations 

including alkali metal cations is one of the few reported anionic PILs.74-75 Among 

these different PILs, in this section, the discussion will be mainly focused on the 

synthesis, properties and application of imidazolium and phosphonium-based 

PILs. Other type of PIL architectures include crosslinked PIL network composed 

of polycations and polyanions. IL monomer units can also be covalently linked by 

an alkyl chain spacer to form various crosslinked PIL networks. Currently, cationic 

PILs dominate the PIL research. In this chapter, we will mainly discuss PILs 

consisting of phosphonium and imidazolium cationic units. 

1.2.2 Synthesis of imidazolium- and phosphonium-based PILs 

The manifold applications of PILs, such as, in solid state polymer electrolytes, 

electrochemical devices, smart materials, catalysts, porous materials, 

antibacterial materials etc., require different PIL structures and properties. 

Standard synthetic routes to PILs depend on three fundamental strategies: (1) 

direct sequential chain growth polymerization of ILMs, (2) post-modification of 

existing polymer chains, and (3) step growth polymerization of ILMs (Figure 7). 

The two synthetic strategies using chain-growth and step-growth mechanisms 

can be implemented by two different polymerization techniques, such as 

conventional free radical polymerization (CFRP) 76-78 and “controlled/living” free 

radical polymerization (reversible addition fragmentation chain transfer 

(RAFT),79-81 atom transfer radical polymerization (ATRP),82-83 cobalt-mediated 

radical polymerization (CMRP),84 nitroxide-mediated polymerization(NMP)85 or 

ring-opening metathesis polymerization (ROMP)86) technique. This chapter 

briefly covers recent developments, mainly regarding imidazolium- and 

https://www.sciencedirect.com/topics/chemistry/metal-ion
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phosphonium-based PILs and their copolymers including their synthetic 

strategies and potential applications. In the next section, the synthetic strategies 

to imidazolium- and phosphonium-based PIL containing homo- and co-polymers 

via CFRP and RAFT polymerization technique will be discussed. 

 

Figure 7.  Synthetic strategies for the preparation of PILs considering synthesis of 

imidazolium-based PILs as examples. 

1.2.2.1 Direct chain growth polymerization of IL monomers 

An IL monomer (ILM) is an IL in which one or more polymerizable units are 

present. The polymerization of IL monomers is a conceptually simple and widely 

adopted strategy to prepare PILs in many research groups. Figure 8 illustrates 

five basic forms of ILMs. In an IL monomer, a polymerizable unit can be placed 

either on the cation (Figure 8A) or anion (Figure 8B), depending on the desired 
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polymeric architecture. The ILM with a polymerizable unit on the cation is so far 

the dominant form. IL monomers with two polymerizable units separated in the 

cation and anion (Figure 8C), or located on the cations (Figure 8D and E) have 

also been reported to build up PIL networks. The chain growth polymerization of 

an IL monomer results in a homologous polyelectrolyte (homopolymer) 

possessing the same type of IL moiety in each repeating unit. Copolymerization 

of an ILM with an ionic or non-ionic co-monomer is also applied to tune the 

distribution of the IL species along the polymer chain and modify the physical 

properties of PILs. 

 

Figure 8. General illustration of the five basic structures of ionic liquid monomers 

(ILMs ) where “P” represents a polymerizable group such as vinyl or acrylate 

group .70 

1.2.2.1.1 Conventional free radical polymerization (CFRP) 

Ohno and co-workers have devoted their research work on the synthesis of PILs 

via conventional free radical polymerization (CFRP) since 1900s aiming at a solid 

ionic conductor. Till date, CFRP is the common polymerization technique for 

obtaining PILs from the ionic liquid monomers (ILMs). As ILMs are hygroscopic, 

thus it is hard to polymerize them via conventional ionic polymerization 

techniques due to presence of moisture. ILMs may contain hard-to-separate 

impurities which cannot be separated by any means. As ILMs possess negligible 
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vapour pressure, distillation method cannot be used to separate them from the 

impurities. These are the main obstacle to polymerize ILMs via ionic 

polymerization techniques that are highly sensitive to impurities and moisture. 

This sensitivity is especially valid for hydrophilic ILMs, in which trace amount of 

moisture coexists even after careful purification. Therefore, the CFRP is the most 

feasible technique to prepare PILs in which the propagating species are tolerant 

to impurities and moisture. As disadvantage, the copolymers obtained via CFRP 

are, in general, heterogeneous with very limited control over the molar mass, 

constitution, and chain architecture. 

ILMs used in CFRP usually contain (meth)acryloyl, styrenic , N-

vinylimidazolium or phosphonium groups in the IL cation. Both imidazolium- and 

phosphonium-based PILs can be prepared by CFRP technique using conventional 

initiators [e.g. ammonium persulfate (APS), azobisisobutyronitrile (AIBN) or 

azoinitiators such as 4, 4’-azobis (4-cyanovaleric acid) (V-501) or 2, 2’-azobis(4-

methoxy-2.4-dimethyl valeronitrile) (V-70)] either in solution or in bulk phase.76-

78, 87 In the following section, conventional free radical polymerization of 

imidazolium and phosphonium-based ILMs are introduced in detail. 

 Polymerization of N-vinylimidazolium-based IL monomer 

Free radical polymerization of the N-vinylimidazolium-based ILMs was achieved 

by using a thermal initiator. The structural variation of this monomer can be 

achieved by varying the alkyl chain and the counter anion. Mecerreyes et al.38  

reported the synthesis of 1-vinyl-3-ethylimidazolium and 1-vinyl-3-

butylimidazolum halide monomers and carried out their bulk polymerization in 

chloroform. The solubility characteristics of the polymers were tuned by anion 

exchange in the presence of excesses of salts (BF4
-, PF6

-, CF3SO3
-, (CF3SO2)2N-, 

(CF3CF2SO2)2N-, ClO4
-) producing polymers that ranged from hydrophilic to 
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hydrophobic. Ohno et al.56 reported the synthesis of an imidazolium-based IL 

monomer with tetrafluoroborate anion by reacting N-vinyl imidazole with 

tetrafluoroboric acid in a mixture of water and ethanol. The preparation process 

is simple, generating no side product and can be extended to other acids, such as 

hexafluorophosphoric acid. Recently, Green et al.88 reported the synthesis of a 

series of alkyl-substituted vinylimidazolium homopolymeric PILs with varying 

lengths of n-alkyl substituents and counter ions via a conventional free radical 

polymerization using AIBN as initiator (Figure 9). The variation of alkyl length and 

counter 

 

Figure 9. Synthesis and subsequent CFRP of N-vinylimidazolium-based IL 

monomers followed with anion exchange.88  

anions provided systematic structural  changes, which affected the thermal and 

ion conductive properties of the PILs. It was observed that longer alkyl chain 

lengths, ethyl < butyl<octyl decreased the Tg for Br− and BF4
− counter anions. On 

the other hand, for TfO−and Tf2 N − counter ions, Tg decreased from poly(EVIm-X) 

to poly(BVIm-X) and increased from poly(BVIM-X) to poly(OVIm-X). Thermal 

stability decreased with increasing the length of alkyl substituents. Exchanging 

the Br –counter anion to BF4
−, TfO−, and Tf2 N− reduced the Tg significantly and 

increased the   thermal stability due to reduced anion basicity. The absolute ionic 
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conductivity of the PIL samples were analysed which showed an inverse 

dependence on Tg. 

 Polymerization of phosphonium-based ILMs 

Phosphonium cation-based ionic liquids (ILs) offer a broad range of useful 

properties and  in some applications offer superior properties as compared to 

nitrogen cation-based ILs. MacFarlane et al.89 summarized the history, 

commercial synthesis, and several enhanced physical properties of 

phosphonium-based ILs compared to ammonium and imidazolium-based ILs. 

Phosphonium-based ILs have been much less studied compared but recently 

researchers have focused on development of phosphonium-containing PILs to 

examine the impact of cation structure on the macromolecular properties.89-90 

Phosphonium-based PILs have primarily been synthesized by conventional free 

radical polymerization of IL monomers containing a quaternary phosphonium 

cation with three attached alkyl chains and a vinylbenzyl polymerizable group, 

along with an associated free anion.  Long et al.50 performed a detailed study of 

structure-property relationships for high molecular weight ammonium and 

phosphonium-based PILs synthesized via conventional free radical 

polymerization with subsequent anion exchange (Figure 10).They studied the 

influence of cationic site, alkyl chain length of the substituent, and counter anion 

on thermal properties, ionic conductivity, and morphology of the as-synthesized 

PILs. The ammonium and phosphonium PILs showed significantly different 

thermal properties and ionic conductivities. Phosphonium PILs containing Cl- 

counter anions displayed higher thermal stabilities (> 370 °C) compared   with   

ammonium   analogs   (< 220 °C). Anion  exchange  with BF4
–,  TfO- ,  and  Tf2N-  

improved the  thermal  stability  of  all  the  PILs  and  depressed  their Tgs. 

Moreover, phosphonium-based PILs exhibited only a single-step degradation 

https://www.sciencedirect.com/topics/materials-science/free-radical-polymerization
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profile highlighting the advantageous use of phosphonium-based PILs for high 

temperature, conductive applications. 

 

Figure 10. Synthesis of ammonium- and phosphonium-containing PILs using 

conventional free radical polymerization and anion exchange.50 

The same group also reported the synthesis of copolymers of n-butyl 

acrylate and phosphonium ILMs possessing various alkyl substituents and 

counter anions through a combination of conventional free radical 

copolymerization using AIBN as the initiator and anion-exchange (Figure 11).91 

They investigated the influence of chemical structure on the thermo-mechanical 

behaviour of phosphonium-containing random copolymers with n-butyl acrylate 

bearing Cl-, BF4
- and TFSI- anions. Replacing Cl- with large size counter ions, such 

as TFSI, plasticized the polymer and provided liquid-like, viscous behaviour. 

Additionally, their corresponding scattering peaks in wide-angle X-ray diffraction 

(WAXD) systematically shifted to lower q region, indicating an increase of ionic 

domain distance with the length of alkyl substituents. 
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Figure 11. Synthesis of phosphonium-containing random copolymers via 

conventional free radical polymerization followed by anion-exchange.91 

Endo and coworkers92-93 pioneered structure-property analysis of 

ammonium- and phosphonium-containing polyelectrolytes, synthesized by 

thermal free radical polymerization, for antimicrobial applications. They reported 

that phosphonium based PILs exhibited enhanced antimicrobial properties 

compared to ammonium-based analogs. They also examined ammonium- and 

phosphonium-based random copolymers and polymer blends.93 Polymer blends 

displayed a synergistic bactericidal effect, which resulted in improved efficacy. 

Random copolymers failed to display any synergistic effect and higher 

phosphonium concentrations in these copolymers resulted in higher 

antimicrobial efficacies. 

Recently, Cowan et al.94 reported the synthesis and characterization of PIL 

membranes, where a homologous series of (tri-n-alkyl)vinylbenzylphosphonium 

monomers with the bis(trifluoromethylsulfonyl) imide anion were polymerized 

via conventional free radical photopolymerization using 2-hydroxy-2-

methylpropiophenone as radical photoinitiator. The resulting PIL materials (i.e., 
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poly([PnnnVB][Tf2N]) where n= 4, 6, 8) (Figure 12) were further characterized for 

their single-gas transport properties and ionic conductivity. The gas permeability 

was found to increase approximately linearly with increasing alkyl chain length 

on the phosphonium group. The room temperature gas transport performance 

of phosphonium PIL materials offered advantages over the imidazolium- and 

ammonium-based PIL materials in terms of their thermal, chemical, and 

biological resistance.  

 

Figure 12. Free radical photopolymerization of neat [PnnnVB][Tf2N] monomers to 

form the poly([PnnnVB][Tf2N]) PILs.94 

1.2.2.1.2 Controlled/living radical polymerization (CRP) 

In order to optimize the performances of PIL–based materials, many efforts have 

been devoted to prepare PIL chains with predetermined molecular weights, 

narrow molecular weight distributions and ordered morphologies/architectures. 

The best possible way to achieve such tailor-made PILs is the polymerization of 

ILMs via controlled radical polymerization techniques such as ATRP, RAFT, cobalt 

CMRP, and organotellurium-mediated living radical polymerization (TERP). In the 

next section RAFT polymerization technique will be discussed in detail. 
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 Reversible addition fragmentation and chain transfer (RAFT) 

polymerization  

The reversible addition fragmentation chain transfer (RAFT) polymerization 

process was first reported in 1998 by Chiefari et al.95 and since then this 

technique  has become one of the most versatile polymerization techniques for 

the synthesis of complex polymeric architectures of predictable molecular 

weights with low dispersities (Đs), high end-group accuracy, and ability for 

further chain growth.96-98 The mechanism of RAFT polymerization (Figure 13) 

involves a reversible addition-fragmentation sequence in which the transfer of  

 
Figure 13. General mechanism of RAFT polymerization (above) and guidelines for 

selection of RAFT agents (Z-C(=S)S-R) for various polymerizations (below). For ‘Z’, 
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addition rates and transfer constants decrease and fragmentation rates increase 

from left to right. For ‘R’, fragmentation rates decrease from left to right. A 

dashed line indicates limited control (e.g., retardation, high dispersity etc.). 

the S=C(Z)S- moiety between active and dormant chains is responsible to 

maintain the living character of the polymerization. Another important feature 

of the RAFT process is the high tolerance towards different functional 

monomers. RAFT polymerization is perhaps the most versatile method among 

the different CRP techniques applied to synthesize ionic polymers. The 

thiocarbonylthio groups, which play key role in the RAFT process, are surprisingly 

tolerant to water, if the pH of the reaction medium is below 6 or the reaction 

temperatures do not exceed 70 :C. It is to be noted that, RAFT method tolerates 

acidic conditions very well, but is highly sensitive towards base and other strong 

nucleophiles bearing a mobile hydrogen atom.99Consequently, the 

polymerization of anionic or acidic monomers and of quaternary ammonium 

monomers occurs normally without particular problems. However, the 

monomers with amine groups must be protonated before RAFT polymerization. 

Besides the functional group tolerance, high monomer-to-polymer conversion is 

also an important factor in RAFT polymerization of monomers with various 

functionalities. Taking advantage of the living character of the RAFT process, 

block copolymers with a PIL segment can be easily achieved. 

 RAFT polymerization of imidazolium-based ILMs 

RAFT polymerization technique has been extensively used for the synthesis of 

imidazolium based PIL-homopolymers100 of controllable molecular weights and 

the high end group precision of the living end groups affords the preparation of 

well-defined block copolymers (BCPs), either with ionic or neutral monomers.39, 

98, 101-103For instance, Vijayakrishna et al. reported the RAFT polymerization of 
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different imidazolium-based ionic liquid (IL) monomers namely, 3-(1-ethyl 

imidazolium-3-yl)propylmethacrylamido bromide , 2-(1-methylimidazolium-3-

yl)ethyl methacrylate bromide , and 2-(1-ethylimidazolium-3-yl)ethyl 

methacrylate bromide using 2-cyanopropyl dithiobenzoate or (4-cyanopentanoic 

acid)-4-dithiobenzoate as chain transfer agents (CTAs).101 These hydrophilic PILs 

were further used as macro-CTAs in chain extension experiments acrylamide and 

methacrylic acid which resulted in synthesis of double hydrophilic block 

copolymers (DHBCs).N-vinyl imidazolium-based ILMs which can be easily 

polymerized by conventional free radical methods are often difficult to 

polymerize in a controlled manner since the generated N-vinyl propagating 

radicals are highly reactive, due to the lack of resonance stabilization, which 

ultimately increases the likelihood for chain transfer and chain termination 

events.104  Recent progress of RAFT/MADIX (macromolecular design via the 

interchange of xanthate) process allows the successful synthesis of well-defined 

PILs by radical polymerization of non-conjugated monomers. Xanthate type CTAs 

are particularly useful for controlling the radical polymerization of N-vinyl 

monomers, because xanthate-type CTAs increase the electron density at the 

radical centre, which increase the fragmentation rate. Mori et al.105 first 

demonstrated the synthesis of N-vinyl imidazolium PILs with controlled 

molecular weights and narrow dispersity (Đ) by RAFT/MADIX polymerization of 

three N-vinylimidazolium-based ILMs. Aqueous RAFT polymerization of 

hydrophilic narrowly dispersed imidazolium-based poly(ionic liquid)s has also 

been reported.100 The resulting PIL macro-RAFT agents were finally used to 

synthesize well-defined block copolymers of various morphologies.  

 RAFT polymerization of phosphonium-based ILMs 

RAFT polymerization of phosphonium-based ILMs was first reported by Wang 

and Lowe.106-107The authors carried out RAFT polymerizations of 4-
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vinylbenzyl(trimethylphosphonium) chloride and 4-

vinylbenzyl(triphenylphosphonium) chloride monomers under aqueous 

conditions at 80 :C employing 2-(2-carboxy-ethylsulfanylthiocarbonylsulfanyl) 

propionic acid trithiocarbonate as RAFT-CTA and 4,4-Azobis(4-cyanovaleric acid) 

(V-501) as initiator.106
 The RAFT synthesis and aqueous solution properties of AB 

block copolymers of 4-vinylbenzyltrimethylphosphonium chloride (TMP) and N, 

N-dimethylbenzylvinylamine (DMBVA) was also reported.107 The copolymers 

showed pH-induced self-assembly, resulting in formation of core-shell polymeric 

micelle-like structures. Recently, our group108 reported the RAFT polymerization 

of the triphenyl-4-vinylbenzylphosphonium chloride ([VBTP][Cl]) monomer using 

4-Cyano-4-[(dodecylsulfanylthiocarbonyl) sulfanyl]pentanoic acid (CDP) as a 

chain transfer agent (CTA) in combination with a radical initiator, AIBN at 65 °C 

(Figure 14).The synthesized cationic poly(ionic liquid), poly(triphenyl-4-

vinylbenzylphosphonium chloride)s (P[VBTP][Cl]s) of varying and controllable 

molecular weights showed double responsiveness(insoluble to soluble) towards 

halide ions and temperature in aqueous solution. 

 

Figure 14.  Synthesis of the [VBTP][Cl] monomer and its successive RAFT 

polymerization  to obtain P[VBTP][Cl].108 
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1.2.3. Polymerization of cross-linkable IL monomers 

 From the structural point of view, ILMs which have two polymerizable groups 

can act as cross-linkers to prepare PIL networks, which are expected to be more 

stable than non-crosslinked PIL against moisture and solvents.70
 Such cross-

linked PIL networks/nanoparticles can be synthesized via different CFRP 

techniques. Figure 15 depicted three common types of crosslinkable IL 

monomers. Ohno et al.109 reported the introduction of two types of vinyl groups 

separated on the IL cation and anion via a simple synthetic strategy. In the first 

step, alkali metal cations of sodium vinylsulfonate and 3-sulfo-propyl acrylate 

potassium salt were exchanged by protons with the help of cation exchange 

resin to afford the corresponding acids. In the second step, aqueous solutions of 

these acids were slowly mixed with equi-molar amount of N-vinyl imidazole 

cooled by an ice bath. The formed IL monomers (Figure 15A) possessing an N-

vinylimidazolium cation and a vinylsulfonate anion were further thermally 

polymerized in the presence of a radical initiator (AIBN) in ethanol to yield a 

cross-linked PIL network. Texter et al.110 studied a unique IL monomer, 1-(2-

acryloyloxyundecyl)-3-methylimidazolium 2-acrylamido-2-methylpropyl-

sulfonate, which contained an acryloyl-type imidazolium cation and a sulfonyl-

terminated acrylamide anion. Kadokawa et al.111 synthesized a special type of 

cross-linkable IL monomers with two types of polymerizable groups connected to 

a single imidazolium ring (Figure 15B). For instance, the IL monomer N-vinyl-4-

vinylbenzylimidazolium chloride obtained from N-vinyl imidazole and 4-

chloromethyl styrene was polymerized via radical polymerization using AIBN 

initiator to produce a cross-linked PIL.  
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Figure 15. Chemical structures and sketches of three types of cross-linkable IL 

monomers. 

Furthermore, radical polymerization was performed using cellulose and the 

as-synthesized cross-linked PIL to produce new type of composite materials. 

Yang et al.112 reported the synthesis of crosslinked poly(1-butyl-3-

vinylimidazolium bromide) microspheres with the diameter of about 200 nm via 

miniemulsion polymerization, in which 1,4-di(vinylimidazolium) butane 

bisbromide was used as the cross-linker. An imidazolium-based IL, reported by  

Das et al.113, has been successfully utilized as cross-linker for dispersion 

polymerization of acrylamide in the presence of poly(vinyl methyl ether) (PVME) 

stabilizer (Figure 16), which produced water-friendly cationic cross-linked 

poly(acrylamide) (CPAAm) beads. Figure 15C represented the third type of 

frequently reported cross-linkable IL monomers, in which two monovalent IL 

monomers of the same type are covalently bridged through an alkyl chain. They 

are typically (meth)acryloyl-, styrenic or N-vinylimidazolium-based ILs. For 

example, an acryloyl-based monomer, 1,4-bis[3-[2-

(acryloyloxy)ethyl]imidazolium-1-yl] butane 

bis[bis(trifluoromethylsulfonyl)imide],was prepared via an ester formation 
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between methacrylic acid and 1,4-bis[3-hydroxyethylimidazolium-1-yl] butane 

bis[bis(trifluoromethylsulfonyl)imide]; styrenic 

 

Figure 16. Schematic representation of dispersion polymerization of acrylamide 

using a cross-linkable ILM to prepare cross-linked poly(acrylamide) (CPAAm) 

beads.113 

monomer with a hexyl bridge; 1,6-bis[3-(vinylbenzyl)imidazolium-1-yl]hexane 

chloride, was prepared via one step reaction of 4-chloromethyl styrene and 1,6-

bis(imidazole-1-yl)hexane in a molar ratio of 2:1. 114 Armstrong et al. reported 

the preparation of N-vinylimidazolium-based cross-linkable monomer via one-

step reaction between N-vinyl imidazole and dibromoalkane in a molar ratio of 

2:1.115-116 

1.3 Thermo- and ion-responsive PILs  

Stimuli-responsive “smart” polymers of both ionic and non-ionic nature are of 

increasing interest due to their vast applications in drug delivery, fabrication of 

sensor-based materials and many more.117-119 The reactive functional groups 
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present in these smart polymers show sharp responses to the changes of 

external environments. A very small change in the environmental conditions can 

cause substantial change in the properties of these polymeric materials including 

solubility, nature of surface, permeability, shape as well as mechanical, optical, 

electrical and chemical properties.120 Polymers with different functional groups 

respond towards different stimuli such as temperature,121 pH,122 light,123 redox 

reaction,124 ionic strength,125 glucose126 and carbon dioxide (CO2).127
 In the next 

section, the synthesis and properties of thermo-, ion- and dual thermo- and ion- 

responsive poly(ionic liquid)s will be discussed in detail. 

1.3.1 Thermoresponsive PILs 

Temperature-responsive polymers exhibit a phase transition due to a sudden 

change in their solvation behaviour at a particular temperature. The phase 

transition which is sometimes termed as “coil-globule transition” refers to the 

collapse of a macromolecule from an expanded coil state through an ideal coil 

state to a collapsed globule state in a particular solvent, or vice versa (Figure 17). 

Such polymers either become insoluble or soluble upon heating are known as 

lower critical solution temperature (LCST) or upper critical solution temperature 

(UCST) polymers. In case of LCST and UCST polymers, the collapse of polymer 

chains occurs with increasing and decreasing the temperature respectively. It is 

known that the extensive hydrogen bonding interactions between the molecules 

of LCST polymers and solvent molecules (such as water) are responsible for their 

solubilisation and restrict the intra−/inter-molecular interactions in a single 

polymer chain or between neighbouring polymer chains. Upon heating above 

the cloud point of a LCST polymer, the hydrogen bonding between the polymer 

chains and solvent molecules are broken and consequently the intra−/inter-

molecular hydrogen bonding/hydrophobic interactions predominate resulting in 

an aggregation of enthalpically favoured polymer coil structure to a entropically 
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favoured dense globular structure.128-129 This results in the development of a 

cloudy dispersion in a solvent due to the formation of insoluble macroscopic 

polymer aggregates upon heating.130  

 

Figure 17. Schematic representation of phase transition associated with LCST 

(lower critical solution temperature) and UCST (upper critical solution 

temperature) type phase behaviour. Blue line represents the phase separation 

boundary, which produces a cloud point in solution.129 

Most of the reported LCST polymers are non-ionic in nature. The examples of 

LCST polymers include poly(N-isopropyl acrylamide) (PNIPAM),131 poly(2-

oxazoline)s (POxs),132 poly(N ,N -dimethylaminoethyl methacrylate) 

(PDMAEMA),133 poly(vinyl methyl ether) (PVME),134 poly(methacrylamide) 

(PMAAm),135 etc., which are extensively studied for last two decades. On the 

other hand, reports on UCST type polymers showing globule-to-coil (insoluble-

to-soluble) transitions in water are available but are much less compared to that 

of LCST polymers. However, considering their applications, it is equally important 

to develop UCST polymers. It is to be noted that polymers showing UCST-type 

phase behaviour is rarely observed under practically relevant conditions.136 



Introduction                                                          Chapter 1 

IACS                                                  32                                                   JU 

UCST- or LCST-type phase transition depends on the free enthalpy of mixing 

which includes enthalpic and entropic contributions. It is noteworthy that an 

UCST-type phase transition arises from strong polymer−polymer and 

solvent−solvent interactions compared to weak polymer−solvent interactions.136 

Additionally, in UCST- polymer, the hydrophobic effect (entropic) is less 

dominant. Therefore UCST- behaviour is called enthalpy driven and it depends 

upon either hydrogen bonding (HB-UCST polymers) or Coulomb interactions (C-

UCST polymers). Aqueous solution of non-ionic poly(N-acryloyl glycinamide) 

(poly(NAGA) shows  UCST type phase behaviours in the presence of an 

electrolyte. 137 There are few other examples of non-ionic and zwitterionic UCST-

type polymers,138-139 the detailed discussion of those are not under this thesis 

work. In this section, thermoresponsive PIL systems will be discussed in a much 

elaborative way. 

 PILs showing either LCST- or UCST-type phase transition 

Thermoresponsive PIL systems which show temperature-dependent phase 

transition (either LCST- or UCST-type) in water or in other solvents depending 

upon the hydrophobicity/hydrophilicity balance of the constituting ions of 

starting IL monomers can be achieved by manipulating the structure of 

cations/anions. Ritter and coworkers140 reported that poly([1-butyl-3-

vinylimidazolium][TFSI]) showed a pseudo-LCST type phase behaviour in the 

presence of cyclodextrin in water. The thermo-reversible 

complexation/decomplexation of the hydrophobic TFSI- ion of this PIL with the 

cyclodextrin was responsible for this type of phenomenon. At lower 

temperature, the hydrophobic PIL became water soluble due to the 

complexation between the cyclodextrin and the TFSI- ion. At higher temperature, 

the entropy driven decomplexation resulted the cyclodextrin to get out of 

hydrophobic anion which caused phase separation of aggregated PIL from water 

due to the dominance of hydrophobic component.141 Seno et al.142 reported 



Introduction                                                          Chapter 1 

IACS                                                  33                                                   JU 

LCST-type phase transition of vinyl ether based polymers containing imidazolium 

or pyridinium cation pendants in organic solvent (Figure 18). The same group 

reported an UCST-type phase behaviour of the same vinyl ether based polymers 

with pendant cationic imidazolium moieties and BF4
- counter anions.143

 They 

proposed that UCST-type phase behaviour was observed due to the presence of 

inter-polymer electrostatic interactions among the side chain ionic groups rather 

than intra-molecular polymer interactions. Ohno et al.87  reported the first ever 

thermoresponsive PIL, namely poly(4-tetrabutylphosphonium styrene sulfonate), 

which showed LCST-type phase behaviour in aqueous solution. In their work, 

they prepared several tetraalkylphosphonium styrene sulfonate-based PILs that 

all showed LCST behaviour in aqueous solution. These PILs when dissolved in 

water precipitated out  

 
Figure 18.  Structures and LCST-type phase transition of vinyl ether based 

polymers with (A) imidazolium and (B) pyridinium cation pendants in organic 

solvent.142 
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when heated above the LCST and re-dissolved when cooled below the LCST. They 

selected few polymerizable IL monomers containing 4-styrenesulfonate ([SS]) 

anion with two different phosphonium counter cations, [P4444]+ and [P4446]+ 

(Figure 19). Free radical polymerization of these ILs led to PILs of which the 

aqueous solution containing 10 wt. % poly ([P4444][SS]) showed LCST-type phase 

transition with a cloud point (TcL) at 57 °C. 

 

Figure 19. Synthetic procedure of [P444n][SS] monomer and its polymer along 

with the  photographs showing the thermo-responsive behaviour of [P4444][SS] in 

water.87 

Yuan et al. reported the synthesis (Figure 20) and tunable LCST-type 

phase behaviours of poly(4-tetrabutylphosphonium styrene sulfonate) (PTPSS) in 

aqueous solution.144 They have demonstrated that the cloud point can be tuned 

to either higher or lower temperatures by adding different salts such as 

tetrabutylphosphonium bromide (TPB), potassium bromide, or TPSS monomer. 

The same group also reported the synthesis of a new type of gemini dicationic 

PIL, poly[(1,8-octanediyl-bis(tri-nbutylphosphonium) 4-styrenesulfonate] via 

conventional free radical polymerization.76 The aqueous solution of this PIL 

showed LCST-type phase transition with tunable cloud point. Further 

copolymerization of this gemini dicationic ILM with divinyl benzene cross-linker  
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Figure 20. Chemical structure, synthesis and thermo-responsiveness of poly(4-

tetrabutylphosphonium styrene sulfonate) (PTPSS) in aqueous solution.144 

resulted in a hydrogel exhibiting temperature-induced volume change. The same 

group developed a LCST-type cationic PIL, poly(tributyl-4-

vinylbenzylphosphonium pentanesulfonate) in water (Figure 21).77 The phase 

transition temperature of the aqueous PIL solution was tuned within a wide 

range by varying the various parameters. According to them, the anion exchange 

and salting out effects are responsible for such types of flexible phase 

transitions.

 

Figure 21.  Synthesis of cationic PILs bearing a phosphonium sulfonate ion pair in 

each repeating unit (Bu = n-butyl).77 

Xiong et al.145 reported the synthetic strategy for the preparation of 

imidazolium IL (ImIL)-based thermoresponsive cross-linked polymeric nanogels 
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(CLPNs) by one-step copolymerization of geminal dicationic ILs, 1,4-butanediyl-

3,3′-bis-1-vinylimidazolium halides (ImIL-X, X = Cl,Br) monomers with cross-

linker, ethylene glycol dimethacrylate (EGDMA) or divinylbenzene (DVB) in 

selective solvent. The stable nanogel dispersion was found to be 

thermoresponsive and can be reversibly converted into a precipitate or macrogel 

in methanol by decreasing the temperature. Tenhu and coworkers146 also 

reported UCST-type behaviours of imidazolium- and DMAEMA-based polycations 

in aqueous solution in the presence of both NTf2
- and OTf- ions while adjusting 

the ionic strength with sodium chloride. Moreover, PIL-based amphiphilic block 

copolymers (BCPs) with an ionic (cationic/anionic) polymer block147-148  and 

thermoresponsive PIL hydrogels 149-150 are also  reported.  

 PILs showing simultaneous LCST- and UCST-type phase 

transition 

Very recently, our group reported the synthesis of various random copolymers 

from oligo(2-ethyl-2-oxazoline)acrylate (OEtOxA) and either triphenyl-

4vinylbenzylphosphonium chloride ([VBTP][Cl]) or 3-n-butyl-1-vinylimidazolium 

bromide ([VBuIm][Br]) ILMs by RAFT polymerization (Figure 22), which showed 

simultaneous LCST and UCST-type thermoresponsiveness. Poly[oligo(2-ethyl-2-

oxazoline)acrylate] [P(OEtOxA)] has already been reported to be a LCST 

polymer151, whereas PILs such as P[VBTP][Cl] and P[VBuIm][Br] both show UCST 

behaviours in presence of halide ions in H2O.108, 152 It is to be noted that, the as-

synthesized copolymers with low content of ionic PIL segments (either 

P[VBTP][Cl] or P[VBuIm][Br]) showed only LCST-type phase behaviour with a 

linear increase of their cloud point with the increase of amount of ionic PIL 

segments. The LCST-type cloud point (TcL) was tuned by changing various 

parameters. On the other hand, the copolymers (P(OEtOxA)10-ran-P[VBTP][Cl]42) 
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with high content of ionic PIL segments showed simultaneous LCST- and UCST-

type phase transitions in the presence of halide ions in water (Figure 23). 

 

Figure 22. Synthetic strategies for P(OEtOxA)-ran-P[VBTP][Cl] and P(OEtOxA)-ran 

P[VBuIm][Br] copolymers. 153 

 

Figure 23. (A) Turbidity curves of aqueous solution of P(OEtOxA)10-ran- 

P[VBTP][Cl]42 copolymer at different concentrations of the Cl− ion, and (B) the 

variations of LCST-/UCST-type cloud points of the same as a function of the [Cl−] 

ion. 153 
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Figure 24. Schematic presentation of the aggregation behaviour shown by the 

PIL copolymers at the point of both LCST- and UCST- type phase transition. 153 

The explanation for the coexistence of both LCST- and UCST-type 

behaviours of PIL copolymer is shown in Figure 24. The ionic P[VBTP][Cl]153 

segments of copolymer become hydrophobic in the presence of the Cl− ion 

because of  the halide anion bridging interactions, and therefore the TcL of its 

P(OEtOxA) segments decreased to nearly 17 °C compared to that (56.9 °C) of 

neat P(OEtOxA). In addition to anion bridging interactions, the hydrophobic 

interactions among the pendent ethyl moieties of P(OEtOxA) segments also 

participated above its TcL. The formation of insoluble large aggregates due to 

inter-/intra-molecular association of neighbouring copolymer chains can be 

attributed to both the ionic bridging and hydrophobic interactions resulting in 

the transformation of the transparent solution into a cloudy dispersion. Upon 

heating above TcL, breaking of the ionic interaction occurred and the ionic 

P[VBTP][Cl] segments became hydrophilic again and it predominated over the 

hydrophobically interacted P(OEtOxA) segments leading to the redissolution of 

aggregates present in cloudy dispersion. This is the reason behind the  UCST-type 

phase transition with a cloud point (TcU) at 83 °C. Moreover, both TcL and TcU 

were tunable with respect to various parameters. UCST-type phase behaviours 
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of both types of PIL copolymers with a very high ionic content (>90%) were 

similar to that of P[VBTP][Cl] or P[VBuIm][Br] homopolymers with halide ions. 

1.3.2 Dual thermo- and ion-responsive PILs 

Yuan and co-workers154 reported a dual thermo- and ion- responsive copolymer 

by a single step free radical copolymerization of N-isopropylacrylamide and 1-

ethyl-3-vinylimidazolium bromide. The poly(NIPAM-ran-EVImBr) copolymer 

exhibited temperature and ionic strength responsiveness in aqueous solution 

with a cloud point (TcL) of 32 °C. The copolymer was further used as a stabilizer 

to stabilize multiwalled carbon nanotubes (MWCNTs) in aqueous solution to 

form “smart” dispersions. The presence of the PIL copolymer stabilizer facilitated 

the deagglomeration of the hydrophobic MWCNTs via sonication followed by its 

adsorption on the surface through PEVImBr PIL segment to form a homogeneous 

aqueous dispersion (Figure 25). The temperature-dependent turbidity 

measurements showed that the cloud point (TcL) could be varied in a wide range 

of temperature by tuning the copolymer composition and ionic strength. 

 
Figure 25. Schematic representation of temperature and ionic strength-

responsive behaviours of poly(NIPAM-co-EVImBr) copolymer-stabilized MWCNT 

dispersion.154 
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 Recently, our group have reported the synthesis of a dual temperature and 

ion-responsive cationic phosphonium PIL, poly(triphenyl-4-

vinylbenzylphosphonium chloride) (P[VBTP][Cl]) by RAFT polymerization.108 The 

synthetic strategy has earlier been discussed (Scheme 13). The clear aqueous 

solution of P[VBTP][Cl] turned into a cloudy dispersion due to the formation of 

insoluble microgel aggregates. The pendent positively charged phosphonium 

groups of PILs favoured the intra- and/or inter-chain cross-linking of PIL chains 

via coulomb interaction driven halide ion bridging. This cloudy dispersion upon 

heating experienced a UCST-type phase transition resulting in a transparent 

solution due to dissociation of ion bridges among PIL chains (Figure 26). The size 

of the externally added halide ions highly affected the UCST-type cloud point 

(TcU) and increased almost linearly with increasing halide ion concentration and 

molecular weights of the PIL. The stabilizing power of this PIL towards MWCNT 

dispersion was also observed to be very good in water. The dispersion state of 

PIL-stabilized MWCNT was changed from dispersed to agglomerate state and 

vice versa by the addition of halide ions as well as increasing the dispersion 

temperature. The cross-linked hydrogel of P[VBTP][Cl] also found to show halide 

ion- and temperature-dependent UCST type phase transition. As an extension of 

this work, the authors prepared stable dispersion of single or few-layers 

MoS2/MoSe2 nano-sheets by a simple efficient exfoliation via sonication in 

presence of  the cationic PILs (phosphonium- and imdazolium-PILs) in both 

aqueous and organic media.152 These cation PILs served the dual purpose of an 

exfoliating-cum-stabilizing agent. The adsorption of PIL on MoS2 nanosheet’s 

surface made them responsive towards ions and temperature in aqueous 

solution. 
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Figure 26. A cartoon representation of (a) UCST-type phase transitions of aqueous 

P[VBTP][Cl] solution in the presences of externally added halide ion. FESEM image 

showed the P[VBTP][Cl] aggregates and (b) photographs of P[VBTP][Cl]-stabilized 

MWCNT dispersion in water in the presence of added anion and with heating and 

(c)cross-linked hydrogel of P[VBTP][Cl] in H2O showing ion-induced deswelling and 

temperature-induced reswelling. [Reproduced from ref.108, 152] 

1.4 PILs as conductive materials 

1.4.1 Background 

1.4.1.1 Solid-state polymer electrolytes 

In early days, liquid electrolytes which high ionic conductivities were 

extensively used as ion transport medium in lithium-ion batteries.155 However, 

lithium metal electrode in contact with a liquid electrolyte forms metallic lithium 

electrodeposits (dendrites) during the charging/discharging processes and this 

dendrite growth is hazardous as it could cause internal short-circuiting and 

raise safety issues.156 Hence, more recently, attention has been shifted towards 

solid-state electrolytes such as conductive ceramics and solid state-polymer 
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electrolytes to increase the safety and energy density of lithium batteries.157-158 

The very first ion conducting polymeric material was reported by Fenton et al.159 

in 1973 with the discovery of the polymer- salt complexes between polyethylene 

oxide (PEO) and alkali metal salts and the electrical properties of such systems 

ignited early interest in solid-state polymer electrolytes.  The ability for alkali 

metal ions like lithium to coordinate with the ether oxygen atom present PEO 

chain facilitated the ion conduction in these polymeric materials. The ionic 

conductivity of solid-state electrolytes is expected to be lower than that of liquid 

electrolytes, but recently some polymer-based electrolytic materials have been 

developed with ionic conductivity values close to that of the liquid electrolytes. 

Such polymer electrolytes can offer multiple advantages over liquid electrolytes 

in terms of minimization of dendritic growth and safety along with  attractive 

properties such as processability, flexibility and low cost. Polymer-based solid 

electrolyte system can be divided into three categories: polyelectrolytes, poly 

(ionic liquids) (PILs) and polymer-salt complexes (Figure 27). Both 

polyelectrolytes and PILs, which are characteristically same, are polymers having 

an electrolyte group in the repeating unit along the polymer backbone. The only 

difference is present in their synthetic approach: a polyelectrolyte is mainly 

achieved via post-polymerization coupling of an ionic group to the polymer 

backbone whereas PIL are obtained via the polymerization of an ionic liquid 

monomer. Polyelectrolytes dissociating in the solid-state (i.e., a thin film or 

pellet) produce charged polymer chains which are basically immobile due to 

their high mass and mobile counter-ions. Thus, polyelectrolytes in the solid-state 

are unique compared to other electrolytes as they only transport ions of one 

polarity. Current is carried by the movement of these free counter-ions. 

Polyelectrolytes that have a positively charged backbone (and negatively charged 

mobile ion) are termed as polycations, whereas polyelectrolytes with a 
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negatively charged backbone (and positively charged mobile ion) are termed as 

polyanions. 

Polymer–salt complexes,160 which are also termed as polymer electrolytes, 

are just like electrolyte solutions where a salt is dissolved in a solvating polymer 

matrix rather than a liquid solvent. Polymer electrolytes have been classified in 

two main families. The first one is ‘solid polymer electrolytes’ (SPEs) which are 

made by dissolving alkali metal salts into a coordinating polymer host and are 

usually created in thin-film form by solution casting or hot pressing. This is the 

case of the well-known combination of poly (ethylene oxide) (PEO) blended with 

a sodium or lithium salt. In conventional SPEs the ionic conductivity of the 

material is associated to both lithium/sodium cation and the salt anion which 

move through the PEO matrix. Such electrolytes are termed as “dual-ion” 

conductors, in which both cations and the anions are mobile. The alkali-metal 

cations are located at the -O- coordination sites in the polymer main chain, and 

the ether bridges of the backbone help the ionic species to hop from one 

coordination site to another.161 This hopping occurs when free volume is 

created, which is typically above the glass transition temperature. 

 
Figure 27. Structural illustration to understand the basic difference between 

polyelectrolytes, poly(ionic liquid)s and polymer-salt complexes. 



Introduction                                                          Chapter 1 

IACS                                                  44                                                   JU 

The second family of polymer electrolytes is named as ‘gel polymer 

electrolytes’ which are composed of a polymer matrix, a salt and an organic 

solvent (plasticizer). In the case of gel electrolytes, the ionic conductivity is 

usually higher than in SPEs since the transport of the ions is favoured by the 

presence of the molecular organic solvent. The common example of gel polymer 

electrolytes that are generally used in lithium batteries is a combination of poly 

(vinylidene fluoride) (PVDF), a cyclic carbonate solvent and a lithium salt. As 

already mentioned, in polyelectrolytes and PILs, one ion is covalently bound to 

the polymer backbone but in polymer electrolytes, both ion species are free to 

diffuse through the system. 

1.4.1.2 Single-ion conducting polymer electrolytes (SICPEs) 

In case of conventional SPEs, the cations are solvated by polymer matrix and 

their motion is coupled to that of the polymer chain dynamics, and hence the 

cation mobilities are usually less than that of the anions. As a result, such 

systems exhibit a low cation transference number (a measure of the current 

contribution of the cation relative to the overall current). During the 

electrochemical cycling, the anions present in such systems accumulate at the 

anode and cause concentration gradients, a phenomenon termed as 

concentration polarization.162 Such polarization leads to loss of voltages, higher 

internal impedance and eventually to cell failure. To overcome the concentration 

polarization issues “single-ion” conducting polymer electrolytes (SICPEs) with 

high ion transference number have been developed where mobility of anions are 

disabled  by coupling them to the polymer backbone163-165 or through the 

incorporation of additives which selectively complex with the anions.166-

167Though, the innovative developments have occurred in the area of single ion 

conducting materials,165 low mobility of lithium ions due to the low polarity of 

the polymer and strong ion pairing interactions leads  to low conductivities 
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which has turned out to be a major issue. Additionally, as a result of the 

electrostatic interactions, these materials often possess high glass transition 

temperatures, which in turn contribute to a lower polymer chain mobility and 

ion conductivity. To overcome the above-mentioned issues regarding single ion 

conductors, polymerized ionic liquids (PILs) have turned out to be the best 

choice replacing conventional SICPEs. In the next section, we will discuss in detail 

about the recent development on PIL-based SICPE.  

1.4.2 Poly(ionic liquid)s as single ion-conducting polymer 

electrolytes 

Poly (ionic liquid)s (PILs) as already mentioned refer to a special type of 

polyelectrolyte   which carry an ionic liquid (IL) moiety in each of the repeating 

units.168-171 Ionic liquids (ILs), which are considered as low melting analogues of 

classical molten salts, have attracted huge attention due to their 

physicochemical properties such as high ion conductivity, chemical stability, non-

flammability and very low vapour pressure.172-174 By incorporating polymerizable 

groups, such as vinyl groups into the structure of ILs followed by polymerization, 

the produced PILs can be generated which combine both the high conductivity of 

ILs and good mechanical strength of polymers. There is an emerging trend in the 

development and application of PILs in the electrochemical devices not only 

because of the preservation of the unique properties of ILs with the 

macromolecular architecture, but also a matter of developing new properties 

and functions. The major advantages of using a PIL instead of an IL are the 

improved mechanical stability, processability, durability, and spatial 

controllability over the IL species which can be achieved through polymeric 

architectures (Figure 28). Ohno and co-workers175 started the development of 

PILs for fast ion conductors in 1998 and since then many research groups have 
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conducted several studies to improve the conductivity and  the overall 

performance of these materials. 

PILs behave as single ion conductors, where one of the ionic species (either 

the cation or anion) is tethered to the polymer chain while the other is available 

to freely move.176-178 The ion transference number which is defined as the ratio 

of the electric current carried by an ionic species of interest to the total current 

carried by all ionic species in the system is closely related to the power density of 

the energy storage devices. For many salt-polymer complexes, both the cation 

and anion contribute to the conductivity leading to a transference number much 

less than unity. But in case of PILs, one ionic species is anchored to the polymer 

chain which allows only the counters ion to move. Thus, a single-ion  

 

Figure 28. Different structures of poly(ionic liquid)-based electrolytes .179   

conductor based on PILs can be achieved and the ion transference number 

becomes close to unity thereby improving the power density.169, 180-181 

Understanding the structure and glass transition properties of PILs is an 
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important key to understand how to improve the ionic conductivity in PIL based 

system. The conductive properties of PIL-based system vary significantly above 

and below the glass transition temperature. A glass transition temperature (Tg) is 

typically defined as the temperature at which an amorphous polymer 

experiences a reversible transition from a hard and relatively brittle state (in 

other words, a ‘glassy’ state) to a softer often rubbery or viscous state. It is the 

temperature at which polymer chains start to move and the free volume, or the 

gap between the polymer chains increases. Investigating PILs can allow us to 

understand the dependence of conductivity on polymer chain mobility and 

usually it is observed that a lower glass transition temperature (Tg) leads to 

higher ionic conductivity.182 At temperatures greater  than Tg, the conductivity in 

PILs is typically attained by hopping of counter-ions between ionic sites assisted 

by the segmental motion of the polymer chains. But below Tg,  the motion of the 

polymer chains is ‘frozen’, and the transport of ions is attributed to the 

continued mobility of the counter-anions which is decoupled from the segmental 

motion.183-185 Though diffusion of ions  in the solid state below Tg is possible, 

substantial conductivity needed for practical applications is difficult to achieve 

without segmental motion of polymer chains . Hence, the influence of polymer 

structure on ion transport and enhancement of ionic conductivity even in glassy 

state has always been a topic of interest among researchers for PIL based 

systems.   

There has been a continuous effort to improve the ionic conductivity of PIL-

based system by manipulating the polymer structure. Ionic conductivity is 

immensely influenced by the structure and size of the cation or anion, nature 

and length of spacer between the main chain and IL moieties, morphology and 

glass transition temperature of the PIL.54, 183, 186-189 In the next section it will be 

discussed in detail.  
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1.4.3 Different factors affecting the bulk ionic conductivity (dc) of 

PILs 

 Effect of PIL architecture 

In common synthetic design of PILs, IL moieties can either be directly 

incorporated into the polymeric backbone (ionenes, or backbone-PILs) or can be 

placed in pendant groups on the side chain (pendant-PILs).180, 183 There has been 

always a continuous effort on understanding the effect of molecular structure of 

backbone and pendant-PILs on the ion transport mechanism. Hall et al. 

performed molecular dynamics simulations on ionomer melts (polymers with a 

small fraction of charged groups and no solvent)  and  compared the scattering 

peak of ionomer melts, having periodically spaced charged beads either within 

the polymer chain (ionenes) or pendant to the polymer backbone.190 Ionenes 

were found to have a more percolated path for charge transport, which can be 

attributed to the attachment of charges along the polymer chain. On the other 

hand, pendant -type ionomers were found to form discrete ionic aggregates that 

hindered the transport of ions leading to substantial lowering of ionic 

conductivity compared to the ionenes. Evans et al. investigated the effect of ion 

placement along the pendant positions and along the polymer backbone for 

imidazolium based PILs.54 Both PILs were designed to have almost equal charge 

density and it was found that the backbone PIL showed much higher Tg-

normalized ionic conductivity compared to the equivalent pendant PIL. The 

experimental results indicated an increase in the correlation length of ions which 

was consistent with the ion transport along a more percolated pathway 

following the polymer backbone. Recently, Kuray et al. have  investigated the 

ionic conductivity of imidazolium-based pendant and backbone-PILs with 

different counter ions.183 Figure 29 showed the structure of the reported PILs 

https://www.mdpi.com/1996-1944/13/11/2488/htm#fig_body_display_materials-13-02488-f014
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and their ionic conductivities as a function of temperature. The authors have 

found that backbone-PILs have a considerably lower Tg than pendant-PILs with 

the same counter-anions and also exhibited a higher ionic conductivity on an 

absolute temperature scale. Pendant-PILs showed higher ionic conductivity, 

when scaled to Tg or below Tg. This is attributed to the movement of the 

counter-anions among the side chains in pendant-PILs (difference in the 

decoupling degree). Additionally, they found that the ion transport for 

backbone-PILs is linked to the segmental motions of polymer chains, whereas 

that for pendant-PILs is decoupled from the segmental dynamics at a 

temperature close to Tg. 

 

Figure 29.  (Top) Chemical structures of aliphatic imidazolium-based backbone 

and pendant- PILs and varying counter anions; (Bottom) (a) conductivity profiles 

of backbone-PILs and pendant-PILs from DRS are shown as a function of 
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temperature and (b) scaled to each material’s corresponding glass transition 

temperature.183 

 Effect of counter ion  

In general, the cationic groups in PILs include imidazolium, pyrrolidinium and 

phosphonium ions and are tethered to the polymer chain whereas the anionic 

groups are usually fluorinated sulfonic imides or tetrafluoroborates which are 

free for transport. Fluorinated sulfonimides such as TFSI- are favoured because 

the charge in this molecule is highly delocalized and less coordinative, which 

tends to increase the ionic conductivity.191-193  The size of the counter-ion plays 

an important role in determining ion transport since smaller ions tend to exhibit 

higher mobility. Lacob et al. have reported that the size of the counter-anion 

strongly correlates with Tg-independent ionic conductivity for a broad series of 

imidazolium based PILs.194 As shown in Figure 30, the variation of anion 

molecular volume is found to result in differences in the Tg-independent molar 

conductivity spanning ∼3 orders of magnitude. The van der Waals volumes of 

the anions used in this work increases in the order: BF4
– < TfO– < TFSI ≅ NfO– < 

PFSI– < HFSI– while the Tg-independent ionic conductivities were found to 

increase with decreasing counter-anion volume. The complex 3D network 

morphology and the related counter-anion volume were reported to be the 

principal factors in controlling the ionic conductivity in these PILs. Recently, Stacy 

et al. analysed the ionic conductivity spectra of several PILs with different 

chemical structure and different size of mobile ions.195. In these glassy PILs, the 

activation energy for the ion diffusion monotonously depends upon the size of 

the counter ions indicating the existence of two critical mechanisms in 

controlling the ion transport and its decoupling from the segmental dynamics. 

Coulombic (electrostatic) interactions dominate the ion diffusion for very small 
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ions whereas elastic forces dominate for larger ions and their contribution 

increases with the ion size.   

 

Figure 30. dc conductivity as a function of Tg/T for poly(1-butyl-3-

vinylimidazolium-X-), where X– = BF4
-, TfO-, NfO-, PFSI- and HFSI-.194 

 Effect of spacer length 

The chemical composition and length of the spacer is also an important factor in 

understanding the conductivity of the PIL-based system. Spacers are usually alkyl 

chains connected to the polymer backbone and their length controls how far 

away the cationic group is from the polymer backbone. Typically, the longer the 

spacer, the farther the cationic group is from the polymer chain and the higher 

the conductivity. This occurs because long side chains tend to act as plasticizers, 

increasing the mobility of the counter-anion. Choi, et al. synthesized a series of 

imidazolium based PILs with varying spacer lengths.196 These authors reported 
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the effect of the spacer length between the backbone and the imidazolium 

cation on the static dielectric constant and ion motion in these PILs. It was found 

that these PIL structure with the longest structure yielded the highest 

conductivity as the spacers plasticized the polymer chain. Delhorbe et al.197 

synthesized a series of 1-alkyl-3-vinylimidazolium bis(trifluoromethane) 

sulfonimide-derived homopolymers i.e., P(CnVIm-TSI) with various alkyl chain 

lengths (n = 2, 4, 6, 8,10) and  systematically investigated the effect of the spacer  

length on the physicochemical properties and ionic conductivity. The authors 

have found that the charge transport in PILs is determined by the segmental 

motion of the polymer backbone (i.e. the glass transition temperature, Tg), 

charge carrier density and the self-assembly nanostructure of such PILs, 

specifically the backbone-to-backbone correlation distance. The low viscosity 

and Tg favour the ion diffusion and the decrease in the backbone-to-backbone 

correlation distance increases ionic conductivity. Recently, Pipertzis et al.198 

reported the synthesis of a series of PILs based on polythiophene and both 

electronic and ionic conductivity as a function of the spacer length for a fixed 

anion. It was reported that increase of spacer length from butyl to decyl resulted 

in internal plasticization and in a decreased glass temperature (Tg). As a result, 

dc-conductivity at a fixed temperature increases with the increase of spacer 

length. Figure 31 depicted that the conductivities at a given temperature can 

vary by several orders of magnitude as a result of the distinctly different Tg 

values. Furthermore, dielectric permittivity being a decreasing function of the 

spacer length under Tg-scaled conditions further influenced the dc-conductivity.  
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Figure 31. DC-conductivity as a function of inverse temperature for a series of 

PILs. Solid lines are fits to the VFT equation for conductivity.198 

It is to be noted that, the effect of counter-anion on the ionic conductivity in 

PILs depends upon the delocalization of the counter-anion’s charge, bulkiness 

and the ability to form hydrogen bonds with the polyelectrolyte. In order to 

attain high conductivity, the counter-anion should be small, delocalized and have 

minimum interactions with the polymeric backbone or spacer. Evans, et al.199  

recently synthesized a PIL–based homopolymer as well as a series of block 

copolymers with poly(styrene) and it has been found that the conductivity 

depends upon network structure and electrostatic interactions between the 

polymer matrix and counter-anion.  

 Effect of molecular weight 

There are several reports which describe the effect of molecular weight on ion 

transport in traditional polymer electrolytes, based on poly (ethylene oxide) and 
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poly(propylene glycol).200-202 In these systems, ion transport has been found to 

be strongly coupled to the segmental relaxation of the polymer chain despite the 

change in molecular weight. However, a significant difference in the rate of ion 

transport and segmental relaxation (decoupling of the ion transport from the 

segmental relaxation) has been observed in several polymer electrolytes.203-

204Recent studies revealed that ionic conductivity can be decoupled from 

structural (segmental) relaxation in PolyILs.189, 205
 However, the effect of 

molecular weight on ion transport in PILs has not been explored much. Recently 

Fan et al.180 synthesized a series of PILs (represented as ‘PolyIL-n’) having 

degrees of polymerization (n) ranging from 1 to 333, corresponding to molecular 

weights from 482 to 160 400 g/mol respectively and   studied the influence of 

molecular weight on the ion transport mechanism and segmental dynamics in 

these materials. The Tg of these PILs exhibited an increase with the increase of 

molecular weight and reached a plateau when n ≥ 72. The modified Walden plot 

analysis revealed that the ionic conductivity transformed from being closely 

coupled with structural relaxation to being strongly decoupled from it as 

molecular weight increases. The significant increase in decoupling of ionic 

conductivity from segmental motion of polymer chains was ascribed to the 

increase in chain packing frustration in these PILs. Figure 32a shows that as 

molecular weight increases from PolyIL-10 to PolyIL-333, the ionic conductivity 

values changes a little. This drop in conductivity is due to the changes in the glass 

transition temperature of the PILs. The temperature dependencies of the 

conductivity values of PolyIL-10, -72,-109, and -333 show a crossover from VFT to 

Arrhenius-type behavior as the temperature decreases. The influence of the shift 

in the Tgs was excluded by normalizing the temperature with Tg-BDS (Tg 

determined from broadband dielectric spectroscopy) as shown in Figure 32b.  

This revealed that PILs with higher molecular weight exhibited higher 
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conductivity than lower molecular weight samples when compared at the same 

Tg/T values. These results indicated that changes in molecular weight not only 

shift the Tg of the PILs, but they also strongly affect the conductivity mechanism. 

The authors speculated that frustration in the packing of the polymeric cation 

contributed to the decoupling of ion transport from segmental dynamics which 

resulted in higher ionic conductivity. 

 

Figure 32. Conductivity values of the IL and PIL samples as a function of (a) 

1000/T and (b) Tg-BDS/T.180  

1.4.4 Mechanism of ion transport and conductivity in PILs 

To understand the ion transport mechanism in PIL-based systems we need to 

understand the ion transport mechanism in some other related systems such as 

salt-doped polymer electrolytes, ionic liquids, and non-PIL based single-ion 

polymer electrolytes which have been explained briefly in the early of this 

section. 
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 Ion transport in salt-doped polymer electrolytes. 

Early studies of ion transport mechanisms in polymer electrolytes were primarily 

focused on PEO-based polymeric materials doped with a variety of alkali metal 

salts. The ion transport in such systems occurs through ion hopping mechanism 

mediated by polymer chain dynamics (Figure 33). The ionic conductivity of PEO 

membranes doped with different lithium salts has been reported to arise from 

three contributions: (a) intra-chain Li+ ion motion along the polymer backbone; 

(b) co-operative motion of Li+ ions coordinated with the PEO segments; and (c) 

the inter-segmental hopping of Li+ ions from one chain to another  

 

Figure 33. Ion transport mechanism in PEO-salt complexes via hopping and 

segmental motion.206 

chain.207-208 The diffusion of both the cations and the anions are coupled to the 

segmental motion of PEO chains and the glass transition temperature (Tg) of the 

polymer matrix. Recently, Ganesan et al.209 investigated the role of ion solvation 

and polymer chain motion on the conductivity of such materials. These authors 

demonstrated that stronger cation–polymer interactions (relative to cation–

anion interactions) lead to ion dissociation resulting in increased ionic 
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conductivity while overcoming the influence of the segmental motion of polymer 

chains and the glass transition temperature. Webb et al.210 reported the 

occurrence of similar type of ion–polymer interactions which enabled the 

continuous pathway of solvation sites for the transport of Li+ ions. The above-

mentioned studies demonstrated that ion transport in salt-doped polymer 

electrolytes generally occurs through a mechanism involving a combination of 

intra- and inter-chain hopping motions. Such ion-transport depends upon two 

factors both of which depend on the ion–polymer interactions:  (i) the solvation 

of Li+ ions in the electrolyte which influences the ion dissociation and thus 

contributing ionic mobility to the overall conductivity and (ii) the polymer 

segmental dynamics.  

 Ion transport in non-PIL-based single ion conducting polymer 

electrolytes. 

Non-PIL-based single ion conductors have attracted considerable attention as 

potential electrolytes for electrochemical devices, mainly batteries.165 In this 

regard, a number of fundamental experimental studies have been carried out to 

identify the mechanisms and parameters underlying ion transport mechanism in 

PEO and other polymer-based single ion conductors.211-214 Since the polarity of 

such materials is typically low; ions mostly get aggregated into neutral pairs. As a 

consequence, the ion diffusion occurs through the movement of ion pairs 

mediated by the segmental motion of the polymer chains. Hence, the mobilities 

of the ions are strongly coupled to the polymer segmental dynamics. Since ion 

transport involves neutral ion pairs, the resulting ionic conductivities are often 

much lower than expected.213Maranas et al. studied PEO-based single ion 

conducting polymeric systems to interpret the fundamental aspects of ion 

transport.215-217 The authors observed clustered ion states, where cation hopping 
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occurs through a combination of pathways involving associated anions and/or 

the polymer backbone and they concluded that single ion conducting polymeric 

system should be designed with chemistries that can facilitate enhanced cation 

hopping through the polymer backbone.218 In a different set of experimental 

studies; Frischknecht, Winey and co-workers have examined the effect of 

molecular architecture on the structure and dynamics of single ion conducting 

systems.219-220 The authors illustrated that the architecture and spacing of ionic 

groups present on the SIC  determined the morphology of the ion clusters and  

architectures which led with percolated ion clusters have faster counter-ion 

diffusion than systems with isolated clusters.221 Milner et al. also studied single 

ion conductors using coarse-grained molecular dynamics simulations and 

showed that ion transport occurs through consecutive coordination with ion 

pairs.222-223 Lin et al.224 demonstrated the influence of ion–ion interactions on 

diffusion of cations in SICPEs and observed that decreased cation–anion 

interaction had almost no influence on cation mobility. This was attributed to the 

balance of cation–anion and cation–polymer interactions. In the case of weak 

cation–anion contacts, the cation–polymer interactions slowed the polymer 

chain motion which resulted in a compensation of the enhancement in cation 

mobilities achieved due to the reduction in cation–anion association. 

In summary, the above mentioned studies on ion transport in non-PIL based 

SICPEs establish the formation of cation–anion aggregates which is driven  by the 

low polarity of the medium and whose characteristics are influenced by the 

architecture of the SIC. Cation transport in such a medium occurs through a 

combination of ion hopping between the anion associated states and through 

the polymer backbone. As a consequence, ion dynamics in such systems is 

strongly coupled to polymer segmental dynamics. 
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 Mechanism of ion transport in poly (ionic liquid)s 

A fundamental understanding regarding the mechanism of ion transport in 

PILs is much needed to design highly conductive PILs. In case of pure ILs, ion 

diffusion is governed by the ion pair and ion cage formation and breaking 

mechanism225and by the polymer backbone segmental motion in polymer 

electrolytes such as poly(ethylene oxide).208, 226It should be noted that the ionic 

conductivity of a PIL is several orders of magnitude lower than its IL 

analogous.193, 227Ionic mobility is significantly reduced by the slower polymer 

chain relaxations in a PIL, indicating that polymer chain relaxations play an 

important role in ion conduction.228 Choi et al.229 reported ionic conductivities of 

PILs to be strongly related to the glass transition temperature and the segmental 

motion of the polymer chains. But this observation is in contradiction with some 

recent experiments where the decoupling between ionic conductivity and 

structural dynamics in PILs has been reported and also the dc conductivities of 

the PILs were observed to exceed that of their pure IL counterparts at their glass 

transition temperature.189, 205, 230 Hence it is really very important to understand 

the fundamental ion transport mechanism prevailing in PILs, the origin of 

differences in ion- transport between PILs and pure ILs, and  where the ion-

diffusion phenomena  is really decoupled from the segmental relaxations and 

glass transition temperatures in  PILs or not.  

Mogurampelly et al.231 recently reported molecular level insights on the 

mechanisms underlying ion transport in an imidazolium-based PIL electrolyte, 

poly (1-butyl-3-vinylimidazolium-hexafluorophosphate). The authors used 

atomistic molecular dynamics simulations to characterize the ion diffusion in 

both the PIL-electrolyte and pure IL. The experimental results showed that in 

pure IL, structural relaxation processes served as the primary mechanism 

underlying ion transport, which significantly slowed upon approaching to the 
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glass transition temperature. In case of PIL, the authors have classified the 

different hopping events exhibited by anions into three main categories as 

represented in Figure 34: type1, intra-molecular anion hopping events along the 

polymer backbone occurring by means of the formation and breaking of ion-

associations; (b) type2, inter-molecular ion hopping events between different 

polymer chains; (c) type3, anion hopping from polymer chains to free medium 

and vice-versa. It was observed that the type1 events were the dominant 

mechanism at all investigated temperatures. Ionic mobilities are also reported to 

be directly correlated to the average life times of the ion-associations. Such 

results establish the basis for experimental findings that reported ion transport 

in PILs to be decoupled from polymer segmental relaxations. This method of 

analysis was subsequently employed for  

 

Figure 34. Different types of ion hopping events: intra-chain (type1), inter-chain 

(type2), and chain-to-free space (and vice versa) in poly(1-butyl-3-

vinylimidazolium-hexafluorophosphate) (P[BMIM][PF6] ) electrolyte.231 
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various PILs which provided very crucial information about the rational design of 

novel PIL-based materials.232-235 However, the existing ion hopping mechanism 

was limited to ion association and dissociation, which does not give a complete 

picture of the motion of a single ion. Later, Liu et al. 236 improved the 

methodology to understand the ion transport mechanism in a PIL, poly(n-

ethylvinylimidazolium bistrifluoromethylsulfonylimide) [poly(C2VIm)Tf2N] at 

various temperatures. String-like cooperative motion of the mobile anions was 

observed.  Effective hopping of the mobile ions contributed to the ion diffusivity 

which was dominated by inter-chain hopping and mainly facilitated with five 

associating pendant cation moieties from two different polymer chains. 

1.4.5 Ionic conductivity and polymer chain mobility in PILs 

To understand the ion dynamics in polymerized ionic liquids, it is necessary to 

understand the ionic conductivity of ionic liquid molecules which consist purely 

of ions. The motion of an ionic molecule is directly coupled to the motion of a 

charge. The ability of each ion to move is characterized by the diffusion 

coefficient (D). The ion mobility, which in electrostatics is the proportionality 

between the applied electric field (  ⃗  ) and the average velocity of the ion,   drift 

=  ⃗ . The drift velocity plays a crucial role in determining the current density,   = 

nq  drift, which is a function of the number density of moving charges, n, their 

charge, q, and the drift velocity. Combining this relation with the current density 

formulation of Ohm's law,   =  ⃗ , one can derive an expression for the overall 

DC-ionic conductivity, , as a sum over N number of ionic species present in the 

system:237 

  ∑     
 
                                                                                                                 (1) 
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In case of ionic liquids, qi is the charge on each ion, i is the ionic mobility, and ni 

is the number density of ions in the system. This is a fundamental equation when 

it comes to the strategic design of highly ion conducting electrolytes. To increase 

the ionic conductivity of any particular ionic liquid system, there are only two 

possible ways, either to increase the number density of charge carriers or the ion 

mobility. Ionic mobility and diffusivity are related by the Einstein relation as:  

i = 
    

     
  ;                                                                                                                           (2) 

where D is the diffusivity, T is the temperature, and kB is the Boltzmann constant. 

From equations 1 and 2, it is very clear that ionic conductivity of an electrolyte is 

controlled by the free ion concentration, the diffusivity, and the charge of the 

ion. According to the Stokes−Einstein relation for ion diffusion in a liquid,  

D = 
   

    
 ;                                                                                                                            (3) 

where, η is the viscosity and r is the effective hydrodynamic radius of a molecule. 

Maxwell found that relaxation time and viscosity are inversely proportional and 

for small solvent molecules we can use Maxwell relation: 

 η = Gs;                                                                                                                              (4) 

where G is the glassy modulus and s is the structural relaxation time.  

 Combination of Stokes−Einstein relation and Maxwell relation gives the 

relationship D ∝ T/s; i.e., the diffusion of ions in liquid electrolytes is controlled 

by the viscosity (η) and the structural relaxation time (s). Alternatively, 

combining the Maxwell relation (eq. 4) with the Stokes-Einstein relation (eq. 2) 

and plugging into the conductivity equation (eq. 1), it is possible to relate the DC-

ionic conductivity (0), which is a macromolecular material property, to the 

structural relaxation of ionic molecules: In the case of polymer electrolytes, ion 
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transport depends upon the local segmental (structural) dynamics,238-239 while 

viscosity is controlled by the motion of the entire chain.  

Ionic conductivity in solid-state polymer electrolytes can be enhanced 

either by increasing the number of ion-containing groups in the polymer or by 

lowering the glass transition temperature (Tg) of the polymer. In ion-conducting 

polymers, ionic mobility is influenced by the segmental motion of the polymeric 

chain above the glass transition temperature.240 The polymer chains are frozen 

and unable to move below the Tg, but above that, the polymer chains have 

enough kinetic energy to start moving. This segmental motion of polymer chains 

creates free volume leading to generation of enough space for the “hopping” of 

ionic groups. An ion can hop from one coordination site to the other, which is 

accompanied by the segmental motion of the polymer chains. In the presence of 

an external electric field and above the Tg, ion transport is achieved by this 

continuous hopping of ions which is facilitated by the movement of the polymer 

main chain. For a plot of ionic conductivity() versus inverse temperature , if the 

plot is non-linear then it indicates that conductivity is coupled with the 

segmental motion of polymer chains and this behaviour can be described by the 

Vogel–Fulcher–Tammann (VFT) equation as follows:241 

 =  T exp (- 
 

    
);  

where 𝜎0 is the pre-exponential factor related to the amount of charge carriers, 

B is the activation energy required for ion conduction, and T0 is a reference 

temperature (also termed as Vogel temperature) which typically falls 10-50 K 

below the glass transition temperature. The VFT equation was initially developed 

to explain the ion diffusion process in glassy and amorphous polymeric material 

and it was derived from quasi-thermodynamic models of free volume and 

configurational entropy, and this type of behaviour can be seen in solid polymer 

electrolytes above the glass transition temperature. As already mentioned, VFT 
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behaviour in a polymer material indicates that ion motion is associated with the 

long-range motions of the polymer backbone or solvent molecules and the 

conductivity arises due to the diffusion of ions from one free volume to another. 

There is a strong ‘coupling’ between ion diffusion and polymeric relaxation. In 

general, diffusion of ions in a polymeric material cannot occur unless there is an 

associated relaxation process.241-244 Polymeric materials with higher conductivity 

values usually relax more rapidly, or at a higher frequency than the insulating 

materials, and when temperature is scaled to the glass transition temperature, 

parameters fall on the same VFT curve which allows a direct comparison. When 

the relaxation of the host polymer or polymeric matrix occurs rapidly, the ionic 

conduction tends to increase, which is usually associated with the host polymer 

having a low glass transition temperature. However, when the temperature 

approaches below the Tg of the polymeric material, the segmental relaxation is 

significantly slowed down as the polymeric backbone does not have enough 

kinetic energy to move. As a result, free volume of the polymer decreases and 

diffusion of ion becomes more difficult. Below Tg, conductivity in polymer 

electrolytes displays Arrhenius-type behaviour and can be described as 

follows:241 

𝜎 = 𝜎0exp (− 
  

  
); 

where 𝜎0 is a pre-exponential factor, Ea is the activation energy, and k is 

Boltzmann’s constant. In polymeric materials which show Arrhenius-type 

behaviour, ion diffusion occurs by a simple hopping mechanism that is 

decoupled from segmental motion or long-range motions of the polymer matrix. 

This can be due to the rotation or movement of pendant groups coming off the 

polymer chain.180, 186, 245 The current focus in creating effective solid polymeric 

electrolytes lies in improving the conductivity as much as possible in the solid-

state below the glass transition temperature. 
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1.5 Photoinitiators for aqueous polymerization 

1.5.1 General aspect  

1.5.1.1 Photopolymerization 

The use of light to control the formation, structure and properties (chemical, 

mechanical or biological) of polymeric materials has always been one of the 

interesting topics of research  in polymer science.246 Photopolymerization (also 

termed as photoinitiated or photoinduced polymerization) is a technique that 

uses light (visible or ultraviolet) to initiate and propagate a polymerization 

reaction to form a linear or crosslinked polymer structure.247 This technique 

plays a crucial role in polymer chemistry and shows a number of economic 

advantages over the conventional  thermal polymerization, such as rapid curing, 

curing at spatially well-defined regions, low energy requirements, room-

temperature treatment, non-polluting and solvent-free formulations and low 

cost.248-250 Photopolymerization is applied in various fields which include 

industrial applications like coatings (on wood, plastic, paper or metal surfaces), 

adhesives, 3D printing (stereolithography), microelectronics, optics, as well as in 

biomedical applications (e.g. tissue engineering, dental fillings and 

ophthalmology).248, 251-252  

 

Figure 35. General representation of a photoinitiated polymerization reaction.248 
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Photoinitiator or photoinitiating system is a key component in every 

photopolymerization reaction. A photoinitiator can be defined as a single 

molecule or combination of molecules that upon absorption of light (visible or 

ultraviolet) generates reactive species which initiate the polymerization process 

(Figure 35).253 These reactive species may be free radicals (in free radical 

photopolymerization) or ions (e.g. in cationic photopolymerization), the free 

radical process is though frequently applied.254-255 The type and concentration of 

photoinitiator, irradiation time, the intensity and wavelength of the initiating 

light, reaction temperature, and monomer structure and concentration largely 

affect the reaction rate and grafting density.256 The initiating systems based on 

one-component, two-component or multi-component photoinitiators play an 

important role in photopolymerization processes.257-258 Photoinitiating systems 

not only determine the mechanism of the polymerization process, but also affect 

its performance, curing speed and final properties of the polymer such as 

hardness and viscosity. Thus, the selection of an appropriate photoinitiator is 

essential to achieve the desired photopolymerization reaction rate and polymer 

properties. The basic parameters determining the selection of the photoinitiator 

are maximum absorption wavelength (max) and molar extinction coefficient (). 

The efficiency of the photoinitiator is directly related to its structure, which 

influences the range of absorption and quantum efficiency of the photochemical 

and photophysical processes that take place in the excited states.259 Researchers 

are continuously trying to develop new type of  photoinitiators and particular 

interest is paid on water-soluble photoinitiating  systems, which are important 

for industrial as well as biomedical applications260-261.262  

1.5.1.2 Free radical photopolymerization 

Free radical photopolymerization is an extensively used methodology for the 

preparation of polymeric materials especially where its unique features (spatial 

resolution, precise control of the process etc.) are particularly important.263 The 
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photoinduced radical polymerization occurs according to the typical radical 

polymerization mechanism and consist of three main steps: initiation, chain 

propagation and chain termination.255 The radical photopolymerization is 

initiated by the generation of a free radical (R•) by a photoexcited photoiniator 

through a unimolecular (Type 1) or bimolecular process (Type 2) (Figure 36) 

which may add to the first monomer unit. During the propagation step, the free 

radical reacts with the monomer/oligomer forming a radical bearing monomer 

or oligomer (RM•) which is termed as macroradical. The macroradical then starts 

to grow by addition to more monomer units. The reaction proceeds through the 

propagation step and the chain reaction is terminated (chain termination step) 

via combination of two polymer radicals or disproportionation reactions.255 

There are other possibilities like quenching of the active  

 

Figure 36. Different stages of photoinitiated  free radical polymerization.264 
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radicals by molecular oxygen which can also terminate the polymerization 

process.  Figure 37 showed a graphical representation of the progression of 

polymerization with time for any free radical photopolymerization reaction. The 

presence of inhibitors like dissolved oxygen or any other added components 

which are able to consume free radicals present in the polymerization medium 

has a destructive effect on the initiation process. The reactive species formed 

during the initiation step react with the inhibitors, leading to almost no 

polymerization reaction at the very beginning. This phase of the reaction is called 

the induction phase. The induction period is the relatively flat part at the 

initiation region. After complete consumption of the inhibitors through 

reactions, the initiating species start to react with monomer forming a 

macroradical. The diffusion of the macro radicals throughout the medium leads 

to a rapid increase in the rate of polymerization reaction until it reaches a 

maximum. The progress of the polymerization is associated with a change in 

viscosity and refractive index of the polymerization medium. The viscosity of the 

polymerizing medium continuously increases to the point where monomers are 

trapped between growing polymer chains. At this point, the polymerization 

reaction is terminated by the limited diffusion of the monomer. Due to this, 

photopolymerization reactions never yield 100% conversion of monomer.  

 
Figure 37. General representation of conversion of monomer (%) versus time 

during photopolymerization.264 



Introduction                                                          Chapter 1 

IACS                                                  69                                                   JU 

1.5.1.3 Free radical photoinitiators  

As already mentioned earlier, in radical photopolymerization, the photoinitiation 

starts when the photoinitiators upon absorption of photon generate free 

radicals. This process is controlled by the stability of the photoexcited state and 

the energy of the bonds within the  

Figure 38.  Different examples of Type I and Type II photoinitiators. 

excited molecule. Free radical photoinitiators are divided into two main classes: 

cleavage (Norrish Type I) and H-abstraction type (Norrish Type II) initiators. 

Multicomponent initiating systems are also known.254 The Norrish Type I PIs are 

aromatic carbonyl compounds such as benzoin derivatives, acetophenone 

derivatives, halogenated ketones, aminoketones, thiobenzoate derivatives, 
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sulfonylketones, 2,4,6-trimethylbenzoyl-diphenylphosphine, organosilanes  etc. 

Some examples of Type I photoinitiators are shown in Figure 38. These 

compounds absorb light in the UV or near-UV range due to the nπ* and ππ* 

transition of the carbonyl group at around 320 – 360 nm and 280 – 300 nm 

respectively. The carbonyl groups of these initiators absorb a photon and are 

transformed into an excited state. Subsequent homolytic cleavage of the excited 

α-carbon bond (α-cleavage) produces two primary free radicals. Norrish Type II 

photoinitiators involve more than one molecule. A simple Type II photoinitiator 

consists of a bimolecular system involving an initiator and a co-initiator. 

Recently, one-component Type II systems, consisting of both the photoinitiator 

and the co-initiator within one molecule have been reported.265  The initiator 

first absorbs photon and is excited into a long-lived triplet state, followed by an 

electron-transfer or a hydrogen-abstraction reaction with a co-initiator (e.g., 

alcohols, tertiary amines, or thiols). The co-initiator molecule then reacts with a 

monomer to initiate polymerization. Examples of Type II photoinitiators include 

benzophenone derivatives, thioxanthone derivatives, diketone (benzil) 

derivatives, coumarin, ketocoumarin, anthraquinone derivatives, 

terephthalophenone derivatives etc. Some examples of Type II photoinitiators 

are shown in Figure 38. Type I photoinitiators are more efficient than Type II, but 

produce more side products.256 Type II photoinitiation  process is usually slower 

and less efficient due to the bimolecular process, back electron transfer and 

more importantly the solvent cage effect in aqueous solutions.266 On the 

contrary, the energy of photons in the visible range is generally lower than the 

dissociation energy of the individual bonds present in any  organic compound. 

Therefore, it is particularly difficult to obtain a highly efficient photoinitiator 

operating in the visible range. Due to this, bimolecular systems are used as 

visible light photoinitiators.267 The properties of the photoinitiator are crucial for 
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any photoinduced polymerization, having a substantial impact on the most 

important step, the initiation. Figure 39 depicts the general mechanisms of Type 

I and Type II photoinitiators. 

 

Figure 39. Photoinitiating mechanism of Type I and Type II initiators. 

It is also noteworthy to discuss the photoinitiation mechanism of two-

photon active initiators (Figure 40). These photoinitiators have highly conjugated 

π-systems with good coplanarity and strong donor/acceptor groups.268 In case of 

radical photopolymerization, after the intra- and inter-molecular charge transfer 

interactions between the two-photon excited initiator and the monomer, 

radicals are formed by electron transfer which ultimately initiate the 

polymerization reaction.269 270 This type of polymerization process is an 

important tool to build a variety of 3D matrices for micro-and nano- scale 3D 

printing. However, two-photon initiating mechanism for more complex systems 

(e.g., thiol-ene polymerization) has still remained unexplored. 
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Figure 40.  Schematic mechanism of photoinitiation by two-photon active 

initiators.268 

Recently, multi-component photoinitiation systems, based on electron transfer 

and systems based on hydrogen abstraction are interesting alternatives. Electron 

transfer is based on the interaction between an excited electron donor or 

acceptor and a second component (electron acceptor or donor respectively) in 

the ground state, which is responsible for the photoinduced electron transfer 

process. The dual role of an excited photosensitiser molecule, which acts as the 

primary light absorber in a multiradical system,271 can be understood as follows 

(Figure 41) : 

 In first case, the photosensitiser acts as an electron donor and the 

transfer of the electron to the co-initiator leads to the formation of a 

cationic radical of the photosensitizer and an anionic radical of the co-

initiator, 

 In other case, the photosensitiser acts as an electron acceptor and 

electron transfer from co-initiator to photosensitizer generates anionic 

radical of the sensitizer molecule and cationic radical of the co-

initiator.267 
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Figure 41. Initiation mechanism in multi-component systems. (Here D and A 

represent  an electron donor and acceptor respectively).267 

1.5.1.4 Water-soluble free radical photoinitiators 

Water-soluble photoinitiators even though known for a long time have been less 

explored than the organo-soluble photoinitiators due to lack of demand from 

industry.272-273 However this scenario has changed recently and water-soluble 

photoinitiators has gained popularity in the painting and coating industries. 

Recently, they are now in strong demand to polymerize water containing highly 

fluid resins for applications such as inks in graphic arts and food packaging.273 

Nowadays water-soluble photoinitiators are extensively used in biomedical 

application such as in the preparation of   biodegradable polymer hydrogels 

which can be used as drug delivery systems.274-276 Hence scientists are 

continuously trying to develop new type of water-soluble photoinitiators which 

can be used successfully in different waterborne compositions but it was always 

a great challenge because the increase in water solubility did not always follow 

the requisite lack of toxicity of these photoinitiators. The continuous growth of 

emerging water-soluble photoinitiators has been shown in Figure 42. The 
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breakthrough came in the beginning of 21st century when photoinitiators, like 2-

hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-methyl-1 propanone (Irgacure 2595) 

and water-soluble derivatives of acylphosphine oxides, e.g., monoacylphosphine 

oxide (MAPO) and bisacylphosphine oxide (BAPO) were developed and 

extensively used in hydrogel synthesis or in various biomedical applications. 

However, very little commercially available Type I photoinitiators are really 

water-soluble and only Irgacure 2959 is used for true water-phase 

photopolymerizations.273, 277 Nowadays researchers have particularly focused on 

designing innovative photoinitiators by modifying the already known 

photoinitiators in order to increase their water solubility, absorption range and 

initiation efficiency to obtain a fast and efficient photoinitiating system. 262  

 

Figure 42. Number of published articles on water-soluble photoinitiators in the 

years 1970–2019.267 
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1.5.1.4.1. Type I photoinitiators for free-radical polymerization 

 -hydroxyketones and their derivatives 

The basic method to increase the water-solubility of conventional radical 

photoinitiators is to chemically modify their structure by adding appropriate 

groups to them.278-279 These water-solubilising groups are: non-ionic ethers, 

polyethers, hydroxyethers, sulphonates, carboxylic acids, thiosulphates and ionic 

substitutes such as quaternary ammonium salts. 280-282 The most common 

solubilising group is the hydroxyl group, which can be found in the most 

accepted  and one of the first commercially available water-soluble 

photoinitiators: 2-hydroxy-1-[4-(2 hydroxyethoxy)phenyl]-2-methyl-1-propanone 

(Irgacure 2959) (Figure 43). Irgacure 2959 ,a water-soluble - hydroxyketone , is 

a Type I photoinitiator which upon photo-irradiation cleaves into two radicals, 

benzoyl and alkyl, which can both initiate a polymerization reaction.267 Despite 

its drawbacks, such as low water solubility (< 2 wt. %), Irgacure 2959 has become 

widespread and a range of water-soluble initiators has been created on its core 

by simply modifying the primary carboxylic group.283-284  One of the 

disadvantages of Irgacure 2959 and its derivatives is the need to use UV light. Its 

maximum absorption (max) is at 276 nm and due to its poor absorption, Irgacure 

2959 requires an extended exposure time.267 Irgacure 2959 is widely used in 

preparation of hydrogel materials,285-287cell encapsulation288-289 and for the 

targeted delivery of drugs and cells.290 Liska et al. reported the syntheses of new 

water-soluble photoinitiators consisting of alkylphenones, benzophenones and 

thioxanthones and were accompanied by carbohydrate residues such as glucose 

and cellulose. These initiators showed high efficiency in the initiation process 

and considerably better water-solubility than Irgacure 2959.291 Kojima et al. 

reported a novel water-soluble photoinitiator: sodium 4-[2-(4-
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morpholino)benzoyl-2-dimethylamino] butylbenzenesulphone (MBS) which was 

synthesized by the sulfonation of 2-benzyl-2-(dimethylamino)-1-(4-

morpholinophenyl)-1-butanone (BDMB).292and it has been used in many 

biomedical applications.293-294  

 Phosphine Derivatives 

Mono-acylphosphine oxides (MAPO) and bi-sacylphosphine oxides (BAPO) are 

mainly water-insoluble initiators that absorb light range of 380–450 nm. 

Diphenyl (2,4,6 trimethylbenzoyl)phosphine oxide (TPO) is one of the first 

commercially available mono-acylphosphine initiators and this Type I 

photoinitiator was reported to be highly efficient in the polymerization process 

which offers  advantages like good thermal stability and lack of colour and 

odour. However, major disadvantage is its very poor water-solubility.295Majima 

et al. reported the first water-soluble TPO derivative: lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP), which showed  good spectroscopic 

properties and high water solubility.296 Later Fairbanks et al. improved the 

synthetic route for LAP photoinitiator.297  LAP is a commercially available and 

widely used photoinitiator for obtaining hydrogel materials.298-299 Recently, 

Pawar et al. have developed water-dispersible TPO nanoparticles, which showed 

high molar extinction coefficient and good water-solubility.300 Benedikt et al. 

reported the comparative analyses of two bisacylphosphine oxide (BAPO) 

derivatives: BAPO-OLi and BAPO-ONa based on their spectroscopic 

characteristics, polymerization kinetics and cytotoxicity.260, 262 Both derivatives 

were suitable as highly effective photoinitiators for obtaining hydrogel materials. 

Wang et al. reported a modification of BAPO by grafting its structure into a 

polyethylene glycol (PEG) chain, which improved its water-solubility.301  



Introduction                                                          Chapter 1 

IACS                                                  77                                                   JU 

 

Figure  43. Examples of some commonly used water-soluble Type I (a-e), Type-II 

(f-g) and two-photon (h) photoinitiator. 

 Azo-Initiators 

Commercially available water-soluble azo-initiator – 2,2’-azobis[2-methyl-N-(2-

hydroxyethyl) promionamide] (VA-086)  is most popular because of its low 

cytotoxicity, while its range of absorbance offers the possibility of using different 

light sources in the far UV range.302 VA-086 initiator has successfully been used 

in the preparation of hydrogel microstructures and in tissue engineering.303-304 

Han et al. developed  a two-component photoinitiating system by combining 

Irgacure 2959 and VA-086 photoinitiators, which was used in preparation of  

hydrogels with improved mechanical properties.305 

1.5.1.4.2 Type II photoinitiators  for free-radical polymerization 

Eosin-Y is an example of the water-soluble Type II photoinitiator, which needs an 

electron-donor molecule (co-initiator) such as an amine to initiate a 

polymerization reaction. 306 This Type II photoinitiating system, Eosin-Y with an 

amine, has been used for the synthesis of hydrogels based on polyethylene 

glycol (PEG), 307 poly(ethylene glycol) diacrylate308 and gelatin-methacryloyl.309 It 
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has also been reported that Eosin-Y can act as a single-component 

photoinitiating system in a thiol-ene photo-click polymerization reaction.310  

Riboflavin is also a highly water-soluble Type II photoinitiator, which in 

combination with a co-initiator can successfully initiate polymerization reaction. 

Bertolotti et al. used a combination of riboflavin and triethylamine as a 

photoinitiation system for the fabrication of methacrylate hydrogels.311-312 

Riboflavin with L-arginine as a co-initiator has also been used as a photoinitiating 

system to produce hydrogels.313 Another water-soluble Type II photoinitiator is 

camphorquinone (CQ), which belongs to the class of aliphatic-ketone.  This 

photoinitiator in the presence of tertiary amine as an electron donor is used for 

the cross-linking of tooth fillings based on methacrylate resins.314 

Camphorquinone, as a photoinitiator in the visible range, has some drawbacks 

like poor water-solubility and yellowing of cured product, which limits the 

possibility of using this photoinitiator to create hydrogel polymer networks.315 To 

increase the water solubility of camphorquinone, carboxylated camphorquinone 

was developed, which showed good spectroscopic properties.316 The most 

commonly used co-initiators with camphorquinone are amines such as 

triethylenamine and ethyl-4-(N, N-dimethylamino)benzoate.317-318 The 

application of this photoinitiator includes production of hydrogels for targeted 

drug delivery and tissue engineering.319-320 

1.5.1.4.3 Two-photon photoinitiators 

Two-photon induced polymerization technique is considered to be a powerful 

tool for the microfabrication of 3D hydrogels.321 Two-photon absorption occurs 

only within the small laser focal volume and hence this technique provides 

excellent spatial control with high resolution in the sub-micrometre range.322 

Moreover, the long wavelength of the excitation source (near-infrared region) 
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offers the advantages of deeper tissue penetration with reduced risk for 

unintended photodamage,323-324 which make this technique suitable for various 

biological applications.325-326 This technique requires an appropriate two-photon 

initiator which must be water-soluble, thermally and optically stable and should 

generate free radicals easily. The main challenge for two-photon initiators is to 

increase their water solubility. One of the strategies to increase the 

hydrophilicity is the addition of non-ionic surfactants. Jkaverii et al. carried out 

two-photon polymerization reaction using commercially available Irgacure 651 

photoinitiator along with a surfactant, AF240.327 Although,  this approach 

facilitates the fabrication of hydrogel structures within an aqueous formulation, 

large amounts of surfactant are needed to ensure adequate initiation efficiency. 

The well-known UV photoinitiator Irgacure 2959 was also used in this technique 

for  water-based formulations due to its reasonable hydrophilicity and low 

cytotoxicity328 but it is only processable with 515 nm pulsed laser.329 Till date, the 

most popular hydrophilic two-photon photoinitiating system is a dye–amine 

combination. Due to suitable absorption at desired wavelength and easy 

accessibility, commercially available hydrophilic xanthene dyes, such as rose 

bengal,330 Eosin-Y331 and erythrosine332 in combination with amines are in two-

photon induced polymerization. In these  initiation system, the dye is excited by 

two-photon absorption and subsequently intermolecular electron transfer 

followed by hydrogen transfer from the amine to the excited dye molecule 

generates active amine radicals to initiate the polymerization reaction.330 The 

main disadvantages of such initiation process are the requirements of high laser 

intensities and long exposure times.333 Additionally, intrinsic limitations for 

bimolecular systems, such as limited electron transfer efficiency between the 

dye and co-initiator molecule or back transfer of electron can significantly 

decrease the initiation efficiency.266 Another important and effective way to 
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produce efficient water-soluble two-photon initiators is to introduce water-

borne functional groups, such as quaternary ammonium cations or carboxylic 

sodium salts, onto the known core structures possessing high two-photon 

absorption initiation efficiency.334-335  

1.5.1.4.4 Ionic liquid-based photoinitiators 

Phosphonium-based ionic liquids, tetrabutylphosphonium persulfate (TBPPS), 

and trihexyltetradecylphosphonium persulfate (TETDPPS) have earlier been 

reported as thermal free radical initiators by Mariani and coworkers.336 

However, the development of ionic liquid –based photoinitiators has lagged 

behind. Photoinitiators that contain an ionic liquid moiety can be termed as 

‘photoinitiating ILs’ and researchers recently are trying to give focus on this 

particular area. Two acetophenone-imidazolium photoinitiators: 1-(p-hydroxy-

acetophenone)-3-methyl imidazolium tetrafluoroborate and l-( p-hydroxy-

acetophenone)-3-methyl imidazolium hexafluorophosphate were synthesized 

and their photopolymerization abilities were investigated.337 These 

photoinitiators were able to initiate the polyurethane acrylate (PUA) 

polymerization in air or N2 atmosphere within a minute. However, the 

photoinitiators were somewhat less efficient than commercially available 

photoinitiator Darocure 1173. The same group reported the syntheses of three 

acetophenone ammonium tetraorganylborate salts (Figure 44)  and these salts 

were used as photoinitiators to polymerize  B205 (bifunctionality PUA).338 The 

experimental results indicated that they were efficient for the polymerization 

but less than Darocur 1173. Further, this group also synthesized two quaternary 

ammonium tetraphenyl borate salts, which were able to initiate the free radical 

photopolymerization under UV irradiation and cure an epoxy resin.339 
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Figure 44. Synthesis of ammonium- or imidazolium-based ionic liquid 

photoinitiator.338 

1.6 Polymeric hydrogels 

1.6.1 Basic overview 

The term ‘Hydrogel’ was first originated in 1894; then it was known as a colloidal 

gel of inorganic salts. Later, consecutive development in the field gave rise to 

newer discoveries. At the preliminary phases, cross-linked PVA hydrogel was 

constructed by gamma irradiation in the year 1958. Hydrogels are highly cross-

linked 3D-network structures that are capable of absorbing enormous amount of 

water because of the presence of polar groups like carboxyl, hydroxyl, amide and 

sulphonic groups. Physical interactions or chemical cross-links are either of the 

two things that hold the hydrogels together. Hydrogels are regarded as novel 

polymers utilized for new material growth.340-342 Hydrogels are also known as 

‘Smart Gels’ depending upon how they respond to the external stimuli like ionic 

strength, temperature and pH that make them extremely efficient in several 

fields like biomedical, sensing and other applications in the industrial fields.343-345   
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Typically, hydrogels are prepared using either synthetic or natural polymers. 

Biopolymer-based hydrogels have been widely used in numerous fields like 

agriculture, biomedical materials, hygiene products, biosensors, heavy metal 

ions, dyes etc.346-351 Several biopolymers such as sodium alginate, chitin, starch, 

cellulose, hemicelluloses and the derivatives of them have been used to 

originate hydrogels. The exemplary potentials of hydrogels have made them 

worthy of the synonyms as ‘Smart’ or ‘Intelligent’ materials, especially in the 

field of biomedical applications. Hydrogel’s ability to respond to external stimuli 

like physical or chemical changes and appropriate phase transitions with time 

have focused the research in bio-implants, scaffolds, optics, drug delivery and 

others. The physical stimuli include temperature, solvent, intensity of light, 

electric potential, magnetic fields and pressure. The chemical stimuli include 

ions, pH and specific chemical compositions. The transition in hydrogels on 

exposure to the external stimuli is reversible in most of the cases. Nature of the 

monomer, charge density, cross-link density and the magnitude of external 

stimuli determine the response of hydrogel.352-353 

1.6.2 Classification of Hydrogels  

Hydrogels can be broadly categorized based on their origin, polymeric 

composition, configuration, physical appearance, type of cross-linking, network 

electrical change and response to external stimuli (Figure 45).354  

 Based on Origin 

Hydrogels can be fabricated from polymers that have a natural/synthetic/semi-

synthetic origin. Hydrogels based on natural polymers can be manufactured from 

sodium alginate, chitosan, cellulose or hemicellulose, whereas synthetic 

hydrogels are widely synthesized from vinyl monomers with the help of 

conventional polymerization methods.355-356  
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 Based on  polymeric composition 

According to the composition of the polymer, hydrogels can be classified into 

three major categories: (i) homopolymer hydrogel, (ii) copolymer hydrogel (iii) 

multi inter-penetrating polymeric hydrogel and (iv) semi-interpenetrating 

polymeric hydrogels:354  

(i) Homo-polymeric hydrogels are fabricated using a single species of monomer. 

The kind of monomer and the techniques of polymerization are the key points 

for the cross-linked structure of homopolymers. 

(ii) Co-polymeric hydrogels can be synthesized by using two or more types of 

monomeric species, one of the components of which is hydrophilic. 

Copolymerization can lead to different kinds of configurations like random, 

alternate or block. 

(iii) Interpenetrating polymeric hydrogels can be manufactured by using two 

different polymers that are cross-linked to form a 3D-network structure.  

(iv) Semi-Interpenetrating polymeric hydrogels are fabricated having cross-

linked polymers as one of the components and a non-cross-linked polymer as 

the other component. 
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Figure 45 . Classification of hydrogels. 

 Based on the configuration of  polymer  

Based on the physical and chemical composition of the polymer used for 

hydrogel synthesis, hydrogels can be divided further into three types, (i) 

Amorphous i.e. non-crystalline, (ii) Semi-crystalline i.e. a mixture of amorphous 

and crystalline and (iii) Crystalline. 

 Based on the type of cross-linking  

Depending upon the nature of cross-linking, hydrogels may be divided into two 

categories, (i) Chemically cross-linked hydrogels and (ii) Physically cross-linked 

hydrogels.355  

(i) Chemically cross-linked hydrogels are formed by covalent bonding that 

result in strong cross-linked networks. These are permanent hydrogels 

and never get dissociated without complete degradation.  



Introduction                                                          Chapter 1 

IACS                                                  85                                                   JU 

(ii) Physically cross-linked hydrogels are originated by secondary forces such 

as ionic, hydrogen bonding or hydrophobic interactions. All these physical 

interactions are reversible and can be disrupted by alterations in physical 

conditions or application of stress. 

 Based on network electrical Charge  

Hydrogels can be further classified into three main groups on the basis of 

presence or absence of electrical charge that are located in the cross-linked 

polymer chains such as: neutral/non-ionic hydrogels, ionic hydrogels, and 

ampholytic hydrogels. 357 In neutral or non-ionic hydrogels, there is no charge on 

their backbone or side groups. Examples of non-ionic hydrogel include 

polyacrylamide (PAAm), poly(2-hydroxyethyl methacrylate) (PHEMA), poly (vinyl 

alcohol) (PVA), and polyethylene glycol (PEG). Ionic hydrogels represent both 

cationic (positive charge bearing) and anionic (negative charge bearing) 

hydrogels. Examples of cationic hydrogel include poly(4-vinylpyridine) (PVP), 

poly(2-aminoethyl methacrylate) (PAEM) and poly(N,N-dimethylaminoethyl 

methacrylate) (PDMAEMA), whereas anionic hydrogels include polyacrylic acid 

(PAA), poly(styrene sulfonic acid) (PSSA), poly(itaconic acid) (PIA), poly(crotonic 

acid) (PCA), poly(maleic acid) (PMA), and poly(methacrylic acid) (PMAA).358 

Ampholytic hydrogels carry negative as well as positive charges on the same 

polymer chain. This type of hydrogel contains polymer chains having both acidic 

and basic groups in each repeating unit. Poly(N-isopropylacrylamide)/poly((3-

(methacryloylamino) propyl)dimethyl(3-sulfopropyl) ammonium hydroxide) 

(PNIPAM/PMPSA) copolymer hydrogel is an example of ampholytic hydrogel.359 

The presence of different ionic groups along the hydrogel backbone can affect 

the swelling properties of the hydrogels which has been discussed later. 

Electrostatic interactions between oppositely charged species can form inter or 
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intra-molecular interactions and therefore, consequently affect the different 

properties of hydrogels.360 

 Based on external stimuli response 

Another type of hydrogel, which responds to the changes in pH, temperature, 

irradiation, pressure and chemical stimuli, is known as responsive or smart 

hydrogels. Smart hydrogels undergo very fast and reversible changes. These 

smart polymers may be used for various applications such as engineering and 

biomedical applications.360  

1.6.3 Typical polymerization techniques used for hydrogel synthesis  

As already mentioned, hydrogels are 3D- polymeric networks that typically 

can absorb and contain large amount of water molecules due to the presence of 

hydrophilic groups in the constituent polymeric networks.361 The term ‘network’ 

suggests the presence of crosslinks within hydrogels matrix which provide pure 

elastic to viscoelastic properties. Though hydrophilic monomers are typically 

used to prepare hydrogels, but hydrophobic monomers are also incorporated to 

tune up the physical, mechanical, and chemical properties towards specific 

applications. Both synthetic and natural polymeric networks can be regarded as 

hydrogels. In general, synthetic polymers are hydrophobic and more chemically 

stronger than natural polymers and they provide a slow degradation rate and a 

mechanically robust structure when incorporated with natural polymers.354, 

362Any technique which is suitable for synthesizing a cross-linked polymeric 

network can be applied to produce hydrogels. Free radical polymerization 

techniques are commonly applied to natural and/or synthetic hydrophilic 

monomers with multifunctional cross-linkers to produce hydrogels.355 The choice 

of the polymerization process/ technique influences the properties of the 

resultant hydrogels greatly.363 Hydrogels can be synthesized either through a 
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one-step process in the form of simultaneous polymerization and crosslinking of 

multifunctional monomers or by a stepwise process of producing polymers with 

reactive groups that can crosslink themselves or can react with appropriate 

crosslinkers.355, 364-365 Composite hydrogel materials also can be developed by 

combining two or more types of organic, inorganic, and polymeric materials to 

generate the best combined effect of those materials for particular applications. 

For instance, to achieve desired mechanical strength and particular shape, 

hydrophobic polymer segments are incorporated in the presence of 

crosslinkers.365 

The polymerization technique controls the functionality and properties of the 

resultant polymer hydrogel. The approaches used for the synthesis of polymer 

hydrogels, in general, are chain-growth and step-growth polymerization which 

have been discussed in the next section. 

1.6.3.1 Chain-growth polymerization 

Hydrogels can be synthesized in a number of ways, including single or multiple-

step synthesis processes. The condensation of monomers or ingredients that 

have reactive functional groups with subsequent elimination of side products 

during the fabrication of polymeric hydrogels mostly follows the basics of 

polymerization chemistry. Chain growth polymerization with a free radical 

mechanism is frequently used to synthesize chemically crosslinked hydrogels. 

Hydrophilic monomers containing –C=C– bond mostly participate in free radical 

polymerization.366 Various free radical polymerization techniques which are 

typically used for hydrogel synthesis are described below. 

 Bulk polymerization  

This is a very simple and widely applied technique to produce hydrogels which 

involves the polymerization of liquid monomers and monomer-soluble initiators 
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with a small number of cross-linkers. The polymerization process is typically 

initiated using ultraviolet light, radiation, and/or chemical catalysts. Shin et al. 

synthesized pH-responsive hydrogels by bulk polymerization from sodium 

functionalized acrylic acid (NaAAc) and hydroxyethyl methacrylate (HEMA).367  

The synthetic procedure follows two steps. AAc was initially neutralized by NaOH 

to obtain NaAAc. Afterward, required amount of the initiator (i.e.,-

azobisisobutyronitrile: AIBN), cross-linker (N,N-methylenebisacrylamide: MBA) 

and  HEMA were added to the reaction mixture. The polymerization was allowed 

to continue on a Petri dish for 30 minutes at 75C in an oven. The unreacted 

reagents were removed by repeatedly washing the hydrogel with deionized (DI) 

water. Bulk polymerization shows high polymerization rate. However, the 

viscosity of the reaction mixture increases markedly with the conversion which 

generates heat during polymerization. These issues can be avoided by controlling 

the reaction at low conversions.368 The resultant hydrogels exhibit a glassy and 

transparent polymer matrix, which swells and becomes flexible upon immersion 

into water.355When the reaction temperature and the initial concentration of the 

initiator is increased, the rate of polymerization and conversion is increased. 

Hence, it is possible to control the rate of conversion by manipulating the 

temperature and the concentration of the initiator.369  

 Solution polymerization  

In solution polymerization, ionic or neutral monomers dissolved in a solvent 

(e.g., water, alcohol, or water–alcohol mixtures) are mixed with multifunctional 

cross-linkers and undergo polymerization by ultraviolet (UV) or redox initiation 

to form hydrogels. All unreacted reagents are removed completely by washing 

the hydrogel with distilled water. Solution polymerization is a very simple and 

low-cost process with   for ease of synthesis and low-cost processing with better 

heat transfer control than bulk polymerization.366, 370 Solution polymerization is 
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extensively used for synthesizing cellulose-based superabsorbent hydrogels. The 

rate of polymerization is high and the reaction can be conducted at room 

temperature. Typically, bulk and solution polymerization processes are 

homogenous with potential of becoming heterogeneous when the formed 

polymer is insoluble in the monomer and solvent in the respective processes.370 

 Suspension polymerization  

Suspension polymerization generally involves insoluble monomers and initiators 

with a suspending agent having low hydrophilic–lipophilic balance (HLB) in 

aqueous solution. The reaction mixture is constantly agitated to create droplets 

of monomers having diameter 10-1000 m.371 As polymerization proceeds, the 

polymer hydrogel beads are formed, which can be filtered to separate from the 

reaction mixture. In this process, a protective colloidal agent [e.g., 

carboxymethyl cellulose (CMC) or methylcellulose (MC) and polyvinyl alcohol 

(PVA)] is often used to obstruct the coalescence of the droplets. Since water 

used as reaction medium, it works as an excellent heat transfer medium. 

Inverse-suspension polymerization is also widely used for hydrogel synthesis.372 

 Emulsion polymerization  

A typical emulsion polymerization process involves a water-soluble initiator, a 

surfactant, cross-linkers, and slightly water-soluble or completely hydrophobic 

monomers.361 In inverse emulsion polymerization, a hydrophilic monomer is 

used. Figure 46d shows a typical emulsion polymerization technique. It 

generates polymer particles with diameters 0.1–3 mm which is much smaller 

than those obtained in suspension polymerization. The suspension and emulsion 

polymerization processes can be easily controlled and heat transfer can be 

performed effectively over bulk polymerization. 
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Figure 46. Schematic diagram of the common free-radical polymerization 

techniques used in hydrogel synthesis: (a) Bulk polymerization, (b) Solution 

polymerization, (c) Suspension polymerization, (d) Emulsion polymerization and 

(e) Graft polymerization.361 

 Graft polymerization mechanism 

Hydrogels prepared by bulk polymerization technique have poor mechanical 

properties. To improve the mechanical properties of a hydrogel, it can be grafted 

onto the more robust support frames. This technique involves the generation of 

free radicals onto a stronger support surface and then polymerizing the 

monomers directly onto it resulting formation of polymer chains that are 

covalently bonded to the support. For example, grafting vinyl monomers onto 

polysaccharides is commonly observed.355 Essawy et al.373 reported the synthesis 

of grafted poly(acrylic acid) (PAAc) from hybridized chitosan (CHT) with cellulose 

via chemical bonding using thiourea formaldehyde resin which resulted in the 

formation of mechanically robust pH-responsive hydrogels.  
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1.6.3.2 Step-growth polymerization 

In step-growth polymerization, monomers having distinct functional groups are 

utilized to synthesize hydrogels. These complementary functional groups react 

and form covalent bonds to propagate a one-step polymerization process.366 

Tibbitt et al.374 studied the mechanical properties of photodegradable hydrogels 

synthesized via chain and step-growth polymerization processes. The mechanical 

integrity, tensile toughness, ductility, and shear strain of the hydrogels 

synthesized by step-growth polymerization were reported to be better than 

those obtained via chain growth polymerization due to  network homogeneity 

and cooperativity.  

1.6.4  Methods of crosslinking for hydrogel fabrication 

Cross-linking is a stabilization process which leads to multidimensional extension 

of polymeric chain resulting in a network structure.375 Cross-link is usually a bond 

which links one polymer chain to other. It can be ionic or covalent. Cross-linking 

can transform a liquid polymer (where the chains are freely flowing) into ‘solid’ 

or ‘gel’ by restricting the movement of polymer chains. On the other hand, as 

hydrogels contain hydrophilic segments, cross-linking is essential to avoid the 

dissolution of hydrophilic polymer segments in the aqueous medium. The 

presence of cross-links between polymer chains depending upon the degree of 

cross-linking can change the physical properties of the polymer including  
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Figure 47. Schematic representation of polymer hydrogels fabricated through 

chemical crosslinking, physical crosslinking or double network.376 

elasticity, viscosity, insolubility of the polymer, strength and toughness, thermal 

stability etc. 364 Water-soluble linear polymers of both natural and synthetic 

origin are typically cross-linked through chemical or physical interactions to form 

polymeric hydrogels. Polymer hydrogels can be classified into three categories 

depending upon their cross-linking mechanism as shown in Figure 47. Chemical 

or permanent hydrogels are made by covalent crosslinking of polymer chains 

whereas physical crosslinking hydrogel are not permanent in nature, as they are 

formed via hydrogen bonding, entangled chains, hydrophobic interaction, 

crystalline interaction, host–guest mechanism, etc. which give them a reversible 

nature.376There is an another category called double network hydrogel, which is 

made by the combination of chemical and physical crosslinking because of 

electrostatic interactions.377 Chemically crosslinked polymer hydrogels (CCPHs) 

are formed by cross-linking through covalent bonds typically resulting in high 

mechanical strength. On the other hand, physical crosslinked polymer hydrogels 

(PCPH) are produced by non-covalent forces, crystallization, and molecular 

https://www.sciencedirect.com/topics/engineering/linear-polymer
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entanglement, resulting in weak mechanical properties and viscoelastic 

behaviour.  

Hybrid double network polymer hydrogels (HDNPH) contain two 

interpenetrating polymer networks; one is a strongly covalently cross-linked 

polymer network and the other one is a loosely crosslinked physical network. If 

these hydrogels are strongly deformed, their physical crosslinks can break such 

that strain energy is dissipated. So, these hydrogels show very high mechanical 

strength and toughness compared to CCPH and PCPH systems.  

In this thesis, we will mainly focus on the synthesis and physico-chemical 

characterization of chemically crosslinked polymer hydrogels which has been 

discussed in the next section. 

1.6.4.1 Chemical crosslinking  

Chemical cross-linking method uses covalent bonding between polymer chains 

to produce permanent hydrogel. The cross-link formation is typically carried out 

by the addition of small cross-linkers molecules, photo-sensitive agents or by 

free-radical polymerization reaction in presence of cross-linking agent. 

 Crosslinking by small molecules 

To prepare hydrogels in this method, the minimum requirement is one polymer 

and a small molecule as cross-linker dissolved in an appropriate solvent. Cross-

linkers are typically molecules with at least two reactive functional groups that 

can allow the formation of bridges (linkages) between the polymeric chains.378 

Crosslinking of polymers using small molecules such as formaldehyde, 

glutaraldehyde, genipin, ethyleneglycol diglycidyl ether (EGDE) etc. has been 

reported and reviewed extensively. Covalently crosslinked polymers have an 

improved mechanical strength compared to physically crosslinked polymers. The 
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simplest form of this type of cross-linking is taken place between aldehyde and 

amino groups to form Schiff base. For example, dialdehyde such as glyoxal and 

particularly glutaraldehyde forms covalent imine bonds with the amino groups of 

chitosan via Schiff reaction.379 Chitosan hydrogels have been synthesized 

through Schiff bases with other pre-functionalized polysaccharides, such as 

oxidized dextran and aldehyde hyaluronic acid (A-HA).380 Other hydrogels of 

cellulose and alginate have also been prepared in a similar way.381-382In other 

cases, hydrogels formed by cross-linking of dextran-tyramine383 and hyaluronic 

acid-tyramine conjugates in the presence of horseradish peroxidase (HRP) and 

hydrogen peroxide (H2O2) as cross-linkers showed improved controllable 

gelation times.384 In spite of many advantages of this method, several 

disadvantages also exist. A general disadvantage of each of these small-molecule 

cross-linking methods is the potential cytotoxicity of residual unreacted cross-

linker agents in vivo.385 Preparation of hydrogels using this method requires 

multi-step preparation and purification.  

 Crosslinking through ionizing radiation (Photo cross-linking) 

Formation of hydrogels based on photo cross-linking process depends upon the 

presence of photo-sensitive functional groups.  This is done by linking a photo-

sensitive functional group to a polymer which can form cross-linkages upon 

irradiation with light such as UV light.385 Chitosan is one such polymer which has 

been investigated more compared to other polymers. Ono et al.386 reported the 

synthesis of UV-light-irradiated chitosan hydrogels by introducing azide and 

lactose as light-sensitive moieties. In this work, a photo cross-linked chitosan 

hydrogel was prepared by incorporating azide group to the polymeric chain of 

chitosan. The azide group upon exposure to UV light was converted to nitrene 

group which binds free amino groups of chitosan resulting in the in-situ 

formation of hydrogel in a very short time. Photo cross-linked hydrogel can also 
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be formed between the polymers. For example, thermo-sensitive chitosan-

pluronic hydrogel has been synthesized by UV irradiation of the physical gels 

above their gelation temperatures, where both the polymers were 

functionalized with photo sensitive acrylate groups.387 Chitosan-PEG-based 

hydrogel was developed by modifying chitosan with photo-reactive azidobenzoic 

acid and PEG with arginylglycylaspartic acid (Arg-Gly-Asp) peptide.388 Upon UV 

irradiation, a free-radical photo-initiated polymerization took place which led to 

the formation of hydrogel in situ. Recently, methacrylate-functionalized chitosan 

hydrogels have been synthesized with the help of UV irradiation by step growth 

or chain-growth polymerization using dithiothreitol (DTT).389 This technique has 

several advantages, such as ease, fast gelation, and low cost of production 

compared to other chemical crosslinking methods.390 However, this technique 

requires a photosensitizer and prolonged photo-irradiation, which result in local 

heating, thereby damaging adjacent cells and tissue when used in biological 

system.385  

 Crosslinking through Free Radical Polymerization 

The development of chemically crosslinked hydrogels via free radical 

polymerization of low molecular weight vinyl monomers in the presence of 

crosslinking agent has attracted immense interests. Hydrogels are most 

commonly synthesized by free-radical chain polymerizations of hydrophilic 

monomers containing a >C=C< bond. As shown in Table 1, a variety of monomers 

may undergo free-radical polymerization reaction in presence of a crosslinking 

agent to form hydrogels. Some commonly used vinyl monomers in this technique 

include acrylic acid, acrylamide, vinyl chloride, styrene, epoxide, N-vinyl-2-

pyrrolidone, and 2-hydroxyethyl methacrylate.  Each of these monomers 

contains a >C=C< bond through which an active centre is generated which may 

propagate to produce polymer chains. The method for generating active centres 
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(initiation process) may be achieved by using heat, light, -radiation or electron 

beams.  Each initiation process yields free radicals that initiate a chain reaction 

with the monomer molecules resulting in a polymerized gel. The water-soluble 

thermal initiators potassium persulfate (KPS) and ammonium persulfate (APS) or 

diazo compounds like 2-2-azobisisobutyronitrile (AIBN) or peroxides like 

benzoylperoxide (BPO) are widely used in hydrogel synthesis. On the other hand, 

redox initiating system  is also used which is comprised of reducing agent such as 

ferrous salts, sodium metabisulfite, or tetramethylenediamine (TEMED), in 

combination with an oxidizing agent such as ammonium persulfate or hydrogen 

peroxide.371, 390 The crosslinking agents that are typically used in the free radical 

polymerization process are N, N -methylenebisacrylamide (MBA), ethyleneglycol 

dimethacrylate (EGDMA), melamine trimethylacrylamide, and melamine 

triacrylamide. Figure 48 shows the chemical structures of some di- and tri-

functional cross-linkers that are widely used in the synthesis of hydrogels. The 

first polymeric hydrogel was introduced by Wichterle and Lim when they 

reported the radical polymerization  of 2-hydroxyethyl methacrylate (HEMA) in 

the presence of ethylene glycol dimethacrylate (EGDMA) as a crosslinking 

agent.391 Park et al. synthesized poly(N-isopropylacrylamide) (PNIPAM) hydrogel 

in the presence of N,N-methylenebis(acrylamide) (MBA) as a cross-linker and 

N,N,N,N tetramethyletyhlenediamine (TEMED) as an accelerator by chemical 

gelation process.392 Devine et al.393 reported the synthesis of chemically cross-

linked copolymeric hydrogel of N-vinylpyrrolidone (NVP) and Acrylic acid (AA) by 

UV-light mediated free radical photo- polymerization using Irgacure 184 as 

photoinitiator, and ethylene glycol dimethacrylate and poly(ethylene glycol) 

dimethacrylate of  variable molecular weights as cross-linkers. 
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Table 1. Some commonly used monomer in hydrogel synthesis via free radical 

polymerization.394 
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Figure 48. Some common di-functional (a, b) and tri-functional (c) vinyl cross-

linkers used in the synthesis of hydrogels via free radical polymerization. 

Crosslinked homopolymers, such as PHEMA and PNVP, and copolymers of 

NVP and HEMA have also been synthesized by free radical polymerization using 

melamine trimethylacrylamide and melamine triacrylamide as crosslinkers and 

AIBN as an initiator. Very recently Oucif et al.395 reported the synthesis of poly 

(hydroxyethyl methacrylate-co -hydroxyethyl acrylate) [poly (HEMA-co-HEA)] 

hydrogels using potassium persulfate and MBA as a radical initiator and cross-

linker respectively. The free radical polymerization mechanism proposed for the 

formation of cross-liked copolymer hydrogels has been shown in Figure 49. The 

study clearly demonstrated that adding HEA as a copolymer to HEMA enabled 

fine-tuning of the degree of swelling, drug loading, and release rate of the 

hydrogels to the desired level. Recently microstructured interpenetrating 

networks (MIPNs) consisting 2-hydroxyethyl methacrylate (HEMA) as the first 

network and glycerol methacrylate (GMA) as the second network has been 

reported.396  The first PHEMA network was prepared by redox-initiated free-

radical polymerization using diethylene glycol dimethacrylate (DEGDMA) as a 

https://www.sciencedirect.com/topics/chemistry/diethylene-glycol
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cross-linker and ammonium persulphate (APS) with N, N, N′, N′- 

tetramethylethylenediamine (TEMED) as redox-initiating system whereas the 

 

Figure 49. Mechanism of formation of the cross-linked poly (HEMA-co-HEA) 

copolymer via free radical polymerization.395 

second network of PGMA was formed by UV polymerization using DEGDMA and 

2-hydroxy-2-methyl-1-phenyl-propane-1-one (Darocur 1173) as cross-linker and 

photoinitiator respectively. The hydrogels showed high swelling capacity and 
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superior mechanical strength. Su et al. 397 reported a poly (N-

isopropylacrylamide-co-2-hydroxyethyl methacrylate) (PNIPAM-co-HEMA) 

permanent hydrogel synthesized via free radical polymerization  which showed  

micro dynamic mechanism of the volume phase transition (VPT) behaviour. In a 

similar fashion, Xu et al.398 showed potential application in the drug delivery of 

biodegradable and pH-responsive poly(acrylic acid)-co-poly-(N 

isopropylacrylamide) hydrogel cross-linked by macromolecular cross-linker poly-

(L-lactide)-co-polyethyleneglycol-copoly(L-lactide) dimethacrylates.399  

Moreover, free radical polymerization was also used to graft synthetic 

monomers over natural polysaccharides. Several hydrogels have been reported, 

in which natural polymers such as chitosan, cellulose, starch, pectin, alginate, 

hyaluronic acid, dextran, carrageenan, and gums, have been grafted by synthetic 

monomers in the presence of a crosslinking agent to improve their intrinsic 

properties. Pourjavadi et al.400 reported the synthesis of pH-sensitive chitosan-

graft-poly (acrylamide) hydrogels by using APS and MBA as an initiator and cross-

linker respectively. Mahdivinia et al.401 synthesized chitosan-graft- poly 

(acrylamide-co-acrylic acid) hydrogels using KPS as an initiator and MBA as a 

cross-linker and they studied the effect of pH and salt solution on the swelling 

properties of hydrogels. Moreover, the free radical mechanism is used to 

synthesize hydrogels by copolymerizing carboxymethyl chitosan and acrylic acid 

in the presence of vinyltriethoxysilane as a cross-linker and KPS as an initiator.402  

Elvira et al.403 synthesized novel biodegradable hydrogels of acrylamide and 

acrylic acid in the presence of starch using the free radical polymerization which 

was initiated by  benzoyl peroxide (BPO) /4-dimethylaminobenzyl alcohol 

(DMOH) redox system. The authors studied the thermal stability, mechanical 

strength and pH-dependent swelling behaviour of the hydrogels. Bao et al.404 

synthesized superabsorbent hydrogels  by graft copolymerization of acrylic acid 
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(AA)/acrylamide (AAm)/2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) 

onto sodium carboxymethyl cellulose (CMC) and montmorillonite (MMT) by 

using potassium persulfate (KPS) as a free radical initiator, in the presence of 

N,N′-methylenebisacrylamide (MBA) as a crosslinking agent. These super porous 

hydrogels contained porous networks and showed pH-sensitivity to swelling 

behaviour. 

The covalent bonds present in chemically cross-linked polymer hydrogels 

(CCPHs) are stable at ambient conditions due to their rigid and irreversible 

nature.405 CCPHs have superior mechanical properties and good solvent 

resistance, which cause brittleness and make them suitable for various 

engineering applications.376 The CCPHs are not homogeneous and contain both 

low water high swelling regions; the former is produced from high crosslink 

density, while the latter is produced from low crosslink density. The crosslinking 

does not take place isotropically because of viscosity and steric factor, which 

hinder the movement of reactants, thus restricting the cross-linking reaction at 

equal intervals of the main chain. Due to variation in the cross-link density, pores 

with different sizes are formed in the CCPH gels.  

1.6.5 Macroporous hydrogels 

1.6.5.1 Overview 

Hydrogels having pore sizes in the range of 10 nm–10 m are called microporous 

hydrogels while those with pores above 10 m are usually termed macroporous 

hydrogels (MHGs).406 MHGs due to presence of large interconnected pores can 

rapidly absorb water. The geometry of the polymeric network, porosity/ pore 

sizes can be easily tuned by controlling the chemical composition and cross-

linking density, and structured into various geometries depending on the 

application requirements. MHGs are appropriate substrate for biomedical and 
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tissue engineering applications. The chemical composition and some physical 

properties of hydrogels can be easily modified for application specific purposes. 

The mechanical properties of MHGs mostly depend on the polymerization 

conditions, cross-linker concentrations, co-monomer ratios or the attachments 

of additional binding sites. Various stimuli-responsive or “smart” hydrogels have 

been reported which are able to change their shape and/or properties upon 

exposure to an external stimulus such as temperature, pH, ionic strength, light, 

electric and magnetic field, or a combination of them.407 Stimuli-responsive 

MHGs can be synthesized by using sensitive polymers e.g., thermo-responsive 

MHGs can be prepared by using poly (N-isopropyl acrylamide) (PNIPAM) as 

polymer matrix. These MHGs are especially used as self-regulated and targeted 

drug delivery systems where the release of drug or other biological molecules 

from the loaded MHGs can be facilitated by using an appropriate stimulus 

(physical, chemical or mechanical).Some other application of MHGs include 

sorbents for separation techniques, or bioreactors in various biological and 

biomedical applications etc. 

1.6.5.2 Classification  

Depending on the nature of cross-linking mechanism, MHGs can be mainly 

classified into two categories: physical and chemical hydrogels. Physical 

hydrogels are nothing but non-covalently cross-linked polymer networks. 

Physical hydrogels are beneficial mainly because of their reversibility in nature 

and also the synthetic pathway requires no chemical reaction which leads to 

generation of no side products.408 However, the weak physical interaction 

between the polymer chains leads to lower stability and weaker mechanical 

properties of the polymer network compared to the chemically cross-linked 

hydrogels. On contrary, better control over the network stability and mechanical 

properties can be achieved by preparing  chemically cross-linked hydrogels 
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through formation of covalent bonds between polymer chains formed by 

coupling reactions, like ‘click’ chemistry, Michael-type addition, Schiff base 

coupling, disulphide bond formation, photo- and enzyme-mediated cross-linking 

reaction etc.409-410 However, the use of chemically cross-linked hydrogels in 

biomedical applications is not favourable always because of the cytotoxicity and 

safety issues  rendered due to  the presence of un-reacted chemical reagents 

and side products in trace amount even after the purification of the synthesized 

hydrogels. To synthesize biocompatible MHGs for a wide range of biomedical 

applications, new approaches such as 3D printing and photolithography are now 

extensively used.411-412 

1.6.5.3 Fabrication of macroporous hydrogels 

MHGs are successfully synthesized by several techniques, such as cross-linking 

polymerization in the presence of pore-forming agents413 and  porogen gas- 

releasing inorganic compounds,414 porogen leaching,415-416 lyophilization of the 

water-swollen hydrogel,417-418 cryogelation,419-420 electrospinning,421 colloidal 

particle templating,422 3D printing and photolithography.411-412Some of these 

methods are discussed in short as follows: 

 Porogen leaching 

In this method, hydrogels are synthesized by free-radical polymerization in 

presence of water-soluble substances (termed as porogen) like sugar, salt , 

polymer etc. and are subsequently washed out from the hydrogel matrices after 

polymerization is over.423 Facile control of pore size and overall porosity can be 

achieved by this technique by selecting appropriate particle size and 

concentration of porogen that is added during gelation. Different types of 

porogens are used , such as sodium chloride crystals,423-424sugar crystals,425  

poly(L-lactide) fibers,426 polystyrene microspheres427 etc. to obtain MHGs 
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especially for tissue engineering applications. PHEMA -based hydrogels are 

important materials for cell culture experiments. Přádný et al. reported the 

synthesis of MHGs based on cross-linked PHEMA with dual porosity( large and 

small pores) where  addition of NaCl crystals to the reaction mixture resulted in 

the formation of  large pores with pore diameters in the range of 10 -100 μm 

whereas in presence of 1-dodecanol (a poor solvent for PHEMA) , a phase 

separation occurs which resulted in the formation of   small pores (pore 

diameter in the range of few microns). 424 It has been observed from cell 

experiments that the presence of two types of pores have significantly 

influenced the cell proliferation and adhesion. Difficulties regarding the 

complete removal of soluble unreacted reagents from hydrogel matrix and 

reduced control on the pore structure and degree of pore interconnectivity are 

among the major limitations associated with porogen leaching strategy.  

 Lyophilization (freeze-drying technique)  

Lyophilization (Freeze-drying) is a simple and effective tool to create porous 

materials which is done by fast freezing of polymeric system in liquid nitrogen 

followed by sublimation of solvent (water) under reduced pressure. Synthesis of 

cross-linked pullulan/dextran, cross-linked chitosan (CS), CS–ZnO composite 

sponges, semi-IPN PAAm/CS composite hydrogels etc. have been reported using 

this technique.414, 428-429 It has been observed that the degree of porosity of the 

hydrogels can be modulated by the freeze-drying pressure. Autissier et al. 

reported the synthesis of porous polysaccharide- based hydrogel scaffolds 

(cross-linked pullulan/dextran) by a combined freeze-drying/cross-linking 

process without using any organic solvent or porogen agent. It has been found 

that high freeze-drying pressure scaffolds contained pores with a mean pore 

diameter of 55 ± 4 μm and a porosity of 33 ± 12%, whereas low freeze-drying 

pressure scaffolds contained larger pores with a mean diameter of 243 ± 14 μm 
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and a porosity of 68 ± 3%. Polymer concentration also  play an important role on 

the thickness of pore walls; a lower polymer concentration results in thinner 

walls and high pore interconnectivity423. In comparison with porogen leaching, 

lyophilization technique provides MHGs with higher specific pore area and 

thinner pore walls.430 Ice crystals and also the formation of two different phases 

namely polymer-rich and polymer-poor phases are occurred during the 

freeze/thaw cycles which are eventually responsible for the development of 

porous structure in these hydrogels.431   

 

Figure 50. FESEM images revealing the porous structure of (A) 2-hydroxyethyl 

methacrylate (HEMA)-based hydrogel prepared by  free radical polymerization in 

the presence of NaCl crystals423,(B) starch hydrogel scaffold formed by freeze-

drying technique432, (C) cross-linked chitosan hydrogel synthesized by ice-

templating process433,(D) cross-linked chitosan hydrogel synthesized by 

unidirectional freezing in liquid nitrogen combined with porogen leaching 

technique434, (E) electrospun salt-leached hyaluronic acid (HA)/collagen hybrid 

scaffolds 435, (F) PHEMA hydrogel synthesized by photo-patterning combined 

with colloidal templating method436. 
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Interestingly freeze-drying technique is also applied to create pores within 

the non-porous hydrogels after their synthesis where hydrogel is first swollen in 

water followed by lyophilization.417-418, 428, 437 A wide range of hydrogel materials 

based on natural and synthetic hydrophilic polymers with interconnected pores 

of various sizes are reported where the internal morphology and the pore size 

were mainly affected by changing the cross-linking degree. Higher cross-linking 

degree produces hydrogels with a more compact structure and smaller pore 

sizes417-418 whereas higher polymer concentration affects the thickness of pore 

walls.438 However, the porous materials generated by lyophilization are stiff and 

inelastic, while the swollen ones are soft, flexible, and elastic. The major 

drawbacks regarding this technique are the effect of thermal quenching to the 

architecture of the hydrogels, formation of  MHGs with low mechanical strength 

, formation of a surface skin due to  collapse of the hydrogel matrix at the 

scaffold–air interface during  solvent evaporation etc. In spite of the requirement 

of longer processing time for a complete removal of the solvent, freeze-drying is 

a cost-effective technique. 

 Cryogelation (Ice-Templating) 

Cryogelation or ice-templating is an easy, cost-effective and widely used 

technique for the preparation of porous materials based on natural and 

synthetic polymers or combination of both.439-441  In cryogelation technique, 

macromolecular gels are formed under semi-frozen conditions, leading to the  

formation of cross-linked polymer network around  ice crystals.442-443 In this 

process, the precursors (initiators, activators, monomers, polymers etc.) are 

concentrated within the unfrozen liquid micro-phase (ULMP) between the ice 

crystals. The ice crystals behave as solid porogen and at the end of the 

polymerization process subsequent thawing of ice crystals (porogen removal) 

leaves behind a cross-linked polymeric material containing large and highly 

interconnected pores surrounded by a highly dense polymer wall. This material is 
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commonly called a cryogel.443-445 Large and interconnected supermacropores 

provide elastic and spongy structure to the cryogels which imparts interesting 

properties like superfast water uptake, ability to resist different degree of 

deformations etc.406, 440, 446 The shape and size of the pores depend on some 

factors such as concentration of monomer, polymerization temperature etc. The 

supermacropores in the structure of cryogels vary in size from 10 -200 μm 

whereas macropores formations are also observed in the polymeric phase of the 

cryogels.446-447 A synthetic strategy combining porogen leaching and ice-

templating process has been reported to create 3D polymeric  networks with 

permeable walls for the diffusion of low-molecular weight particles when the 

large pores are filled with cells.433-434 In cryogelation technique, the 

unidirectional freezing approach by different cooling agents like frozen acetic 

acid/diethylether mixture (−80 °C), frozen ethanol (−110 °C) or liquid nitrogen 

(−196 °C) at a controlled immersion rate provides a better control over the 

morphology of the resulting macroporous structures.448-449  By unidirectional 

freezing approach various MHGs based on water-soluble polymers  with aligned 

porous structures such as PVA,450 poly(L-lactic acid),451 PEG,452 poly(NIPAM)448 

etc. and recently aligned porous zeolite/chitosan cryogels453 (Zhang et al. 2015) 

and aligned chitosan/gelatin scaffolds449 have also been prepared. Pore size and 

the thickness of the pore wall were also adjusted by varying the initial monomer 

or polymer concentration, the molecular weight of polymer as well as the 

crystallization speed.434, 448-449  

 Gas Foaming 

In gas-foaming (or blowing) technique, the nucleation and growth of gas bubbles 

dispersed all over  the polymer solution create pores within the 3D polymer 

network.411, 454 The gas bubbles are generated by a foaming/blowing agent 

through chemical reactions or are expelled from a presaturated gas/polymer 

mixture prepared at high pressure. The foaming/blowing agent, which is 
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generally biocompatible, is a chemical compound which after mixing with the 

precursors generates a gas by chemical decomposition or some other technique. 

Sodium or ammonium bicarbonate, which can generate CO2 gas in mild acidic 

solutions are commonly used as foaming agents to prepare poly(acrylic acid) or 

poly(/acrylamide) or PEG–based hydrogels with interconnected pores.406, 454 Use 

of supercritical carbon dioxide has been also reported  as “green” medium to 

induce porosity inside chitosan scaffolds455 and hydrogels based on hydrophilic 

polymers such as PLA, PLGA, and PCL.430, 454 To enhance the solubility of CO2 in 

the hydrophilic polymers, various techniques, such as CO2–water emulsion 

templating or the use of co-solvent systems have been developed.411  

 Electrospinning 

Electrospinning is an another frequently used technique to prepare 

interconnected  porous scaffolds  mainly for tissue engineering applications.421 A 

polymer solution held at the end of a capillary tube is charged by applying a high 

voltage and simultaneously a thin jet of solution is drawn from the tube by 

electrostatic forces toward an oppositely charged collector.421, 456During the jet 

flight of the polymer solution towards the collecting electrode, the solvent gets 

evaporated and fibres with lower diameter compared to the jet are finally 

formed.457 A stationary ground plate or a rotating drum as required is used as 

collector. The morphology, porosity and fibre diameter of the hydrogels formed 

in this technique can be controlled by modulating the temperature, viscosity, 

solution conductivity, and applied voltage.456 Porous fibres based on PHEMA or 

PVA and PAA in range of micro- and nanometre  have been prepared by 

electrospinning.423 Formation of macroporous HA/COL hydrogels as nanofibers 

are reported using a combination of electrospinning and porogen leaching. 435 

However, the inability to prepare 3D hydrogel with various shapes, the poor 

mechanical properties of the hydrogel, and the low control over porosity and 
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pore size are some serious limitations of using this technique in development of 

macroporous materials. 

 Other Preparation Techniques  

(Templating, 3D Printing, Photolithography) 

Colloidal crystal templating method is remarkably used to design 3D-ordered 

macroporous materials with interconnected pores and well-controlled pore size 

along with different architectures, such as films, monoliths, rods, and even 

hydrogels depending on material composition and preparation technique.406, 422, 

430 The resulted MHGs consist 3D ordered close-packed spherical cavities with 

sizes in the range of 1 m to mm, surrounded by thin walls. The structural 

architecture can be described as the inverse replica of 3D assemblies of spherical 

colloidal particles closely packed like a face-cantered-cubic crystal, similar to that 

of natural opal gemstones. The 3D replica is obtained by back-filling the 

interparticle spaces with the material that will constitute the polymer matrix 

followed by the removal of colloids.  

The 3D printing and photolithography processes have also been applied to 

design macroporous hydrogel scaffolds.411-412, 436 In these techniques, the size 

and the distribution of the pores, pore wall composition and geometry can be 

properly controlled which make them potential candidate for the application of 

organ-specific 3D design and development. In 3D inkjet printing technique, a 

liquid precursor solution is drop wise expelled from a nozzle and accumulated on 

a support, where gets solidified.411 Complex 3D porous structures could be built 

by layer-by-layer deposition of droplets and controlling their size. In 

photolithography technique, macroporous hydrogel scaffolds are synthesized by 

photo-polymerization of acrylic monomers or acrylate-based prepolymers or 

other vinyl functionalized macromolecules.436, 458  
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1.6.6 Swelling behaviour of hydrogels 

Hydrogel, a cross-linked three-dimensional hydrophilic polymeric network, can 

swell in water as water molecules penetrate into the void space between the 

polymeric chain network and retain a large amount of water while maintaining 

its structure owing to cross-linking between the polymer chains.390 The swelling 

can range from double to more than thousand times of their dry weight. 

Hydrogels possess some degree of flexibility quite similar to natural tissues due 

to their significant water content. The water absorbing nature of hydrogels is 

mainly because of the presence of hydrophilic functional groups such as -NH2, -

COOH, -OH, -CONH2, - CONH -, and -SO3H.The swelling of hydrogels in water 

generally takes place in three steps: (i) diffusion of water into the hydrogel 

network (water infiltrating is called primary bound water), (ii) relaxation of 

polymer chains (additional water infiltrating is called secondary bound water), 

and (iii) expansion of the hydrogel network (excess water infiltrating is called 

free water). According to the Flory–Reihner theory, swelling behaviour depends 

on the elastic nature of the polymer chains and their compatibility with water 

molecules.390 Non-ionic hydrogels swell in aqueous medium entirely due to 

water–polymer interactions, whereas swelling of ionic hydrogel is influenced by 

the pH of the aqueous medium. Swelling is measured in terms of swelling ratio, 

which is the weight ratio of swollen gel to dry gel. The swelling of hydrogels The 

swelling kinetics and equilibrium swelling are controlled by many factors such as 

chemical structure of the polymer constituting the hydrogel, ionic charge, cross-

linking density, hydrophilicity, hydrophobicity, and  ionic strength of the swelling 

medium. Highly crosslinked structures usually have a lower swelling ratio and 

vice versa. Hydrogels containing more hydrophilic groups swell more as 

compared to hydrophobic groups. In some cases, swelling behaviour can also be 

influenced by the external factors such as pH, ionic strength, and temperature of 

the swelling medium. pH-sensitive hydrogels swell due to the ionization of 
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hydrophilic groups with variation of pH values.459 Ionization produces 

electrostatic repulsion between similar charges on the polymer chains which 

breaks the secondary bonding between polymer chains resulting in higher 

swelling ratio.  

1.6.7 Applications of hydrogels 

Hydrogels have been widely used for different applications such as proteomic, 

bio-separation, electrophoresis, chromatography, tissue engineering, food, 

diaper, water remediation etc. because of their water absorption, non-toxicity 

and biocompatibility properties (Figure 51). Some of the applications of 

hydrogels are discussed in the next section.  

 

Figure 51.  Potential application of hydrogels. 

 Dyes and heavy metal ions removal 

Heavy metal pollution is usually observed in waste-water of many industrial 

processes whereas effluents from the textile and colouring paper industries 
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contain dyes in large amounts. These toxic dyes and heavy metal ions have 

become a serious threat to the public health and ecological systems. Hydrogels 

have an excellent swelling capacity under several external conditions which 

makes them a useful adsorbent  material for the adsorption of water-soluble 

contaminants e.g. dyes, biomolecules, and metallic impurities.355 It has been 

observed functional groups like –COOH, –OH, –CONH2 and –NH2 present in the 

hydrogel structures could be used as complexing agent for the removal of metal 

ions from aqueous solution.460-462 The sorption mechanism and sorption capacity 

for the removal of heavy metal ions and/or dyes are greatly influenced by the 

functional groups of the hydrogel because of the participation of other processes 

like chelation and ion exchange rather than simple sorption.463-464 Biopolymer-

based hydrogels like chitosan, alginate, starch, and cellulose derivatives are 

widely used to remove metal ions from aqueous media. Primarily, the adsorptive 

and chelating features of maleic/itaconic acid-based hydrogels have been 

studied. The different ratio of maleic acid and itaconic acid was used to adsorb 

bovine serum albumin.465 It was found that an increase in the content of these 

acids raises the bovine serum albumin adsorption. Karadag et al. produced 

acrylamide/ itaconic acid hydrogel adsorbents for the adsorption of nicotine and 

nicotine derivatives.466 The complexation abilities of some hydrogels lend them 

to heavy metal adsorption. Chujo et al. successfully examined the complex 

formed between the polyoxazoline based hydrogel and metal ions such as iron 

(+2) and cobalt (+3).467-468 Synthetic hydrogels like cross-linked polyacrylamide 

have also been used to remove heavy metal ions from aqueous media.469 Güven 

et al developed poly(acrylamide)-based hydrogel as an adsorbent for uranium, 

iron and copper adsorption .470-471 The presence of monomer-like maleic or 

itaconic acid added chelating characteristic into hydrogels which increased the 

adsorption capacity of hydrogels for heavy metal ions. Hydrogels can also be 



Introduction                                                          Chapter 1 

IACS                                                  113                                                   JU 

used as efficient sorbents for the removal of many water-soluble organic dyes; 

owing to the ionic nature of the dyes, they interact with the hydrogel sorbents in 

the same manner as that for inorganic metal ions. For instance, chitosan-based 

hydrogel contains substantial amount of hydroxyl and primary amine groups 

which facilitate the chelation of various dyes.472-473 Acrylamide-itaconic acid or 

acrylamide-maleic acid hydrogels have been investigated for the removal of 

cationic dyes like basic blue, basic red, basic violet, cresyl violet and basic 

green.470, 474 Liu et al. have synthesized cationic hydrogels, poly (dimethyl diallyl 

ammonium chloride)/polyacrylamide (PDMDAAC/PAM), for the removal of 

anionic Congo red dye from aqueous solution.475 

 Biomedical Applications  

Hydrogels’ rubbery and soft nature makes them useful in the field of biomedical 

application.353 Hydrogels can mimic the chemical, physical, and biological 

properties of biological organs and tissue, in response to changes in pH, 

temperature, enzymes and electric field.476 Thus, hydrogels are used in artificial 

muscle formation, artificial organ preparations like in kidney, robotic grippers, 

bio-sensors, bio-adhesives, wound-healing, vocal cord replacement materials 

and artificial skin.340, 477 Hydrogels are also ideal candidates for preparing contact 

lenses because they have a decent mechanical stability, very high oxygen 

permeability and favourable refractive index.478 Gelatin–Carrageenan hydrogels’ 

antimicrobial activity was performed by Padhi and coworkers.479 A hybrid 

hydrogel methoxylpoly (ethylene glycol)-poly(caprolactone)-acryloyl chloride or  

Glycidylmethacrylated chitooligosaccharide or N-isopropylacrylamide or 

Acrylamide was reported for use in postoperative treatments of breast cancer 

patients.480  
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 Pharmaceutical Applications 

Hydrogels play an important role in the field of pharmaceutical applications. 481 

Hydrogels have been widely used in several drug delivery systems for a long time 

because of their highly porous structure and swelling behaviour. Hydrogels are 

also known to have an important role in the rate of drug release; they increase 

drug solubility and limit drug degradation and toxicity.482 Glycidyl methacrylate-

b-cyclodextrin-based hydrogel was created for drug delivery in oculopathy 

therapy.483 The copolymer hydrogel of methyl acrylic anhydride -modified β-

cyclodextrin  (MA-β-CD) and 2-hydroxyethyl methacrylate (HEMA) have been 

used for the delivery of Ofloxacin and Puerarin.484  Das et al. synthesized dextrin 

or poly (acrylic acid) hydrogel for releasing Ciprofloxacin and Ornidazole.399 

 Agricultural and horticultural applications 

Hydrogels are known to have several agricultural and horticultural applications. 

Super-absorbent polymers are crosslinked network of hydrophilic polymers that 

absorb a large amount of water and are generally used in horticulture and 

agriculture. The super-absorbent polymer influences the soil’s permeability and 

improves its structure, density, texture and infiltration rate and therefore 

prevents soil erosion, enhances soil aeration, microbial activity and water 

holding capacity.485 Various polysaccharides such as pectin, chitosan and 

carboxymethyl cellulose-based hydrogels are used as fertilizers to improve the 

quality of the soil.486 Romero et al.487 formulated an autonomous smart scheme 

of copolymer hydrogel tris[(hydroxymethyl) methyl]acrylamide–methyl 

methacrylate for agricultural irrigation and thus, successfully avoided the water 

wastage. Yan et al.488 proposed starch-grafted-poly(acrylic acid) or organo-

zeolite hydrogel for effective application in agriculture. Nano-copper 
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incorporated chitosan hydrogel has been used to enhance the plant growth and 

fruit quality.489  

1.7 Potential application of ionic liquids and poly(ionic liquid)s 

Ionic liquids find their application as high performance electrolytes in 

advanced electrochemical devices like batteries and capacitors,179, 490 or as 

solvents for catalysis and chemical extraction.491  Another advantage of ILs over 

conventional solvents lies in their tunable physicochemical properties such as 

selective solvation ability and miscibility depending upon the nature of cation 

and anion resulting in expansion of their applications from metal ions separation 

to chromatography. 492 On the other hand, the endless demands for versatile 

polymeric materials which can be employed in different specific conditions 

continuously motivate researchers to develop new types of functional polymers. 

The recently growing interest in PILs is due to their unique architecture -

theoretically any type of functional groups can be tethered to their active 

nucleophilic sites (N, P, S etc.), and this creates endless possibilities for their 

physical properties, thermal behaviours, electrochemical performances and most 

importantly application scopes. Hence, PILs can serve as multifunctional 

platforms which provide a multitude of applications. There are many detailed 

review articles which mainly concentrate on the development and applications 

of PILs.170, 177, 187 Here, we take some common applications as examples to 

describe the advantages of ILs and PILs. 

1.7.1 Application of thermoresponsive ILs/PILs as smart materials 

Thermoresponsive IL/solvent systems have several potential applications as 

liquid state materials due to their reversible phase transition between the 

homogeneous phase and liquid/liquid biphasic phase with change of 

temperature.73 Both Ohno’s group and Binnemans’s group independently 



Introduction                                                          Chapter 1 

IACS                                                  116                                                   JU 

developed energy-efficient extraction systems that are able to separate various 

compounds such as biopolymers493 and metal ions494 from the aqueous phase to 

IL-rich phase. Koo et al. utilized the LCST-type phase transition of amino acid 

based IL/water mixtures as reaction/product separation media for in situ 

enzymatic hydrolysis of penicillin.495 On the other hand, thermoresponsive PILs, 

as solid state materials, hold great potential to be applied in several fields such 

as stabilisation, accumulation, extraction, and separation of charged molecules. 

Yuan et al. implemented thermoresponsive PILs as dispersion/accumulation 

agents for carbon materials144 and gold nanoparticles.77 Luis et al. reported 

thermoresponsive PIL-modified gold nanoparticles which show LCST-type phase 

behaviour in chloroform.496 Ohno and co-workers developed chemically cross-

linked PIL hydrogels which show LCST-type phase transition and proposed the 

utilization of these PIL gels in desalination applications.497 Thermoresponsive PIL-

based membranes would be useful for constructing novel separation systems for 

several compounds including biopolymers.498 Tudor et al.499 developed a 

thermoresponsive PIL hydrogel showing LCST –type phase transition. The 

hydrogel was further incorporated into a microfluidic device with the purpose of 

being used as temperature-controlled actuator. Thermoresponsive PIL-based 

nanoparticles can also be used for binding/release of target molecules in water. 

Thermoresponsive PIL-based hydrogels can also be implemented for desalination 

processes where reversible sorption/desorption of water molecules from salt 

water would occur by a slight temperature change. Figure 52 summarizes some 

potential applications of thermoresponsive PILs as solid-state materials.  
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Figure 52. Potential applications of thermoresponsive PILs as solid-state 

materials. 73 

1.7.2 Energy harvesting and storage  

The primary source of world’s energy consumption is obtained from burning of 

fossil fuels (natural gas, oil, coal etc.), that results in global warming and 

environmental pollution due to emission of sulfur, nitrogen oxides and carbon 

dioxide. Consequently, several attempts have been made in order to develop 

electrochromic materials for renewable energy sources, energy storage and 

transformation devices. ILs have already gained popularity for their uses as 

electrolytes in electrochemical devices such as lithium batteries, dye sensitized 

solar cells, fuel cells, supercapacitors, light-emitting electrochemical cells and 

field effect transistors. However, liquid electrolytes have some serious 

drawbacks such as need of encapsulation due to leakage of the electrolyte. On 

the other hand, solid-state polymer electrolytes have advantages including 

mechanical stability, safety and simple processing, but their conductivity is still 

limited. For these reasons, there is an increasing interest in designing new types 

of solid-state polymer electrolytes with improved conductivity. Figure 53 
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summarizes some potential applications of PILs as ion-conducting solid-state 

polymer electrolytes. 

 

Figure 53. Application of poly(ionic liquid)s in various solid-state electrochemical 

devices (ECDs).187 

a. Fuel cells  

Fuel cell is a device that transforms chemical energy into electrical energy by 

a redox reaction. Presently, there is an increasing interest in fuel cells, which, 

contrary to classical Nafion membranes, function under alkaline conditions. 

Alkaline fuel cells are effortless to handle at low operating temperatures (e.g., 

23–70 :C), where the reaction kinetics (at electrode surfaces) and cell voltages 

are upgraded. Protic ILs, made up of Brønsted acids and bases, that are capable 

of constituting hydrogen bonds and functioning as proton carriers, are known to 

be effective as proton transferring carriers for high temperature Proton-

Exchange-Membrane-Fuel-Cell (PEMFC). Greenbaum et al.500 have prepared a 
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free-standing, homogeneous and thermally stable gel-type PEM based on protic 

IL, 1-methyl-3-propyl imidazolium dihydrogen phosphate and phosphoric acid 

doped polybenzylimidazole. The PEM obtained had conductivity of up to 2.0 x 

10-3 S cm-1 at 150 :C under anhydrous condition. But after some water vapor 

absorption, the conductivity rises even higher. Many groups have investigated 

PIL-based electrolyte membranes for its use in alkaline fuel-cell operation.501-502 

Yan et al. reported a facile synthetic route towards cross-linked anion exchange 

membranes (AEMs) based on alkaline PILs, without the use of chloromethyl 

ether and enabling the construction of simple processing membranes of desired 

dimensions.503 In their fabrication procedure, an ILM, 1-vinyl-3-methyl 

imidazolium iodide ([VMIm][I]), was photopolymerized in situ with styrene and 

acrylonitrile in the presence of 2–10 wt.% of the cross-linker divinylbenzene. The 

same research group broadened this strategy to other IL monomers, such as 3-

methyl-4-(1-vinybenzyl)imidazolium chloride and bis-imidazolium-type ILMs.502, 

504 The membrane built from these bis-imidazolium-type ILMs demonstrated 

superior chemical stability. Alkaline stability tests showed no obvious decrease in 

OH− conductivity after immersing membrane samples in 1 M KOH solution at 60 

:C for 30 days. 

b. Dye-sensitized solar cells  

Moreover, in case of fuel cells, there have also been reports on quasi-solid-

state dye-sensitized solar cells (DSSCs) based on ILs and PILs. Grätzel et al.  have 

constructed DSSCs based on mixtures of three different ILs, 1,3-dimethyl 

imidazolium iodide, 1-ethyl-3-methyl imidazolium iodide, and 1-ethyl-3-methyl 

imidazolium tetracyanoborate and achieved an efficiency of 8.2 %.505 

Furthermore, by consequent structure optimization of the ruthenium dye, higher 

efficiency (9.1 %) was achieved.506 Also, a series of poly(1-vinyl-3 -

alkylimidazolium) iodide PILs having different alkyl derivatives, e.g. methyl, 

propyl and perflurodecyl groups, have been synthesized as quasi-solid 
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electrolytes in a DSSC. The polymer electrolytes were formulated by mixing the 

PILs with an IL 1-methyl-3-propylimidazolium iodide, that showed IL-content-

dependent ionic conductivities ranging from 10−3 to 10−7 S cm-1 at the room 

temperature. Solar cells having 1-cm2 areas, prepared using poly(1-vinyl-3-

propylimidazolium iodide) gel electrolyte, yielded a maximum light-to-electricity 

conversion efficiency of 3.73%. The value was later improved by Chen et al. 507 to 

4.4% by using simulated solar illumination at 100 mW/cm and a poly(1-butyl-3-

methylimidazolium TFSI) PIL. The efficiency was even further increased to 5.92% 

via a bis-imidazolium-based PIL.  

c. Lithium ion battery  

Because of high energy density and energy efficiency, lithium battery has been 

applied in various electronic devices e.g. digital cameras, laptops, cellular phones 

and even in vehicles and other large-scale power systems.508 Although, the 

present lithium battery system has an innate  safety issue because of  its use of 

volatile and flammable organic solvents as electrolyte solvents.509 Thus, it is 

highly necessary to construct new and safe electrolytes to replace organic 

solvent-based electrolytes. In present years, ILs and polymerized ILs have 

acquired substantial interests as electrolyte materials for lithium battery.508-510 IL 

electrolytes have some unique characteristics making them promising applicants 

for lithium battery, e.g. non-flammability, non-volatility, wide electrochemical 

window, wide thermal operating range and high inherent conductivity.508 The 

first report dealt with the electrochemical characteristics of solvent-free, ternary 

polymer electrolytes on the basis of the use of a novel 

poly(diallyldimethylammonium TFSI) PIL as a polymer host integrated with 

PYR14TFSI IL and LiTFSI salt.66 Specifically, the PIL-based polymer electrolytes 

displayed room-temperature ionic conductivities above 10−4 S cm-1, 

electrochemical stability windows of up to 5.0 V vs. Li+/Li, time-stable interfacial 

resistance values and good lithium stripping/plating performance. Li et al. 
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constructed a similar ternary system based on a guanidinium-based PIL-

containing copolymer.511 Later, Yang et al. investigated a series of guanidinium 

PILs as electrolyte membranes for lithium batteries, obtaining maximum 

capacities of 130 and 140 mA/g at 0.2 and 0.1 C current rates, respectively.68, 512 

Recently, a trend has been observed to combine the ionic and electronic 

conductivities of conductive polymers by introducing a high density of IL species. 

This can be accomplished either by direct polymerization of an IL monomer with 

thiophene or by pyrrole units or by post-synthetic modifications.513-514 

1.7.3 Sorbents and separation  

The increase of CO2 content in the atmosphere is broadly considered as one of 

the reasons of global warming. Chemical absorption and physical absorption are 

two main techniques used these days in industry for the removal of CO2 from 

large point sources such as power plants. Due to their good solubility and 

selectivity to CO2, non-volatility and thermal stability, ILs have been studied as a 

promising candidate in CO2 absorption. The ability of ILs to physically absorb CO2 

was mainly affected by counter anions. A higher fluorination degree in counter 

anions causes a higher CO2 absorption ratio, due to the interactions between 

Lewis basic fluorine atom and Lewis acidic CO2.515-516 

PILs have been proven as promising sorbents of CO2 since they exhibit high 

CO2 absorption capacity.517 Tang et al. have investigated the CO2 sorption ability 

of PILs for the first time, namely poly[1-(p-vinylbenzyl)-3-butylimidazolium 

tetrafluoroborate], poly[1-(p-vinylbenzyl)-3-butylimidazolium 

hexafluorophosphate] and poly[2-(methacryloyloxy)ethyl-3-butylimidazolium 

tetrafluoroborate] which gave CO2 sorption values  of 2.8 mol%, 2.27 mol% and 

1.78 mol% respectively.518 Later, the same group extended their research to 

prepare CO2 absorbing tetraalkylammonium-based PILs, such as poly[p-vinyl 

benzyl trimethylammonium tetrafluoroborate], and poly[2-(methacryloyloxy)-
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ethyl]trimethylammonium tetrafluoroborate.519 The tetraalkylammonium-based 

PILs showed higher CO2 sorption capacities than the imidazolium ones, due to 

the strong interaction of the tetraalkylammonium cation with CO2 resulting in 

high positive charge density as compared to the imidazolium cation in which the 

positive charge is delocalized.  . In addition, a cross-linkable ILM has been 

photopolymerized into a thin film, which is remarkably less permeable to gases 

than other types of PILs due to the higher cross-linking density.520 

In the area of separation technology, PILs have been examined for use in 

solid phase extraction and chromatography. Hsieh and co-workers have 

constructed stationary phases depending upon imidazolium-derived PILs for use 

in gas chromatography, showing good reliability and structural selectivity.521 

These properties were attributed to the ordered arrangement of the PILs with 

octyl imidazolium side chains. PIL-based stationary coatings for solid-phase micro 

extraction have also been fabricated by free radical polymerization of vinyl-

substituted imidazolium monomers and displayed sensitivity, good 

reproducibility, and yielded good detection limits. 

1.7.4 Application of porous PILs 

For past few years, several porous material with accessible pore channels and 

high surface area have been reported , like metal-organic frameworks (MOF),522  

porous organic polymers,523 and porous aromatic frameworks (PAFs)524. 

Recently, some reports revealed that the ionic porous materials would offer 

more advantages over the natural analogues. The reasons behind such 

observations can be attributed to two factors. Firstly, the charged skeleton of the 

porous materials can strengthen the host-guest attraction/repulsion that is 

helpful for the application in selective separation. On the other hand, the 

counter ions of the charged pores can be easily exchanged.525 Porous PILs 

combine the unique characteristics of both ILs and porous polymers or materials. 
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The charged pores present in porous PILs serve as the ion exchange materials for 

capturing ionic pollutants and hence make them potential candidates  for 

extraction process, 526 storage and separation of analytes.527-528  Recently Nayebi 

et al. developed imidazolium PIL-based porous polymers and utilized them as a 

sorbent for extraction and speciation of nitrite and nitrate ions. 525 Yan et al. 

developed porous PIL membranes as efficient and recyclable absorbents for 

heavy metal ions including Hg2+ , Pb2+ , Cu2+ , Cd2+ , and Zn2+ .529 Weber et al. 

developed a mesoporous PIL network via hard-templating pathway which was 

used as an efficient adsorbent for CO2 capture.530 Zheng et al. reported a photo 

and humidity responsive mesoporous PIL membrane which showed excellent 

selective adsorption capability for cationic dye methylene blue. 531 Figure 54 

summarizes some potential applications of porous PILs and their hybrids. 

 

Figure 54. Application of porous PILs and their hybrids.532 

1.8 Objectives and scope of the present research work 

Poly (ionic liquid)s (PILs) have been a topic of great research interest among 

scientists because of their unique properties and wide range of applications as 

solid electrolyte, dispersant, stimuli-responsive polymer, porous polymeric 
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material and many more. In PILs, the unique properties of ILs are retained and 

due to polymerization, the mechanical performance, processability, and 

electrochemical and thermal stability of the materials get enhanced. Therefore, 

designing new class of IL as well as PIL having interesting functional properties is 

a current goal of research to the material scientists. The chemistry of stimuli 

responsive PILs or so-called ‘smart PILs’ has become a major focus nowadays 

because of the versatile application of these materials in smart devices, sensors, 

actuators etc. The nature of functionalities present in these polymers determines 

the type of external stimuli ranging from physical (temperature, light, electric or 

magnetic field, etc.) or chemical (pH, ligands, etc.) or biological (enzymes, etc.) to 

which they will be responded.  

Furthermore, as discussed earlier in sections 1.3.1 and 1.7.1, the design of 

thermoresponsive PIL systems with water or organic solvents are rapidly growing 

because of their numerous applications including biomedical applications. The 

hydrophobicity/hydrophilicity balance of the starting IL monomers features the 

phase behaviour of the resulting PILs. Upper critical solution temperature 

(UCST)-type thermoresponsive phenomenon is not very common in conventional 

hydrophobic or hydrophilic polymers in aqueous solution. To address this issue, 

phosphonium PIL segment is coupled with either hydrophobic or polymer 

segments via RAFT copolymerization for introducing UCST property in their 

random copolymers. It is observed that the random PIL copolymers exhibited 

UCST-type behaviours in aqueous or in methanol solution depending on their 

compositions in the presence of externally added halide anions while the cloud 

points of these copolymers are tunable with respect to the copolymer 

compositions, molecular weight of polymers as well as concentrations of 

externally added anions. More interestingly, copolymerization of a PIL with a 
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LCST polymer results in the occurrence of a simultaneous LCST- and UCST-type 

phase behaviour in aqueous medium.  

Moreover, PILs also belong to one of the most promising classes of materials 

in electrochemistry. PILs refer to a special type of polyelectrolyte where IL 

moieties are covalently bonded to a polymer backbone leaving the counter ions 

mobile. The major advantages of PILs including enhanced mechanical stability, 

improved processability and durability over the IL species allow them to be used 

in solid-state electrochemical devices (ECDs) such as batteries, fuel cells, 

supercapacitors and electrochromic devices. To develop new types of SPE, a PIL 

homopolymer and a series of PIL based random copolymers with a conventional 

hydrophobic polymer are synthesized by conventional free radical 

polymerization. Another series of PIL based copolymers with different molecular 

weights are synthesized by RAFT technique. The fundamental ion transport 

mechanism and relaxation in homo-PIL and PIL based random copolymers are 

investigated. The influences of copolymer compositions, nature of counter 

anions and molecular weights on ion transport and relaxation are studied to find 

the origin of the fast ion transport. It is observed that the precise molecular 

engineering of amphiphilic random copolymers influences the thermal and 

electrical properties of the copolymers.  

Research on ionic liquids (ILs) has increased consistently over the last two 

decades. ILs have emerged as green solvents replacing traditional toxic, 

flammable and highly volatile solvents used in industries. Apart from this, there 

are other well-known applications of ILs such as in catalysis, electrochemistry, 

analytical uses, preparation of additives, etc. But unfortunately, there is no such 

report where ILs or their polymeric version are used as photoinitiators (PIs) for 

aqueous polymerization of vinyl monomers. Hence, the exploration of use of IL 

and PIL-based PI in aqueous medium becomes very important considering their 
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applications in industrial polymer synthesis, especially in replacing organic 

solvents with water. Thus, new phosphonium and imidazolium-based ILs are 

designed and synthesized which can act as novel PIs for polymerization of 

different vinyl monomers in aqueous medium. The kinetics and mechanism of 

this type of photopolymerization are also explored. Additionally, 

thermoresponsive polymers are grafted from the photoactive pendent IL moiety 

of the PIL by ‘grafting-from’ copolymerization, which results in the formation of 

thermoresponsive random graft copolymers. 

Polymer hydrogels where hydrophilic polymeric chains are cross-linked with 

each other through chemical or physical interactions forming a three-

dimensional fibrillar polymeric network are able to entrap a significant amount 

of water within its matrix and can provide clear advantages for removal of colour 

from effluents without dissolving in water. The development and devising of new 

types of chemically cross-linked polymer hydrogels (CCPHs) targeted mainly for 

waste-water treatment is still a challenging and interesting topic for researchers. 

CCPHs with ionic linkages are supposed to remove targeted anionic dyes from 

wastewater mainly through electrostatic interactions (physisorption) or 

chelation (chemisorption) between dye ions and hydrogel matrix. To develop 

new type of CCPHs, initially two different room temperature ionic liquids (RTILs) 

are synthesized. These two RTILs of varying concentrations are further utilized as 

cross-linkers for aqueous free radical solution polymerization of two hydrophilic 

monomers to produce different types of PIL-based hydrogels. Thermal stability 

and swelling ability of these hydrogels are investigated. Taking advantage of the 

anion exchange ability of these as-synthesized hydrogels, the dye uptake 

capacity, adsorption kinetics and adsorption mechanism of these hydrogels are 

thoroughly investigated.   
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2.1 INTRODUCTION 

Thermoresponsive polymers with lower and/or upper critical solution 

temperature (LCST or UCST) in solution show a significant miscibility gap at high 

temperatures and/or low temperatures, respectively. These polymers have 

particularly gained research interest due to their easy transition from the 

hydrophilic open coil state to hydrophobic globular state and vice versa in 

solution upon changing the temperature.1-3 Consequently, a huge development 

has been observed in temperature sensitive macromolecules for generating new 

smart materials mainly for biomedical applications such as bioseparation,4-5 drug 

delivery agents6-7 substrates for cell culture8 etc. One of the most extensively 

investigated thermoresponsive polymers include poly(N-isopropyl acrylamide) 

(PNIPAM) and the poly(meth)acrylamide derivatives whose aqueous solutions 

show a soluble to insoluble (S-I) transition, or lower critical solution temperature 

(LCST), when heated.1-2, 9 A series of different bio-inspired polymers are also the 

important members of this LCST-type polymer family.10-12 However, there are 

only few polymers whose aqueous solutions exhibit an insoluble to soluble (I-S) 

transition, or upper critical solution temperature (UCST), when heated. The non-

ionic homopolymer of poly(N-acryloyl glycinamide) [poly(NAGA)] and 

poly(acrylamide-co-acrylonitrile) copolymers have been reported to exhibit a 

UCST-type phase behaviour in water as well as in electrolyte solution.13-14 It is to 

be noted that most of these thermoresponsive polymers are non-ionic or weakly 

charged when dissolved in water and their phase transitions are mainly driven by 

H-bonding,13, 15 except for zwitterionic polymers such as poly(sulfobetaine 

methacrylate)s which also showed UCST-type behaviour.16-17 Thermoresponsive 

polymers that show two or more phase transitions upon heating or cooling are 

also interesting.18-19 However, systems that exhibit both LCST- and UCST-type 

phase transitions (i.e., S-I-S or I-S-I) are much rarer.20 
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As already mentioned in Chapter 1, poly(ionic liquid) (PIL), an ionic polymer,  

possesses the unique properties of an ionic liquid (IL) along with the 

processability and durability of polymer materials.21-23 These novel materials 

with new functions have been employed in different applications, such as 

nanocomposites,24 gas separation membranes,25 battery26 and liquid crystal 

display.21, 27 PILs also possess stimuli-responsive properties, but only a few are 

thermoresponsive. Earlier method of preparation of charged polymers exhibiting 

LCST-type phase behaviour were mainly obtained by copolymerizing thermally 

responsive non-ionic monomer with ionic monomer. Poly[1-butyl-3-

vinylimidazolium bis(trifluoromethanesulfonyl)-imide] was the first reported 

thermoresponsive PIL which showed a pseudo-LCST behaviour in water in the 

presence of cyclodextrin because of temperature-sensitive formation/disruption 

of its inclusion complex.28 Yuan et al. developed anionic and cationic PILs, poly(4-

tetrabutylphosphonium styrene sulfonate) (PTPSS) and poly(tributyl-4-

vinylbenzylphosphonium pentanesulfonate) respectively which showed LCST-

type behaviours in water.29-30 PILs showing thermoresponsive phase transition in 

water can be obtained by tailoring the hydrophilic/hydrophobic balance of the 

ionic components of the IL monomers, polymer concentration, and solvent. 

Thermal sensitivities of these PILs can also be tuned in the presence of 

cosolvents, salts, etc. in solution. On the other hand, UCST-type PIL 

homopolymers/copolymers are very rarely reported. One of such example is the 

UCST-type imidazolium- and DMAEMA-based polycations in aqueous solution in 

the presence of both LiNTf2 and NaCl salts.31 Another example of 

thermoresponsive PIL is poly(triphenyl-4-vinylbenzylphosphonium chloride) 

(P[VBTP][Cl]) (which has been mentioned in Chapter 1 ) which shows UCST-type 

phase behaviour in water in the presence of externally added halide anions.32 
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Poly(methyl methacrylate) (PMMA), being a bio-friendly polymer, has gained 

increasing interest as a particulate carrier in drug delivery.33-35 There are also 

reports on the development of drug delivery systems based on PMMA 

containing copolymer micelles.36-38 Polystyrene (PS)-based copolymers are able 

to influence the biological responses and those are established as interesting 

materials for fabrication of medical devices/drug delivery agents because of its 

bio-stability and vascular compatibility.36, 39-41 There also exist handful of 

scientific reports regarding the drug release capabilities and biomedical 

applications of biodegradable poly(2-hydroxyethyl methacrylate) (PHEMA)-

based42-43 and poly(N-isopropyl acrylamide) (PNIPAM)-based44-45 copolymers. 

However, in order to make PMMA/PS/PHEMA/PNIPAM based responsive 

copolymers suitable for biomedical applications including drug delivery and in 

other applications such as in paint or coating, it is important to keep their phase 

transition near physiological temperature. The cloud points of thermoresponsive 

polymers can be easily tuned by simple adjustment of the compositions through 

copolymerization along with the careful adjustment of other external factors 

such as varying counterions, redox potential, pH etc.46-48 Thus, the development 

of stimuli-responsive random /block copolymers is highly essential for easy 

tuning of their switching behaviours. Statistical copolymers of different 

thermoresponsive polymer blocks furthermore offer the advantage of gradual 

change in their phase transition temperatures.11, 49-50 Also, the incorporation of 

hydrophobic51 or hydrophilic52 comonomers can either decrease or increase the 

phase transition temperature, respectively. Weiss et al. employed RAFT 

polymerization to prepare a diblock copolymer, poly(N-n-propylacrylamide)-b-

poly(N-ethylacrylamide) (PNPAM-b-PNEAM) of tunable thermoresponsiveness 

with two LCST-type cloud points for PNPAM (20 :C) and PNEAM (70 :C).53 On 

the other hand, block copolymers comprising dual thermosensitivity of LCST- and 
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UCST-type behaviours can show so-called schizophrenic self-assembly in water, 

meaning that their micellar core–shell structure can be inverted under proper 

conditions.54-55 However, there are only very few reports of thermoresponsive 

block/random copolymers comprising of one non-ionic and one ionic 

comonomer.56-58 A block copolymer consisting of two hydrophilic blocks, 

PNIPAAm and the zwitterionic poly(3-[N-(3-methacrylamidopropyl)-N,N-

dimethyl]ammoniopropane sulfonate) (PSPP) exhibiting double 

thermoresponsiveness in water is also reported.59 Further, Dai et al. investigated 

the phase behavior, self-assembly process, and microdynamics of poly(tetrabutyl 

phosphonium styrene sulfonate)-b-(poly(2-(2-methoxyethoxy)ethyl 

methacrylate)) (PMEO2MA-b-P[P4,4,4,4][SS]) copolymers containing LCST-type 

non-ionic and PIL blocks.56 

2.2  OBJECTIVES AND SCOPE OF THE PRESENT WORK 

A detailed literature survey revealed that most of the studies have only been 

focused on the development of conventional non-ionic thermoresponsive homo- 

and co-polymers, but the thermoresponsiveness of copolymers of conventional 

hydrophobic/hydrophilic polymers and charged PILs has been rarely studied. 

Therefore, the interest to develop PIL based copolymers from an ionic liquid 

monomer and a non-ionic monomer (either hydrophilic or hydrophobic) is very 

obvious to grow. The incorporation of charged PIL blocks can lead to changes of 

the hydrophilic–hydrophobic balance and consequently the thermoresponsive 

behaviour, in particular UCST-type behaviour of the resultant copolymers. 

Another curiosity lies in the fact that whether random insertion of a PIL segment 

into a LCST-type polymer (such as PNIPAM) can lead to a copolymer showing 

simultaneous LCST- and UCST- type phase behaviour in aqueous medium in 

presence of externally added halide ions. On the other hand, copolymers based 
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on PMMA, PS, PHEMA and PNIPAM possess special features which made them 

attractive for various applications, including some in the biomedical field.Thus, 

the objectives of the present work are to synthesize various random copolymers 

comprising of a charged cationic PIL segment with various hydrophobic and 

hydrophilic polymer segments with the expectation that the copolymers would 

become soluble in water and would exhibit attractive thermoresponsive 

behaviour depending upon the nature of co-monomer and copolymer 

compositions. 

Thus, in the present work, an attempt has been made to develop a series of 

random copolymers by the RAFT polymerization of either conventional 

hydrophobic monomers [methyl methacrylate (MMA) and styrene] or 

hydrophilic monomers [2-hydroxyethyl methacrylate (HEMA) and N-isopropyl 

acrylamide (NIPAM)] with previously mentioned (in Chapter 1) as-synthesised IL 

monomer, triphenyl-4-vinylbenzylphosphonium chloride ([VBTP][Cl]).32 It is 

observed that the introduction of PIL segment made P[VBTP][Cl]-ran-PMMA, 

P[VBTP][Cl]-ran-PS and P[VBTP][Cl]-ran-PHEMA copolymers soluble in water or in 

methanol irrespective of their molecular weights. It is further observed that the 

transparent aqueous/MeOH solutions of these copolymers in presence of 

externally added halide ions transformed into a turbid suspension due to halide 

ion-induced aggregation followed by a transition to transparent solution due to 

temperature-induced disaggregation indicating a clear UCST-type phase 

behaviour. As already mentioned in Chapter 1, P[VBTP][Cl] homopolymer 

exhibits UCST-type behaviour in the presence of halide ions in water. The UCST-

type phase behaviour is rarely observed in conventional hydrophobic or 

hydrophilic polymers in water. Thus, the main challenge is to introduce such 

property into both types of polymers. On the other hand, the solubility of 

hydrophobic polymers in aqueous medium is the main hindrance for showing 
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any UCST. Therefore, in this work, we have incorporated PIL segment with 

conventional hydrophobic polymers such as PMMA or PS via copolymerization to 

increase their solubility in water and also to bring down the UCST cloud point in 

the range of 0-100C. These PIL copolymers showed UCST-type phase behaviour 

in a wide range of temperature window allowing them to use in various 

applications including drug delivery. On the other hand, P[VBTP][Cl]-ran-PNIPAM 

copolymer, expectedly, show either LCST-/UCST-type or simultaneously LCST- 

and UCST- type phase transition  in the presence of halide ions in aqueous 

solution. The cloud points of these copolymers were tuned in a large 

temperature window with respect to different parameters such as copolymer 

composition, nature and concentration of externally added halide ion etc. 

2.3 EXPERIMENTAL SECTION 

2.3.1  Materials 

Methyl methacrylate (MMA, >99%), styrene (St, ≥99.5%) and 2-hydroxyethyl 

methacrylate (HEMA, 98%) were purchased from Sigma-Aldrich and were 

purified by passing through basic alumina column to remove inhibitors prior to 

use. N-isopropyl acrylamide (NIPAM, ≥97%; Merck) was recrystallized twice from 

hexane before use. 2,2′-Azobis(2-methylpropionitrile) (AIBN, 98%) was obtained 

from Sigma-Aldrich and was recrystallized twice from ethanol. 4-Cyano-4-

[(dodecylsulfanylthiocarbonyl) sulfanyl+ pentanoic acid (CDP,  ≥ 97%, HPLC), 

sodium iodide (NaI; 99.9%) and sodium chloride (NaCl ; > 99%) were used as 

received from Sigma-Aldrich. Dimethylformamide (DMF) and methanol (MeOH) 

were received from Merck, India. DMF was dried overnight with CaCl2 and was 

distilled over CaH2 under reduced pressure prior to use. Milli-Q water was used 

in preparation of various solutions. 
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2.3.2  Synthesis of random PIL copolymers 

A series of different PIL-based AB type random copolymers of varying 

compositions were prepared from the A-type triphenyl-4-

vinylbenzylphosphonium chloride ([VBTP][Cl]) ILM  and a B-type either 

hydrophobic monomer or a hydrophilic monomer such as MMA/St or 

HEMA/NIPAM respectively via RAFT polymerization technique (Scheme 1) using 

CDP and AIBN as the chain transfer agent (CTA) and radical initiator respectively. 

It is to be noted that the synthesis of  [VBTP][Cl] monomer was achieved by 

following a reported protocol.32 The actual compositions of all the copolymers 

were obtained from 1H-NMR analysis, which is given in Table 1. 

 

Scheme 1.  Synthetic scheme for random copolymers, P[VBTP][Cl]-ran-PMMA 

/P[VBTP][Cl]-ran-PS/ P[VBTP][Cl]-ran-PHEMA/ P[VBTP][Cl]-ran-PNIPAM prepared 

via RAFT copolymerization.  

2.3.2.1 Synthesis of P[VBTP][Cl]-ran-PMMA (P1-P3) copolymers 

Typically, for P1 (Table 1), MMA (0.832 g; 8.301 mmol), [VBTP][Cl] (0.350 g; 

0.9224 mmol), CDP (0.0372 g; 0.0922 mmol ) and AIBN (3.03 mg; 0.0184 mmol)  

were added to 12 mL  dry DMF taken in a 25 mL long-neck RB flask. The mixture 



UCST-type phosphonium-based poly(ionic liquid) random copolymers 

IACS                                              171                                              JU 

was purged with argon gas for 45 mins before the flask was immediately sealed 

with a rubber septum. Finally, the sealed flask was placed in an oil bath 

preheated at 65 :C for 24h under magnetic stirring. After polymerization, the P1 

was precipitated in diethyl ether followed by further dissolution in DMF and re-

precipitation in water and finally isolated by centrifugation to remove traces of 

unreacted [VBTP][Cl]. The purified P1 was then dried in vacuum oven at 60 :C for 

overnight. Yield: 75 %. P2 and P3 of different compositions were also prepared 

following the same procedure as used for P1, while the molar feed ratios of 

[VBTP][Cl] and MMA were varied from 1:9 to 4:1 (Table 1).The actual 

compositions of P1-P3 were determined by 1H-NMR analysis (Table 1). The 1H-

NMR spectra of P1, P2 and P3 copolymer and their respective analysis are given 

in Figures 1 to 3 respectively. 

1H-NMR analysis of P1 (500 MHz, CDCl3, δ ppm)(Figure 1):  1.22-0.52 (-CH2 and –

CH and –CH3 of polymer backbone, position ‘a’, ‘b’, ‘l’); 1.8 (-CH2 protons of 

polymer backbone, position ‘k’); 5.26 (benzylic protons, position ‘f’); 6.91 (phenyl 

ring protons, position ‘d’); 6.75 (phenyl ring protons, position ‘e’); 7.62-7.73 

(phenyl ring protons of TPP unit); 3.45 (-CH3 protons, position ‘m’). 

1H-NMR analysis of P2 (500 MHz, CDCl3, δ ppm)(Figure 2) :  1.22-0.30 (-CH2 and –

CH and –CH3 of polymer backbone, position ‘a’, ‘b’, ‘l’); 1.6 (-CH2 protons of 

polymer backbone, position ‘k’); 5.24 (benzylic protons, position ‘f’); 6.8 (phenyl 

ring protons, position ‘d’; phenyl ring protons, position ‘e’); 7.66-7.84 (phenyl 

ring protons of TPP unit); 3.40 (-CH3 protons, position ‘m’). 

1H-NMR analysis of P3 (500 MHz, CDCl3, δ ppm)(Figure 3) :1.14-1.24 (-CH2 and –

CH and –CH3 of polymer backbone, position ‘a’, ‘b’, ‘l’); 1.8 (-CH2 protons of 

polymer backbone, position ‘k’); 5.33 (benzylic protons, position ‘f’); 6.89 (phenyl 

ring protons, position ‘d’; phenyl ring protons, position ‘e’); 7.44-7.73 (phenyl 

ring protons of TPP unit); 3.44 (-CH3 protons, position ‘m’). 
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Figure 1. 1H-NMR spectrum of P1 in CDCl3 

 

 

 

Figure 2. 1H-NMR spectrum of P2 in CDCl3. 
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Figure 3.1H-NMR spectrum of P3 in CDCl3. 

 

2.3.2.2 Synthesis of P[VBTP][Cl]-ran-PS (P4-P6) copolymers 

The P4-P6 copolymers were also synthesized by RAFT polymerization using 

monomer mixture: CDP: AIBN mole ratio of 100:1:0.2 with a concentration of 

monomer mixture of 10 wt. % (w/v) in DMF (Table 1). Note that these three 

copolymers were synthesized with [VBTP][Cl]/St monomer ratios of 1:4, 1:1, and 

4:1. The polymerization of P4 was carried out in a 25 mL long neck RB flask at 65 

:C for 24h. Afterwards, the polymerization was quenched by cooling the flask 

quickly in ice-water and precipitated in diethyl ether. P4 was re-dissolved in 

methanol and purified by precipitation in diethyl ether and was dried in vacuum 

oven at 50 C for overnight (Yield = 68 %). 

The P5 and P6 copolymers were re-dissolved in water and dialysed against DD 

water for 2 days using a membrane of molecular weight cut-off of 3000 g mole-1. 

Finally, the purified P5 and P6 were collected by freeze drying and drying in 

vacuum oven at 50 C for overnight (Yield 70%). The final compositions of 

P[VBTP][Cl]-ran-PS copolymers were determined from integration of the 
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appropriate signals of the respective 1H-NMR spectra of P4 (Figure 4), P5 (Figure 

5) and P6 (Figure 6). 

1H-NMR analysis of P4 (500 MHz, DMSO-d6, δ ppm)(Figure 4):  1.53-0.82 (-CH2 

and -CH protons of polymer backbone, position ‘a’, ‘b’, ‘h’ and ‘i’); 5.1 (benzylic 

protons, position ‘f’); 7.0 (phenyl ring protons, position ‘d’); 6.17 (phenyl ring 

protons, position ‘e’); 7.63-7.87 (phenyl ring protons, position ‘g’ and ‘j’). 

1H-NMR analysis of P5(500 MHz, DMSO-d6, δ ppm)(Figure 5):  1. 4-0.80 (-CH2 and 

-CH protons of polymer backbone, position ‘a’, ‘b’, ‘h’ and ‘i’); 5.26 (benzylic 

protons, position ‘f’); 6.82 (phenyl ring protons, position ‘d’); 6.08 (phenyl ring 

protons, position ‘e’); 7.45-7.69 (phenyl ring protons, position ‘g’ and ‘j’). 

1H-NMR analysis of P6 (500 MHz, DMSO-d6, δ ppm)(Figure 6):  1.50-0.80 (-CH2 

and -CH protons of polymer backbone, position ‘a’, ‘b’, ‘h’ and ‘i’); 5.14 (benzylic 

protons, position ‘f’); 6.5-7.2(phenyl ring protons, position ‘d’;phenyl ring 

protons, position ‘e’); 7.43-7.80 (phenyl ring protons, position ‘g’ and ‘j’). 

 

Figure 4. 1H-NMR spectrum of P4 in DMSO-d6. 
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Figure 5. 1H-NMR spectrum of P5 in DMSO-d6. 

 

 

 

Figure 6. 1H-NMR spectrum of P6 in DMSO-d6. 
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Table 1. Polymerization conditions and molecular characterization data of 

different copolymers. 

Copolymer sample [M1:M2]o:[CDP]o 

:[AIBN]o 

% 

Yield 

Mn 

(SEC) 

(kDa) 

Đ 

(SEC) 

IC
a 

(wt. %) 

P[VBTP][Cl]10-ran-PMMA90 (P1) [10:90]:1:0.2 75 12.01 1.40 10.0 

P[VBTP][Cl]18-ran-PMMA82 (P2) [50:50]:1:0.2 79 6.35 1.20 18.0 

P[VBTP][Cl]96-ran-PMMA4 (P3) [80:20]:1:0.2 74 6.20 1.20 96.0 

P[VBTP][Cl]22-ran-PS78 (P4) [20:80]:1:0.2 68 6.13 1.24 22.0 

P[VBTP][Cl]64.4-ran-PS35.6 (P5) [50:50]:1:0.2 70 9.18 1.20 64.4 

P[VBTP][Cl]90.3-ran-PS9.7 (P6) [80:20]:1:0.2 70 18.17 1.30 90.3 

P[VBTP][Cl]10.5-ran-PHEMA89.5 (P7) [10:90]:1:0.2 72 14.8 1.39 10.5 

P[VBTP][Cl]20-ran-PHEMA80 (P8) [20:80]:1:0.2 75 25.44 1.39 20.0 

P[VBTP][Cl]28.6-ran-PHEMA71.4 (P9) [50:50]:1:0.2 78 6.35 1.24 28.6 

P[VBTP][Cl]1.1-ran-PNIPAM98.9 (P10) [2:98]:1:0.2 65 11.42 1.28 1.13 

P[VBTP][Cl]2-ran-PNIPAM98 (P11) [5:95]:1:0.2 71 10.89 1.23 2.5 

P[VBTP][Cl]19.3-ran-PNIPAM80.7 (P12) [10:90]:1:0.2 69 5.12 1.20 19.3 

P[VBTP][Cl]34.5-ran-PNIPAM 66 (P13)
 

[20:80]:1:0.2 68 6.82 1.30 34.5 

Reaction condition: Time = 24 h; Temperature = 65 :C; Solvent = DMF.  

M1= [VBTP][Cl];M2= HEMA/MMA/Styrene/NIPAM; Monomer concentration = 10  

wt. %(w/v); IC=Ionic content.  

aObtained from 1H-NMR spectral analysis; The sample code represented actual 

copolymer compositions.  

2.3.2.3 Synthesis of P[VBTP][Cl]-ran-PHEMA (P7-P9) copolymers 

The P7 copolymer was synthesized by a typical RAFT polymerization involving 

HEMA (1.08 g; 8.3 mmol) and [VBTP][Cl] (0.350 g; 0.922 mmol) in the presence of 

CDP  (0.037 g; 0.0922 mmol) and AIBN (0.0302 mg; 0.018 mmol) in 14 mL dry 

DMF. The mixture was degassed and polymerized at 65 :C for 24h following the 

same procedure as described above. The P7 was precipitated in acetone 

followed by dissolving the copolymer in water to remove unreacted [VBTP][Cl]  
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through dialysis against water for 2 days using a membrane of a molecular 

weight cut-off of 3000 g mole-1. Finally, the purified P7 was collected by freeze 

drying and also drying in vacuum oven at 50 C for overnight (Yield 72 %). P8 

and P9 of varying compositions were also synthesized under same reaction 

conditions with varying molar feed ratios of monomers as described in Table 1. 

The compositions of the copolymers (P7-P9) were determined from 1H-NMR 

spectra which are given in Figures -7 to 9. 

1H-NMR  analysis of P7 (500 MHz, DMSO-d6, δ ppm)(Figure 7):  0.94-0.77 (-CH2 

and -CH of polymer backbone, position ‘a’, ‘b’, ‘h’); 1.79 (-CH2 protons of 

polymer backbone, position ‘g’); 4.84 (benzylic protons, position ‘f’); 6.7 (phenyl 

ring protons, position ‘d’, ‘e’); 7.65-7.91 (phenyl ring protons of TPP unit); 3.89 (-

CH2 protons, position ‘i’); 3.58 (-CH2 protons, position ‘j’). 

1H-NMR analysis  of P8 (500 MHz, DMSO-d6, δ ppm)(Figure 8):  0.94-0.77 (-CH2 

and -CH of polymer backbone, position ‘a’, ‘b’, ‘h’); 1.79 (-CH2 protons of 

polymer backbone, position ‘g’); 4.87 (benzylic protons, position ‘f’); 6.8 (phenyl 

ring protons, position ‘d’, ‘e’); 7.67-7.94 (phenyl ring protons of TPP unit); 3.89 (-

CH2 protons, position ‘i’); 3.58 (-CH2 protons, position ‘j’).  

1H-NMR analysis of P9 (500 MHz, DMSO-d6, δ ppm)(Figure 9):  0.90-0.60 (-CH2 

and -CH of polymer backbone, position ‘a’, ‘b’, ‘h’); 1.40 (-CH2 protons of 

polymer backbone, position ‘g’); 5.2 (benzylic protons, position ‘f’); 6.77 (phenyl 

ring protons, position ‘d’, ‘e’); 7.67-7.94 (phenyl ring protons of TPP unit); 3.85(-

CH2 protons, position ‘i’); 3.37 (-CH2 protons, position ‘j’). 
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Figure 7. 1H-NMR spectrum of P7 in DMSO-d6. 

 

 

Figure 8. 1H-NMR spectrum of P8 in DMSO-d6. 
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Figure 9. 1H-NMR spectrum of P9 in DMSO-d6 

 

2.3.2.4 Synthesis of P[VBTP][Cl]-ran-PNIPAM (P10-P13) copolymers 

The RAFT copolymerization of [VBTP][Cl] and NIPAM monomers was also carried 

out to prepare four random copolymers, P10-P13 (Table 1) of different 

compositions using the similar procedure as mentioned above. For P10, NIPAM 

(1.0 g; 8.8370 mmol), [VBTP][Cl] (0.068g; 0.180 mmol), AIBN (2.96mg; 0.018 

mmol) and CDP (36.394mg; 0.090 mmol) were taken in a 50 mL long neck RB 

flask followed by addition of 10.7 mL dry DMF. The polymerization procedure, 

isolation of copolymer and purification procedures were similar to that used for 

the P[VBTP][Cl]-ran-PS copolymers. The resulting pale yellow coloured 

copolymer was stored in vacuum desiccator at room temperature (Yield = 65%). 

Similarly, three other copolymers were also prepared by varying the molar feed 

ratio of [VBTP][Cl] and NIPAM monomers as described in the Table 1. The 

compositions of the copolymers were determined from integration of the 

appropriate signals in the 1H NMR spectra given in Figures 10 to 13.  

 



UCST-type phosphonium-based poly(ionic liquid) random copolymers 

IACS                                              180                                              JU 

1H-NMR analysis  of  P10 (500 MHz, DMSO-d6, δ ppm)(Figure 10):  1.45-1.23 (-

CH2 and -CH of polymer backbone, position ‘a’, ‘b’, ‘h’); 1.92 (-CH proton of 

polymer backbone, position ‘i’); 3.82 (-CH proton, position ‘j’); 1.04 (-CH3 

protons, position ‘k’); 5.05 (benzylic protons, position ‘f’); 7.16 (phenyl ring 

protons, position ‘d’); 6.81 (phenyl ring protons, position ‘e’); 7.63-7.88 (phenyl 

ring protons of TPP unit). 

1H-NMR analysis  of  P11 (500 MHz, DMSO-d6, δ ppm)(Figure 11):  1.45-1.23 (-

CH2 and -CH of polymer backbone, position ‘a’, ‘b’, ‘h’); 1.94 (-CH proton of 

polymer backbone, position ‘i’); 3.82 (-CH proton, position ‘j’); 1.02 (-CH3 

protons, position ‘k’); 5.03 (benzylic protons, position ‘f’); 7.18 (phenyl ring 

protons, position ‘d’); 6.80 (phenyl ring protons, position ‘e’); 7.63-7.88 (phenyl 

ring protons of TPP unit). 

1H-NMR analysis  of  P12 (500 MHz, DMSO-d6, δ ppm)(Figure 12) :  1.45-1.23 (-

CH2 and -CH of polymer backbone, position ‘a’, ‘b’, ‘h’); 1.92 (-CH proton of 

polymer backbone, position ‘i’); 3.82 (-CH proton, position ‘j’); 1.03 (-CH3 

protons, position ‘k’); 5.05 (benzylic protons, position ‘f’); 7.16 (phenyl ring 

protons, position ‘d’); 6.81 (phenyl ring protons, position ‘e’); 7.63-7.88 (phenyl 

ring protons of TPP unit). 

1H-NMR analysis  of  P13 (500 MHz, DMSO-d6, δ ppm)(Figure 13):  1.45-1.23 (-

CH2 and -CH of polymer backbone, position ‘a’, ‘b’, ‘h’); 2.0 (-CH proton of 

polymer backbone, position ‘i’); 3.83 (-CH proton, position ‘j’); 1.03 (-CH3 

protons, position ‘k’); 5.08 (benzylic protons, position ‘f’); 6.82 (phenyl ring 

protons, position ‘d’;phenyl ring protons, position ‘e’); 7.67-7.88 (phenyl ring 

protons of TPP unit). 
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Figure 10. 1H-NMR spectrum of P10 in DMSO-d6 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. 1H-NMR spectrum of P11 in DMSO-d6. 
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Figure 12. 1H-NMR spectrum of P12 in DMSO-d6. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. 1H-NMR spectrum of P13 in DMSO-d6. 
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2.3.3 Cloud point measurements 

Turbidimetry 

Cloud point was measured by turbidimetry using a UV-vis spectrophotometer 

equipped with a temperature controller in the transmittance mode at a fixed 

wavelength of  = 500 nm. For determination of LCST-type (TcL) and UCST-type 

(TcU) cloud points, solutions of copolymers in the presence different halide 

anions (e.g., Cl and I) were taken in a cuvette and were placed in the 

spectrophotometer. The % transmittances (%T) of these solutions were then 

measured in the temperature window of 10 to 90 :C upon increasing/decreasing 

the temperature at the rate of 1 C/min after equilibration for 2 min at each 

temperature.  Cloud point is considered to be the temperature at which the %T 

of a copolymer solution reached to exactly half of the difference of minimum 

and maximum transmittance. Note that, TcUs of P[VBTP][Cl]-ran-

PMMA/P[VBTP][Cl]-ran-PS copolymers with high hydrophobic PMMA/PS 

contents (P1, P2  and P7) were measured in their MeOH solutions in the 

presence of I ion. 

Dynamic light scattering  

For comparison, cloud points of some of the copolymers solutions were also 

determined by dynamic light scattering (DLS). The change in the hydrodynamic 

diameter (Dh) of a copolymer in solution was due to coil-to-globule or globule-to-coil 

transitions for LCST- or UCST-type copolymers during heating or cooling, which was 

monitored by DLS. The temperature in which there was a sharp transition in 

hydrodynamic diameter was considered as the cloud point.  

2.3.4 Characterization 

1H-NMR Study. A Bruker DPX 500 MHz spectrometer was used to acquire 

1H-NMR spectra of P[VBTP][Cl]-ran-PS, P[VBTP][Cl]-ran-PHEMA and P[VBTP][Cl]-
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ran-PNIPAM copolymers in DMSO-d6. But, the spectra of P[VBTP][Cl]-ran-PMMA 

copolymers were acquired from CDCl3. 

Size exclusion chromatography (SEC). The number average molecular weights 

(Mns) and dispersities (Đs) of the copolymers were determined by SEC technique 

using a Waters 1515 isocratic HPLC pump connected to three Waters Styragel 

HR1 (Mn = 100-5000), HR3 (Mn = 500-30,000) and HR4 (Mn = 5000-6,00,000) 

columns at 45 :C and a Waters 2414 RI detector at 35 :C. DMF with 50 mM LiBr 

was used as the eluent with a flow rate of 1 mL min-1. The columns were 

calibrated against PMMA standards. 

Field emission scanning electron microscopy (FESEM). The stable aqueous 

dispersions of P6, P12, P9 and P13 aggregates in the presence of Cl- ion were 

drop casted on small pieces of glass and allowed to dry overnight in air. The 

piece of glass with the sample was then mounted on a metal stub, sputter 

coated with platinum and placed under a ZEISS JSM-6700F electron microscope 

operating at an accelerating voltage of 5 kV for imaging. The FESEM image of P2 

aggregates with I- ion was acquired from MeOH suspension. 

Transmission electron microscopy (TEM). The aqueous suspensions of P6, P9 

and P12 aggregates with Cl- ion were casted on carbon-coated copper grids and 

allowed to dry in air at room temperature for 24h. The grids were then observed 

by a JEOL JEM-2010 transmission electron microscope of accelerating voltage of 

200 kV. The TEM specimen for P2 was casted from MeOH in the presence of I- 

ion. 

Dynamic light scattering (DLS). Zetasizer NANO ZS 90, Malvern (Model ZEN 

3690, Version 7.03) was used to measure Dh by DLS. Prior to the DLS experiment, 

the aqueous copolymer and the NaCl solutions were separately filtered through 

a membrane of 0.22 μm pore size to get rid of any large impurity particles. 

Afterwards, Cl- ion was added to the copolymer solution to form turbid 
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suspension. The MeOH solution of copolymer and NaI were also filtered through 

a membrane of ~0.22 μm pore size prior to the measurement. Note that the 

turbid suspension has a tendency to get precipitated if the solution is kept for a 

long time. However, to avoid the possibility of precipitation in the bottom of the 

sample vial, the DLS experiment was performed just after the addition of anion 

to the PIL copolymer solution. The change of Dh of copolymer aggregates was 

then monitored with temperature at a rate of 4 °C min-1 followed by an 

equilibration for 2 mins at each temperature. 

Turbidity measurements. The turbidity of aqueous/methanolic 

solutions/suspensions of copolymers were measured by UV-vis spectroscopy 

using a Hewlett Packard 8453 diode array UV-vis spectrometer (Agilent 

Technologies) equipped with a Peltier temperature controller.  

2.4 RESULTS AND DISCUSSION 

2.4.1 Synthesis and characterization of PIL copolymers 

In Chapter 1, it has been already mentioned that P[VBTP][Cl] homopolymer 

shows UCST-type phase behaviour in the presence of halide ions in water. The 

ion-bridging Coulomb interactions between phosphonium cation of this PIL and 

externally added anion is the origin for existence of such UCST phenomenon.32 

The question is whether the insertion of this ionic [VBTP][Cl] monomer via 

random copolymerization with conventional hydrophobic MMA/St or hydrophilic 

HEMA/NIPAM monomers can introduce UCST properties to the final PIL 

copolymers. Thus, to have an answer, four different sets of copolymers 

(P[VBTP][Cl]-ran-PMMA, P[VBTP][Cl]-ran-PS, P[VBTP][Cl]-ran-PHEMA and 

P[VBTP][Cl]-ran-PNIPAM) of varying compositions were synthesized by RAFT 

polymerization (Scheme 1). Being hydrophobic, neat PMMA and PS are insoluble 

in both water and MeOH at ambient temperature. But, neat PMMA has been 
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reported to be soluble in ethanol/water mixtures.60 Also, a UCST of TcU∼87 C 

was also reported for PMMA in pure methanol/ethanol.61-62 It is expected that 

the incorporation of ionic PIL segments leads to a significant hydrophilization of 

hydrophobic PMMA/PS that results in enhanced solubility in water/MeOH at 

ambient temperature.  This modification also increases the potential applicability 

of these PIL copolymers in industry as well as in biology. On the other hand, the 

hydrophilic PHEMA with degree of polymerization (DP) < 20, is reported to be 

completely soluble in water without any LCST, while those with DP in the range 

of 20-45 exhibits LCST-type phase behaviour.63 It is needless to mention that 

PNIPAM is a widely studied LCST polymer with a TcL near to 32 °C.2 Therefore, it 

is expected that copolymers of P[VBTP][Cl] with PHEMA  and/or PNIPAM in 

solution would display interesting phase behaviours with UCST-type or LCST-type 

or coexistence of both types of transitions. 

With these expectations, the as-synthesised [VBTP][Cl] monomer was 

employed for the preparation of a series of random copolymers with 

commercially available monomers such as MMA , St, HEMA and NIPAM by RAFT 

polymerization technique using AIBN as the radical initiator and CDP as chain 

transfer agent. Table 1 shows the list of random RAFT copolymers of different 

compositions that were synthesized by adjusting the molar feed ratios of the 

comonomers. The absence of 1H-NMR signals corresponding to monomeric vinyl 

protons at  6.5, 5.6 and 5.2 ppm along with the appearance of signals 

corresponding to phenyl ring protons of VBC (‘d’ and ‘e’ near  6.8 ppm), three 

aromatic ring protons of TPP moiety of P[VBTP][Cl] segment ( 7.62-7.73 ppm) 

and methyl protons (‘m’) of PMMA segment ( 3.5 ppm) along with other signals 

confirmed the successful synthesis of P[VBTP]-ran-PMMA copolymer (P1)  

(Figure 1). The spectra of P2 and P3 (Figures 2 to 3) were almost identical to P1.   

The appearance of characteristic signals at  5.1 ppm for benzylic protons ‘f’ and 
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 7.63-7.87 ppm for phenyl ring protons (‘g’ and ‘j’) of both TPP and styrene 

moieties ( 6.8 ppm) unambiguously confirmed the presence of P[VBTP][Cl] and 

PS segments in P4-P6 (Figure 4 to 6). 1H-NMR spectra of P[VBTP][Cl]-ran-PHEMA 

copolymers (P7-P9) (Figures 7 to 9) exhibited similar characteristic signals as of  

P1. Four phenyl ring protons of VBC (‘d’ and ‘e’) ( 6.8 ppm) and three aromatic 

ring protons of TPP moiety of P[VBTP][Cl] segment ( 7.65-7.73 ppm) along with 

signals at  3.89 and 3.58 ppm  for methylene protons ‘i’ and ‘j’ respectively of 

HEMA unit confirmed the existence of both PHEMA and P[VBTP][Cl] segments in 

P[VBTP][Cl]-ran-PHEMA copolymer (P7) (Figure 7). Finally, in the cases of 

P[VBTP][Cl]-ran-PNIPAM (P10-P13) samples, the spectra showed signals of a 

secondary proton ‘j’ and six protons ‘k’ of two methyl groups of PNIPAM 

segments of isopropyl moiety at  3.82 and 1.03 ppm respectively in addition to 

the signals for P[VBTP][Cl] segments (Figures 10  to 13). The actual compositions, 

i.e., ionic P[VBTP][Cl] content (IC) of all the copolymers were then estimated 

from the ratios of peak area integrations of corresponding four phenyl ring 

protons (‘d’ and ‘e’) of *VBTP+*Cl+ at  6.8 ppm and the characteristics signals for 

PMMA, PHEMA, PS and PNIPAM segments (Figures 1 to 13) (Table 1).  

FTIR spectra (Figure 14) of two representative samples P[VBTP][Cl]-ran-

PMMA (P2) and P[VBTP][Cl]-ran-PHEMA (P8) revealed bands at 1659, 1510, and 

1467 cm-1 (for C=C stretching of phenyl group of [VBTP][Cl]), 1720 cm-1 (for >C=O 

stretching of the ester groups of HEMA and MMA units), 1437cm-1 (for 

deformation of P-CH2-Ph of [VBTP]+), 1106 cm-1 (for three P-Ph stretching 

vibration) and 689 cm-1 (for typical benzene ring out of plane bending) further 

revealed the presence of P[VBTP][Cl] and PMMA segments in P2 and P[VBTP][Cl] 

and PHEMA segments in P8 respectively. Further, the spectra (Figure 14) of P6 

and P11 also showed the similar characteristic bands of P[VBTP][Cl] segments 

along with bands at 1622 and 1508 cm-1 (for aromatic C=C stretching), 687 cm-1 
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(for the typical benzene ring out of plane bending) for styrene moieties, 1547 

cm‐1 (for N–H bending of NIPAM) and 1650 cm‐1 (C=O stretching of amide 

moiety) indicated the presence of P[VBTP][Cl]/PS or  P[VBTP][Cl]/PNIPAM 

segments respectively (Table 1).  

It is known that the molecular weight measurement of ionic polymers by SEC 

technique is little bit difficult because of their tendency to form aggregates due 

to the interactions between polymer and column materials. However, in this 

case, to avoid aggregation, DMF containing 50 mM LiBr was found to be the 

suitable eluent to run SEC for Mns and dispersities (Đs) (Table 1). All the SEC 

traces (Figure 15) of P1-P13 samples were unimodal in nature with calculated Đs 

ranging from 1.2 to 1.4 (Table 1), indicating somewhat controlled nature of the 

RAFT polymerization in these cases. The obtained Mns of copolymers were in the 

ranges from 5.12 to 25.44 kDa (Table 1). 

 
Figure 14. FTIR spectra of P[VBTP][Cl]-ran-PMMA (P2), P[VBTP][Cl]-ran-PS 

(P6) , P[VBTP][Cl]-ran-PHEMA (P8) and P[VBTP][Cl]-ran-PNIPAM (P11) copolymer. 
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Figure 15.  SEC traces of P1-P13 copolymers. 

 

2.4.2 Thermoresponsiveness of P[VBTP][Cl]-ran-PMMA copolymers in 

MeOH/water 

It is known that PMMA homopolymers are insoluble in both water and MeOH at 

ambient temperature. Although, as mentioned above, it showed an UCST with 

TcU  87 C in neat methanol/ethanol.61-62 However, the random addition of 

ionic P[VBTP][Cl] segment with hydrophobic PMMA segment resulted 

copolymers (P1-P3) with substantial change in their solubility and the 

thermoresponsive behaviours. It was observed that the presence of low content 

of P[VBTP][Cl] segment (IC =10 and 18 wt. %, Table1) made P1 and P2 soluble in 

MeOH, but  not in water. However, as expected, P3 with IC = 96 wt. % (Table 1) 

became soluble in water. It should be noted that P1-P3 did not show any UCST 
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behaviour either in methanol or in water, though they contend PMMA 

segments. In the cases of P1 and P2, the NaI was added at a very low 

concentration to the 1 wt.% (w/v) transparent methanolic solution of the 

copolymers. Initially, a weakly interacted PIL aggregates were formed, but they 

got solubilized because of higher hydration energy. With the increase of 

concentration of iodide ion, the stable insoluble globular aggregates were 

formed through strong ionic-bridging Coulomb interactions (Scheme 2) among 

cationic PIL segments of copolymer resulting in the formation of stable 

cloudy/turbid suspension. It was observed the addition of I- ion with minimum 

concentrations of 80 and 100 mM to the transparent 1 wt.% MeOH solutions of 

P1 and P2 respectively triggered a sharp jump in the transmittance due to the 

transformation of the transparent solution to cloudy suspension (~ 0% 

transmittance) (Figure 16). The inset photographs also clearly showed such 

phase transition. Note that the increase of ionic content in the copolymer 

required higher concentration of I ion to bring such turbidity. Such turbidity is 

due to the generation of anion (I-)-induced copolymer micro/nanogel aggregates. 

The details of which will be explained in detail later in this section. DLS data also 

revealed the formation of P2 aggregates with Dh of 2730 nm in the presence of 

100 mM I (Figure 17A).It was further revealed that formation of mostly spherical 

aggregates of two distinctly different size distributions of average diameters of 

330 and 630 nm as well as 100 and 970 nm as obtained from FESEM (Figure  18 

A) and TEM (Figure 18E) images respectively occurred for P2 in the presence of 

100 mM I-.  
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Figure 16. Variation of %transmittance against concentration of externally added 

iodide ion for 1 wt % MeOH solution of P1 and P2. 

 

Figure 17. Plot of Dhs of A) P2 in MeOH (1 wt %) in the presence of 100 mM I- ion 

and B)  P3 in H2O (1 wt %) in the presence of 250 mM Cl- ion against temperature 

obtained from DLS. 
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Figure 18. FESEM and TEM images of aggregates of P2 (1 wt. %) with 100 

mM I- in methanol (A,E), P6 (1 wt. %) with 375 mM Cl- in water (B,F), P9 (1 wt. %) 

with 75 mM Cl- in water (C,G) and P12 (1 wt. %) with 250 mM Cl- in water (D, H) 

respectively.  

These cloudy suspensions of P1 and P2 with I- ion transformed into 

transparent and back to cloudy again upon heating above and cooling below the 

TcU respectively (see photographs in Figure 19). Turbidity heating curve and 

cooling curve were almost reversible with slight hysteresis for P1 and P2(Figure 

20A). The recorded TcUs of P1 and P2 in methanol from cooling curve were 33.5 

and 38.5 C respectively (Figure 20A). But, these two copolymers did not show 

UCST-type transition in the presence of Cl-/Br- because of their insolubility in 

MeOH. Moreover, the DLS data of P2 (Figure 17A) revealed that there was a 

rapid decrease in the Dh from 2730 to 10 nm as the temperature increased from 

4 to 52 :C. TcU obtained from DLS was 34.2 :C (Figure 17A), which agreed well 

with that (38.5 :C) obtained from turbidity measurement (Figure 20A).  
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Figure 19. Photographs showing of halide ion-induced and temperature-induced 

solution phase transitions of copolymers in the presence of halide ions during 

their UCST-type behaviors: A) 1wt. % MeOH solutions of P1 in the presence of  

80 mM I; B) 1wt. % MeOH solution of P2 in the presence of  100 mM I  ion; (C) 

1 wt. % aqueous solution of P3 with 250 mM Cl ion; D) 1 wt. % MeOH solution 

of P4 with 18 mM I ion; E) 1 wt. % aqueous solutions P6 with 375 mM Cl ion 

and F) 1 wt. % aqueous solutions P9 with 75 mM Cl ion. G) Photographs of 

phase transition behaviour for 1 wt. % aqueous solution of P12 with 69 mM Cl- 

ion during LCST-type behavior.  

Furthermore, the UCST-type transition of the methanolic solution of P2, in the 

presence of I- ion was found to be repeatable for at least six heating/cooling 

cycles (Figure 21). The aqueous solution of P3 also showed similar reversible 

turbidity curves upon heating/cooling with a TcU = 29.9 C (cooling) in the 

presence of 250 mM of Cl ion (Figure 20B). The photographs also showed a 

clear transition of phase from turbid to transparent (Figure 22). DLS data also 

confirmed the formation of P3 aggregates with Dh of 1837 nm in the presence of 

250 mM Cl-  and TcU was 31.4C (Figure 17B). Therefore, the presence of UCST- 

type transition was further established as there is a transformation of two-phase 
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cloudy suspension to one-phase transparent solution with the increase of 

temperature. 

 

Figure 20. Turbidity [heating (dashed)/cooling (solid)] curves of P[VBTP][Cl]-ran-

PMMA copolymers: (A) 1wt. % MeOH solutions of P1 and P2 in the presence of  

80 mM and 100 mM I  ion respectively and (B) 1 wt.% aqueous solution of P3 

with 250 mM Cl ion.  

In Chapter 1, it has been explained that the P[VBTP][Cl] homopolymer chains 

interact through ionic bridging interactions between their positively charged 

phosphonium cations and excess foreign halide anions to form micro/nanogel 

aggregates.32 Similarly, in this case, in spite of the presence of  non-ionic PMMA 

segment, the cationic P[VBTP][Cl] segment of the P[VBTP][Cl]-ran-PMMA 

underwent anion-induced cross-linking of the copolymer chains in the presence 

of excess halide ions, which eventually forced the copolymer chain to collapse 

into globular micro-/nano-gel aggregates (Scheme 2). The formation of  
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Figure 21.Temperature-dependent %transmittance of methanolic P2 solution (1 

wt. %) in the presence of 100 mM I- during heating/cooling cycles (each data 

point was obtained after equilibrating the sample suspension for 2 min). 

 

Figure 22. Variation of %transmittance against concentration of externally added 

chloride ion for 1 wt. % aqueous solution of P3. 
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insoluble aggregates resulted in the transformation of the transparent solution 

to cloudy suspension. These aggregates of copolymers are formed by weak 

anion-bridging interactions. Thus, heating would provide sufficient energy to  

 

Scheme 2. Schematic representation for the anion-induced aggregation and 

temperature-induced dissociation of copolymer chains showing UCST-type phase 

behaviour.    

rupture these ionic interactions and convert these globular copolymers 

aggregates into their coil chain conformation (Scheme 2), exhibiting a clear 

USCT-type behaviour as shown in Figures 16-22. 

2.4.3 Thermoresponsiveness of P[VBTP][Cl]-ran-PS copolymers  

Similar to the above-mentioned cases of P1-P3, the incorporation of 22 wt. % of 

P[VBTP][Cl] in P4 (Table 1) also made it soluble in MeOH, in spite of insolubility 

of PS in methanol and in water. In this case, however, a minimum of 18 mM of I 

was required for transformation of the transparent methanol solution into turbid 

suspension containing insoluble micro-/nano-gel aggregates of P4 (Figure 23).  



UCST-type phosphonium-based poly(ionic liquid) random copolymers 

IACS                                              197                                              JU 

 

Figure 23. Variation of %transmittance against concentration of externally added 

iodide ion for 1 wt. % MeOH solution of P4. 

 

Figure 24. Plot of Dh of P4 in MeOH (1 wt. %) in the presence of 18 mM I- ion 

obtained from DLS. 

The aggregate formation was evidenced from DLS curve showing formation of 

particles of Dh =3782 nm in the presence of 18 mM I ion (Figure 24). The 
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copolymer suspension upon heating above TcU (18.3 :C) converted into 

transparent solution with very little hysteresis (Figure 25A). The TcU measured in 

cooling condition was 17 C (Figure 25A). Furthermore, P5 and P6 with IC of 64.4 

and 90.3 wt. % respectively were soluble in water and formed aggregates in the 

presence of [Cl]min of 62.5 and 375 mM respectively (Figure 26).  Note that the 

critical ion concentration to obtain turbidity increased with increasing IC (Table 

1) in the copolymers. These solutions of P5 and P6 also exhibited UCST-type 

transitions with TcUs of 40.4 and 47.5:C (cooling cycle) as well as 43.74 and 

48.77:C (heating cycles) respectively (Figure 25B). The photographs also showed 

phase transformation due to UCST-type behaviour (Figure 19).  Turbidity curves 

of P4-P6 in the presence of different halide ions of varying concentrations in 

methanol and in water are given in Figure 27. TcUs of P4, P5 and P6 solutions 

obtained from these turbidity curves revealed their increase with the increase of 

halide ion concentration (Figures 28), which is very much similar with the earlier 

reported observation on aqueous solution of P[VBTP][Cl] with halide ions.32 

 

Figure 25. Turbidity [heating (dashed)/cooling (solid)] curves of P[VBTP][Cl]-ran-

PS copolymers: (A) 1 wt.% MeOH solution of P4 with 18mM I ion and (B) 1 wt. % 

aqueous solutions of P5 and P6 in the presence of 62.5 and 375 mM Cl ion 

respectively.  
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Figure 26. Variation of %transmittance against concentration of externally added 

chloride ion for 1 wt. % aqueous solutions of P5 and P6. 

 

Figure 27. Turbidity cooling curves of (A) 1 wt. % MeOH solution of P4 at 

different I ion concentrations, (B) 1 wt. % aqueous solution of P5 at different Cl 

ion concentrations and (C) 0.5 wt. % aqueous solution of P6 at different Cl ion. 
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Figure 28. The variation of UCST-type cloud point measured from the turbidity 

cooling curves of P[VBTP][Cl]-ran-PS copolymers against concentrations of halide 

ions: (A) 1 wt. % MeOH solution of P4 at varying I ion concentrations and (B, C) 

1 and 0.5 wt. % aqueous solution of P5 and P6 respectively at different Cl ion 

concentrations respectively. 

To support the turbidity measurement data, methanol solution of P4 in 

the presence of I  ion was also examined by DLS. The data showed a rapid 

decrease in the Dh of aggregate from 3782 to 16 nm with increase of 

temperature with a clear TcU of 12.6 :C (Figure 24), which matched well with that 

(17:C) obtained from turbidity (Figure 25A). On the other hand TcU obtained 

from the DLS data of P6 in water with Cl (Figure 29) was 41.4 :C, which also 

matched well with that (40.4 C) obtained from turbidity (Figure 25B). It was also 

observed that the UCST-type transition of P6 was reversible/repeatable for at 

least six heating/cooling cycles (Figure 30).  FESEM (Figure 18B) and TEM (Figure 

18F)  



UCST-type phosphonium-based poly(ionic liquid) random copolymers 

IACS                                              201                                              JU 

 

 

 

 

 

 

 

Figure 29. Plot of Dh of P6 in H2O (1 wt. %) in the presence of 375 mM of chloride 

ion against temperature obtained from DLS. 

 

 

 

 

 

 

 

 

Figure 30. Temperature-dependent % transmittance of aqueous P6 solution 

(1 wt. %) in the presence of 375mM Cl- during heating/cooling cycles (each data 

point was obtained after equilibrating the sample suspension for 2 min). 

images of P6 further supported the formation of spherical aggregates with 

average diameters of 187 and 136 nm respectively. 
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 As discussed for P[VBTP][Cl]-ran-PMMA (P1-P3), a similar explanation can 

also be  applicable for these solution phase behaviours of P[VBTP][Cl]-ran-PS(s) 

(P4-P6) in the presence of halide ions (Scheme 2). 

2.4.4 Thermoresponsiveness of P[VBTP][Cl]-ran-PHEMA copolymers  

As per the report, PHEMA homopolymer behaved as thermoresponsive polymer 

below 0 and above 100 :C.3 It is reported that PHEMA with DP < 20 is completely 

soluble in water without any LCST, while those with DP ≥ 20-45 exhibits LCST-

type behaviour.63 However, Longenecker et al.20 reported a rather complex 

phase behaviour of both LCST- and UCST-type transitions for small molecular 

weight PHEMA (Mn = 4000 g mol1) and PHEMA copolymers in the presence of 

anion in water in between 0 to 100:C. In this case, a series of P[VBTP][Cl]-ran-

PHEMA copolymers (P7-P9) (Table 1) of varying compositions were thus 

prepared to examine their interesting thermoresponsiveness in water. P7 

containing only 10.5 wt.% of ionic P[VBTP][Cl] segment was soluble in water, 

even though its Mn was as high as 14.8 kDa  (Table 1) . The aqueous solutions of 

P7-P9 (ICs of 10.5, 20 and 28.6 wt. % respectively; Table 1) showed transparent-

to-cloudy transition due to aggregate formation in the presence of Cl ion at 

critical concentrations ([Cl]min) of 10, 25 and 75 mM respectively (Figure 31). The 

inset photographs also showed transformation from transparent to turbid 

phases. FESEM (Figure 18C) and TEM (Figure 18G) images of P9 further 

supported the formation of spherical aggregates of D~ 200 and 150 nm 

respectively. Further, these turbid suspensions of P7-P9 underwent UCST-type 

insoluble-to-soluble phase transition in water with TcUs of 36.8, 45.8 and 52C (in 

cooling cycles) respectively (Figure 32). Figure 32 further revealed the reversible 

nature of these UCST-type phase behaviours of these copolymers. It was very 

clear that the cloud point increased with increasing 
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Figure 31. Variation of %transmittance against 

concentration of externally added chloride ion for 1 wt. % aqueous solutions of 

P7, P8 and P9. 

 

 

 

 

 

 

 

 

 

Figure 32. Turbidity [heating (dashed)/cooling (solid)] curves of 1 wt.% aqueous 

solutions of P[VBTP][Cl]-ran-PHEMA copolymers (P7-P9) in the presence of Cl 

ion.  
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ionic P[VBTP][Cl] segment content in the copolymers (Figure 32). DLS curve of P9 

in water with Cl ion also revealed the presence of UCST-type transition with a 

similar TcU of 59.5C (Figure 33). The explanations for such ion- and temperature-

dependent phase behaviours of these copolymers in water are similar to those 

for P[VBTP][Cl]-ran-PMMA and P[VBTP][Cl]-ran-PS copolymers (Scheme 2). 

 

 

 

 

 

 

 

 

Figure 33. Plot of Dh of P9 in H2O (1 wt. %) in the presence of 75 mM of chloride 

ion against temperature as measured from DLS. 

2.4.5 Dual thermoresponsiveness of P[VBTP][Cl]-ran-PNIPAM copolymers  

PNIPAM is known to be a LCST polymer with a TcL at 32 C.64 Thus, the 

P[VBTP][Cl]-ran-PNIPAM copolymers (P10-P13) combining ionic P[VBTP][Cl] and 

PNIPAM segments would also expectedly show TcL at round 32 C, provided the 

lengths of the PNIPAM segments are sufficiently long. However, it was observed 

that TcLs of P10 and P11 containing 1.13 and 2.5 wt. % of ionic P[VBTP][Cl] 

segments (Table 1) shifted to 36 and 45.3 C respectively (Figure 34). Both these 

phase transitions were found to be reversible in nature with almost no hysteresis 

(Figure 34). For P10 and P11, DLS curves also revealed the presence of LCST-type 
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transition with a similar TcLs of 33.8 and 42C (Figure 35) respectively. Moreover 

it was also observed that the LCST-type transition for P10 was reversible/ 

repeatable for at least six heating/cooling cycles (Figure 36). These results 

substantiated that a very small increase (1.13 to 2.5 wt. %) of IC in P10 to P11, 

induced a sharp increase of TcL by (9C). The increase of ionic content increases 

their hydrophilicity in water which in turn increases the cloud point and the 

details of which will be discussed later.  

 

Figure 34. Turbidity curves of 1 wt. % aqueous solutions of P10 and P11 

[heating (dashed curve)/cooling (solid curve)]. 

 
Figure 35. Plot of Dh of A) P10 and B) P11 in H2O (1 wt. %) against temperature as 

measured from DLS. 
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Figure 36. Temperature-dependent %transmittance of aqueous P10 solution 

(1 wt. %) during heating/cooling cycles (each data point was obtained after 

equilibrating the sample solution for 2 min). 

 

Figure 37. Turbidity cooling curves of aqueous solutions of A) P10 and B) P11 at 

their different concentrations. Plots of LCST-type cloud points (TcLs) as a function 
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of (C) concentration of P10 and (D) and concentration of P11 measured from 

turbidity cooling curves. 

Moreover, it can be seen from Figure 37 that the TcLs of copolymers P10 and P11 

initially decreases with increasing copolymer concentrations upto measureable 

limit. Above these concentrations, there was a precipitation instead of formation 

of colloidal copolymer aggregates. It should be noted that, in spite of having a 

UCST segment (P[VBTP][Cl] in the presence of Cl-),32, 57 P10 and P11 with low IC 

values (Table 1) showed only LCST-type behaviours in the presence of Cl ion. 

Further, TcL of P11 was found to be decreased with the increase of concentration 

of Cl ion (Figure 38) as also reported for other PIL copolymers .57  

Surprisingly, no LCST-type transition was recorded in the temperature ranges of 

10 to 90C for P12 and P13 with PNIPAM contents of 80.7 and 65.5 wt. % (Table 

1) respectively in the absence of Cl ion. The absence of LCST can be ascribed to 

shifting of TcL to higher temperature and may be above 100C due to the 

increase of hydrophilicities of P12 and P13 containing 19.3 and 34.5 wt. % of 

ionic P[VBTP][Cl] segments in comparison to those (1.13 and 2.5 wt. %) of P10 

and P11 respectively (Table 1). However, P12 solution exhibited TcL at 44.8C 

(cooling cycle) upon addition of 69 mM Cl ion, but there was no UCST transition 

(Figure 39). 
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Figure 38. (A) Turbidity curves of 0.5 wt. % aqueous solution P11 at different Cl 

ion concentrations. (B)The variation of TcL of P11 (0.5 wt.%) as a function of Cl- 

ion concentration measured from turbidity cooling curves. 

 

Figure 39. Turbidity curves of 1 wt.% aqueous solution of P12 in presence of 

69 mM Cl- ion.   
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Interestingly, 0.25 wt.% aqueous solution of P13 (IC = 34.5 wt. %, Table 1) 

exhibited both LCST- and UCST-type transitions with TcL and TcU of 21 and  69C 

respectively in the presence of 160 mM Cl ion (Figure 40). Both of these 

transitions were reversible with little hysteresis in heating/cooling runs.The 

coexistence of both LCST-type (soluble-insoluble) and UCST-type (insoluble-

soluble) transitions were clearly visible from the photographs given in the inset 

of Figure 41. It should be noted that the addition of Cl- ion to 1wt.% P13 (IC = 

34.5 wt. %) led to irreversible coagulation of copolymers because of higher 

electrostatic interactions. This is the reason why the temperature dependency of 

P13 was examined at a lower concentration (0.25wt.%) than those (1wt.%) used 

for similar measurement of P10-P12. Upon increasing the concentration of 

added Cl- ion  

 

Figure 40.   Turbidity curve of a P13 in aqueous solution (0.25 wt. %) in the 

presence of 160 mM Cl- during heating and cooling runs.  
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from 160 to 180mM in P13 solution, there was a gradual decrease of TcL followed 

by an increase of TcU (Figure 41A and 41B). In the presence of Cl- ion, the ionic 

P[VBTP][Cl] segment of P13 become hydrophobic due to the presence of anion-

induced intra- and/or inter-chain cross-linking/bridging interactions32, 57 and 

therefore, there was a expected drop of TcL of PNIPAM segment from 33 to 21 °C 

as usually reported for PNIPAM homopolymer (Figure 41B). 

 

Figure 41. (A) Turbidity curves of aqueous P13 solution (0.25 wt. %) at different 

concentration of Cl- ion. Inset showed the snapshots of transparent solution (left 

one) below LCST, cloudy solution (middle one) in between LCST and UCST, and 

clear solution (right one) above UCST for the P13 with 160 mM Cl- ion (B) LCST-

/UCST-type cloud points of P13 (0.25 wt. %) as a function of [Cl-] ion measured 

from the heating curves of given in Panel A. 

DLS analysis of the aqueous P13 (0.25 wt. %) in the presence of 160 mM 

Cl- ion showed initially a sharp increase of Dh from 123 to 2990 nm with increase 

of temperature to 46C and then a decrease to 234 nm upon further increase of 

temperature to 88 °C revealing coexistence of both LCST- and UCST-type 

transitions (Figure 42). TcL and TcU were measured to be 15 and 59.2 °C 



UCST-type phosphonium-based poly(ionic liquid) random copolymers 

IACS                                              211                                              JU 

respectively, while those were well-matched with those obtained from turbidity 

experiments (Figure 20). It was also observed that these LCST- and UCST-type 

transitions were reversible/repeatable for at least six heating/cooling cycles 

(Figure 43). The FESEM image further confirmed the formation of polydisperse 

spherical aggregates with a wide range of sizes from 2 to10 μM in the turbid 

suspension of P13 in the presence of 160 mM Cl- at ~45 °C, a temperature in 

between the LCST and UCST-type cloud points (Figure 44). 

 

Figure 42. Plot of Dh of P13 in H2O (0.25 wt.%) in the presence of 160 mM Cl- 

ion with temperature measured from DLS. 
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Figure 43. Temperature-dependent % transmittance of aqueous P13 

solution (0.25 wt.%) in the presence of 160 mM Cl- during heating/cooling cycles 

(each data point was obtained after equilibrating the sample suspension for 2 

min). 

 

Figure 44. FESEM image of 0.25 wt. % aqueous solution of P13 in the presence of 

160mM Cl- ion at 45 °C. 
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Both of the LCST- and UCST-type transitions were observed in the wide 

range of concentrations for P13 at fixed Cl- ion concentration of 160mM (Figure 

45A).  It was also clear that the TcL gradually decreased and the TcU gradually 

increased (Figure 45B) with increasing copolymer concentration because of the 

increase of extent of inter-/intra-molecular aggregation among the copolymer 

chains via hydrophobic and ionic-bridging interactions. The coexistence of such 

LCST- and UCST-type behaviours of P13 could be explained in the following way 

as also discussed in our earlier report.57 Above the TcL, in addition to ionic-

bridging interactions, the hydrophobic interactions among the pendent isopropyl 

moieties of PNIPAM segments come into play (Scheme 3). The combined ionic-

bridging and hydrophobic interactions lead to the transformation from 

transparent solution to turbid suspension due to the formation of insoluble 

copolymer aggregates through inter-/intra-molecular association of 

neighbouring  

  

 

 

 

 

Figure 45. (A) Turbidity curves for aqueous P13 solutions at different sample 

concentrations in presence of 160 mM Cl- ion and (B)  LCST-/UCST-type cloud 

points obtained from panel A as a function of concentration of P13. 
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Scheme 3. Scheme showing different interactions for exhibiting LCST- and 

UCST-type transitions of P[VBTP][Cl]-ran-PNIPAM copolymer of high ionic 

content in the presence of chloride ion in water. 

chains (Scheme 3).  Heating above TcU causes disruption of the ionic-bridging 

interactions and hence, the ionic P[VBTP][Cl] segments again become hydrophilic 

and predominates over the hydrophobically  interacted PNIPAM segments of 

copolymer, which drives the redissolution of globular copolymer aggregates to 

coiled chain in a transparent solution. 

2.5  CONCLUSIONS 

In summary, a series of PIL, P[VBTP][Cl] based random copolymers containing 

conventional polymer segments namely, P[VBTP][Cl]-ran-PMMA, P[VBTP][Cl]-

ran-PS, P[VBTP][Cl]-ran-PHEMA and P[VBTP][Cl]-ran-PNIPAM of varying 

compositions were synthesized by RAFT copolymerization. Indeed, the 

incorporation of only a very small percentage of ionic P[VBTP][Cl] segment into 

these copolymers enable solubilization of hydrophobic polymer PMMA/PS 

segments in MeOH/water and hydrophilic PHEMA segment in water irrespective 
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of their molecular weights. Further, the solutions of these copolymers 

underwent aggregation resulting in turbidity in the presence of externally added 

halide ions and experienced phase transitions from turbid suspension to 

transparent solution upon heating, indeed revealed the appearance of UCST-

type phase behaviours due to the insertion of PIL (P[VBTP][Cl]) segment. The 

cloud point of UCST transitions in these copolymers were tunable with respect to 

various parameters such as ionic segment content, copolymer compositions as 

well as concentrations of added halide anions. On the other hand, P[VBTP][Cl]-

ran-PNIPAM copolymers showed a composition dependent thermoresponsive 

behaviour. The copolymers with low ionic PIL contents showed only inherent 

LCST behaviour of PNIPAM with tunable cloud points by the addition of varying 

amount of Cl anion. However, the copolymer with moderately high ionic PIL 

content exhibited both LCST-type behaviour, inherent to PNIPAM segment as 

well as UCST-type behaviour arising from PIL (P[VBTP][Cl]) segment in the 

presence of halide anion. Overall, a large varieties of dual ion- and thermo-

responsive copolymers with tunable cloud point and thermosensitivity were 

developed by introducing the PIL segment with easily available and cheaper 

conventional polymer segments, which opens up the possibility of making 

varieties of new smart materials towards sensor, drug delivery and other useful 

applications.  
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3.1 INTRODUCTION 

The main advantages of using PILs (as already mentioned in Chapter 1) as 

conductive polymer electrolytes over ILs are that they combine all the novel 

properties related to  ILs, while having the mechanical durability to form 

coatings, gels, films and membranes.1 PILs are polyelectrolytes whose potential 

uses are being investigated for a variety of technologies, such as batteries, 

membranes, solar cells and switchable surfaces.2 In recent years, a number of 

significant efforts have been made by the materials scientists to develop 

advanced functional materials to overcome the challenges in efficient energy 

storage and its utilization.3-8 Recently, polymerized ionic liquids (PILs) have 

received significant attention for their use as solid-state polymer electrolytes in 

several energy storage and conversion devices including lithium-ion batteries, 

dye-sensitized solar cells, supercapacitors, fuel cells, supercapacitors, light-

emitting electrochemical cells etc.9-13 Actually, PILs belong to an interesting 

subclass of polymer electrolytes containing an ionic liquid (IL) species in each of 

the repeating monomer unit that constitutes the polymer backbone. Thus, PILs 

are also known as single ion conductors as they have non-conducting ions bound 

to the polymer backbone/side chain, while the counter ions conduct because of 

their mobile nature.14-19 Fundamentally, the molecular level understanding of 

the charge carrier transport mechanism and relaxation in these types of ionic 

polymers are needed for rational designing of PILs for electrochemical 

applications.15 However, the low ionic conductivity of polymer electrolytes at 

room temperature limits their applications in electrochemical devises. Therefore, 

it is highly important to have a clear understanding of the fundamental 

parameters3, 16-17, 20-21 and how several factors such as chemical structure, 

morphologies, etc. influence the ion transport mechanism in PIL systems. 
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However, many of such reported studies remain controversial and require 

further exploration.  

As per the Nernst-Einstein relation,  = piqii, the ionic conductivity () of a 

liquid electrolyte is strongly controlled by the ion mobility (i) (inversely 

proportional to ion diffusivity) and free ion number density (pi).
22-23 Furthermore, 

the ion diffusivity in liquid electrolyte is largely controlled by medium viscosity 

() and structural relaxation time (s). As reported in the literature,  the classical 

mechanics assumes a strong coupling of charge carrier diffusion to structural 

relaxation (viscosity) for liquid electrolyte.24 A similar mechanism has also been 

proposed for polymer electrolytes by different groups, where the charge carrier 

dynamics (diffusion) depends on local segmental motion of polymer chain.25-26 In 

particular, in the cases of superionic glasses or crystal systems, a faster ion 

dynamics have been observed even in frozen condition of segmental dynamics, 

resulting in high ionic conductivity compared to ideal coupled system.27-28 A 

similar decoupling of the charge carrier transport from segmental dynamics has 

also been reported for several PILs.21, 29-31 It is hypothesized that the frustration 

in chain packing in PIL can cause such decoupling phenomenon.3 Ultimately, the 

decoupling of ion dynamics from segmental motion is the most promising 

approach to achieve high ionic conductivity in polymer electrolytes at room 

temperature. In addition to mechanical properties,32-33 the frequency dependent 

studies of the conductivity and dielectric response of the polymer electrolytes 

are useful tools to obtain the detailed information about the  ionic conduction 

mechanism and differences in ion–polymer interactions in the polymer 

electrolytes. Moreover, there have been a series of studies to examine the effect 

of tuning of cation/anion size,34-35 position of ions (either in the main chain or in 

the side chain) of PIL,21, 31, 36-37 variation of molecular weight,20 changing the 

space between neighboring PIL chains,15 pressure exerted during conductivity 
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measurement,3 variation of chain length,38 glass transition temperature (Tg),16, 34, 

39 chain polarity,40 etc., on the change of ionic transport in PIL systems.   

3.2  OBJECTIVES AND SCOPE OF THE PRESENT WORK  

PIL-based copolymers are potential candidates as solid-state polymer 

electrolytes since they combine the properties of both ionic liquids (ILs) and the 

copolymers and have the ability to offer several advantages such as high 

mechanical strength, flexibility, processability, less moisture sensitivity and high 

ionic conductivity. It is to be noted that, high mechanical strength and high ionic 

conductivity contradict with each other, as polymers with high mechanical 

strength are associated with a high glass transition temperature (Tg), which can 

remain in the glassy state during practical application, while high ionic 

conductivity requires amorphous polymers with low Tg values which enable the 

polymer segments to freely move resulting in an improved transportation of 

ions. Therefore, new investigations are urgently required to achieve PIL-based 

polymer materials as high-performance solid-state polymer electrolytes. 

Moisture sensitivity is also a major obstacle to the practical application of PILs in 

electrochemical devices. From the energy storage application point of view, the 

copolymers of PIL and hydrophobic polymer [such as poly(methyl methacrylate), 

PMMA] are of great importance because they are expected to offer high thermal 

stability and excellent resistance to both chemical and weather corrosion in 

comparison with homopolymeric PIL. Therefore, the exploration of ion transport 

properties in such type of PIL copolymers is necessary for their futuristic 

application in electrochemical devices. On the other hand, dielectric 

spectroscopic (DS) technique is reported to be the most popular method to 

investigate ionic conductivity, ion transport and relaxation mechanism in 

electrolyte systems.31, 41-43 However, such studies have been reported for only 

limited number of PILs which are mostly homopolymers. In particular, there are 
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a very limited number of studies done on ion conduction in PIL-based 

copolymers.   

Thus, this work is focused on the studies of ion transport and relaxation in PIL 

homo- and co-polymers as single ion conducting polymeric electrolytes using 

dielectric spectroscopy. In particular, this study puts special emphasis on 

examining how the composition of PIL copolymer, nature of counter anion and 

molecular weight (Mn) affects the ion transport properties in these PIL-based 

systems. For comparison, similar studies are also conducted on materials 

obtained by physical mixing of PIL and hydrophobic poly(methyl methacrylate) 

(PMMA) that actually constitute the copolymer. To do such experiment, 

poly(triphenyl-4-vinylbenzylphosphonium chloride) (P[VBTP][Cl]) homopolymer 

and a series of P[VBTP][Cl]-ran-PMMA PIL copolymers of varying compositions 

were synthesized by conventional free radical polymerization. Another series of 

PIL copolymers with varying molecular weights were also synthesized by 

reversible addition-fragmentation chain-transfer (RAFT) polymerization 

technique. This work further demonstrates that it is possible to enhance the 

thermal stability and electrical properties of the PIL copolymers compared to the 

physically mixed blend of two constituent polymer segments. 

3.3 EXPERIMENTAL  

3.3.1 Materials 

Methyl methacrylate (MMA, >99%), 4-vinylbezyl chloride (VBC, 90%), 2′-

azobis(2-methylpropionitrile) (AIBN, 98%), 4-cyano-4-

*(dodecylsulfanylthiocarbonyl) sulfanyl+ pentanoic acid (CDP, ≥ 97%) and 

bis(trifluoromethane)-sulfonimide lithium salt (LiTFSI, >99%) were used as 

received  from Sigma-Aldrich. Triphenylphosphene (TPP) was obtained from TCI 

chemicals. Dimethylformamide (DMF) was received from Merck, India. MMA and 
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VBC monomers were passed through alumina columns for removal of inhibitors. 

AIBN and TPP were recrystallized twice from ethanol prior to use. DMF was kept 

overnight with anhydrous CaCl2 and distilled over CaH2 under reduced pressure 

prior to use. Milli-Q water was used in the preparation of various solutions. 

3.3.2 Synthesis 

3.3.2.1 Synthesis of different random PIL copolymers 

A series of random PIL copolymers [ P[VBTP][Cl]-ran-PMMA copolymers (P1-P3) ] 

(Table 1) of varying compositions were prepared from an ionic liquid monomer 

(ILM), triphenyl-4-vinylbenzylphosphonium chloride ([VBTP][Cl]) and 

hydrophobic MMA monomer by conventional free radical polymerization (CFRP) 

technique using AIBN as the initiator (Scheme 1). The anion-exchange of chloride 

ion of P3 (P[VBTP][Cl]80-ran-PMMA20) with bis(trifluoromethane) sulfonamide 

(TFSI-) ion was done using a reported protocol44 as shown in Scheme 1 which 

resulted in the formation of the ion exchanged copolymer, P4 (Table 1). Low 

molecular weight copolymers (P5-P7, Table 1) (Scheme 1) were synthesized by  

reversible addition-fragmentation chain-transfer (RAFT) polymerization 

technique using the above mentioned two comonomers while CDP and AIBN was 

used as the chain transfer agent (CTA) and radical initiator respectively. Note 

that the synthesis protocol and the detailed characterization of the [VBTP][Cl] 

monomer has been already reported.45 The detailed reaction recipe and the 

synthesis protocol are discussed below. 

3.3.2.1.1 Synthesis of P[VBTP][Cl]-ran-PMMA copolymers (P1-P3) by CFRP 

technique 

To synthesize P1 copolymer (Table 1), MMA (0.832g; 8.3093 mmol), [VBTP][Cl] 

(0.788 g; 2.0772 mmol) and AIBN (34.11 mg; 0.207 mmol) were mixed together 

in 16 mL of dry DMF taken in a 50 mL long-neck round bottom flask. The reaction 
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mixture was purged by argon gas for 45 mins and the flask was immediately 

sealed with a rubber septum and placed in an oil bath preheated at 70 C for 24 

h under magnetic stirring. P1 copolymer was finally isolated from DMF solution 

by precipitation in diethyl ether. Finally, P1 was redissolved in DMF and 

reprecipitated in water followed by centrifugation to remove unreacted 

[VBTP][Cl] monomer. The P1 was then dried in vacuum oven at 60 C for 

overnight. Yield of P1: 75 %. P2 and P3 copolymers of varying compositions were 

also prepared by using the similar protocol at different molar feed ratios of the 

monomers (Table 1). The actual compositions of all the copolymers were 

determined from 1H-NMR analysis (Table 1).  

 

Scheme 1. Synthetic scheme for the preparation of a) P[VBTP][Cl]-ran-PMMA 

random copolymers via CFRP or RAFT polymerization and b) P[VBTP][TFSI]-ran-

PMMA copolymer by anion metathesis of the chloride to 

bis(trifluoromethane)sulfonamide (TFSI-) ion.  

*Homopolymers P[VBTP][Cl] and PMMA are synthesized by the CFRP method 

using [VBTP][Cl] and MMA respectively as monomer and AIBN as initiator. 

3.3.2.1.2 Preparation of P[VBTP][TFSI]80-ran-PMMA20 (P4) via anion metathesis 

The anion-exchange of chloride ion of P[VBTP][Cl]80-ran-PMMA20 by 

bis(trifluoromethane) sulfonamide (TFSI-) ion was done using a reported 

protocol.46 10 mL aqueous solution of P3 copolymer [5 wt.%(w/v)) was added to 

10 mL of 5 M LiTFSI solution drop wise and the mixture was stirred overnight at 
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ambient temperature. The mixture was then vigorously centrifuged to collect the 

crude anion-exchanged copolymer, which was further dialyzed against double 

distilled water for next 3 days. During dialysis, old solvent was exchanged with 

fresh solvent in every 6 h and 5 mL of 5 M LiTFSI solution was added to the 

dialysis tubing in every 12h. The P4 solution was then dialyzed again against 

double distilled water for another 3 days with changing the solvent after every 

6h to remove any excess, non-interacting TFSI- ion. Finally, the purified P4 was 

collected by freeze drying, followed by drying in vacuum oven at 60 C for 

overnight. 

3.3.2.1.3 Synthesis of P[VBTP][Cl]-ran-PMMA copolymers (P5-P7) via RAFT 

polymerization technique 

Another set of copolymers having lower molecular weights were synthesized via 

RAFT polymerization technique using CDP as the chain transfer agent and AIBN 

as the radical initiator. These copolymers (P5-P7) were achieved by using a molar 

feed ratio of [VBTP][Cl]:MMA of 4:1 and varying the [Monomer]0/[CDP]0 ratios as 

mentioned in Table 1. Typically, for P5, a 50 mL long neck RB flask was charged 

with MMA (0.823 g; 7.906 mmol), [VBTP][Cl] (0.750 g; 1.976 mmol), AIBN (3.24 

mg; 0.019 mmol) and CDP (39.89 mg; 0.098 mmol) followed by addition of 15.7 

mL dry DMF. The reaction mixture was then purged with argon gas for 45 min, 

sealed immediately with a silicone rubber septum and stirred magnetically in a 

preheated oil bath at 65 C for 24h. The quenching of the polymerization 

reaction was done by quick cooling the flask in an ice-water bath. The mixture 

was precipitated in diethyl ether to isolate copolymer from DMF solution. The 

isolated copolymer was further dissolved in DMF and reprecipitated in water and 

collected by centrifugation to remove unreacted [VBTP][Cl] monomer. The 

purified P5 was then dried in vacuum oven at 60 C for overnight. Yield of P5: 

74%. The other two copolymers, P6 and P7 were also synthesized just by varying 
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the [Monomer]0/[CDP]0 ratios following the same procedure as used for P5, 

while keeping [CDP]0/[AIBN]0 ratio as constant (Table 1). 

Table 1: Polymerization conditions and molecular characterization data of 

P[VBTP][Cl], PMMA and different P[VBTP][Cl] based copolymers. 

 
PIL systems

a
 

[M1:M2]o:[CDP]o:[AIBN]o Mn 

(SEC) 
(kDa) 

Mp 
(MALDI-
TOF MS) 

(kDa) 

Đ 
(SEC) 

Ionic 
content   

(IC)
b 

(wt%) 

 
P[VBTP][Cl] 

 
[100:0]:00:2 

 
23.3 

 
-- 

 
1.65 

 
100 

 
P[VBTP][Cl]20-ran-PMMA80 (P1) 

 
[20:80]:00:2 

 
28.9 

 
-- 

 
1.92 

 
18 

 
P[VBTP][Cl]50-ran-PMMA50 (P2) 

 
[50:50]:00:2 

 
20.15 

 
-- 

 
1.56 

 
24.7 

 
P[VBTP][Cl]80-ran-PMMA20 (P3) 

 
[80:20]:00:2 

 
19.1 

 
-- 

 
1.69 

 
88.34 

 
P[VBTP][TFSI]80-ran-PMMA20 (P4) 

 
[80:20]:00:2 

 
19.1 

 
-- 

 
1.69 

 
88.34 

 
P[VBTP][Cl]80-ran-PMMA20-6.2k

c
 (P5) 

 
[80:20]:1:0.2 

 
6.2 

 
-- 

 
1.20 

 
89.1 

 
P[VBTP][Cl]80-ran-PMMA20-2.4k

d
 (P6) 

 
[80:20]:10:2 

 
--

e 
 

2378 
 

-- 
 

50 
 

P[VBTP][Cl]80-ran-PMMA20-1.4k
d
 (P7) [80:20]:20:4 --

e 
1391 -- 66 

 
PMMA 

 
[00:100]:00:2 

 
25.48 

 
-- 

 
1.79 

 
00 

Reaction condition: Time = 24 h; Temperature = 65 C; Solvent = DMF; M1= 

[VBTP][Cl]; M2= MMA; Monomer concentration = 10 wt%.   

aThe numerical value represents the feed ratios of the comonomers 

bObtained from 1H-NMR spectral analysis 

cMolecular weight obtained from SEC analyses. 

dMolecular weight obtained from MALDI-TOF Mass Spectrometry data.  

eNot measurable  

P5-P7 were the samples of molecular weights 6.2, 2.4 and 1.4 kDa respectively. 

P8 and P9 were the physical blends of P[VBTP][Cl] and PMMA homopolymers 

with a ratio of  1:4 and 4:1 (wt./wt.) respectively. 
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3.3.2.2  Synthesis of P[VBTP][Cl] and PMMA homopolymers 

P[VBTP][Cl] and PMMA homopolymers were synthesized separately by the same 

polymerization procedure as used for P1 at a concentration  of 10 wt.% of 

[VBTP][Cl] and MMA monomers respectively using AIBN as the radical initiator. 

3.3.2.3  Preparation of binary polymer blends [P[VBTP][Cl]/PMMA(20/80) (P8) 

and P[VBTP][Cl]/PMMA(80/20) (P9)] 

The polymer blends of P[VBTP][Cl] and PMMA were prepared by solution-casting 

method. Two blend samples P8 and P9 were prepared by exactly weighing 

P[VBTP][Cl] (Mn = 23.3 kDa) and PMMA (Mn = 25.5 kDa)  in the ratios of 1:4 and 

4:1 (w/w) respectively. Each sample mixture was then dissolved in DMF at a 

concentration of 5 wt. % and vigorously stirred at 60 °C overnight to form a 

homogeneous mixture. The polymer blend samples were then isolated by 

precipitation in diethyl ether followed by drying overnight in vacuum oven at 70 

°C and collected as white powder. 

3.3.3 Characterizations  

Molecular characterizations. 1H-NMR spectra of all the homopolymers and 

copolymers (Figures 1 to 9) and 19F-NMR spectrum of P4 (Figure 10) were 

recorded on a Bruker DPX 500 MHz spectrometer. DMSO-d6 was used as a 

solvent for P[VBTP][Cl], PMMA and P[VBTP][Cl/TFSI]-ran-PMMA copolymers of 

high molecular weights (P1-P5) whereas  CDCl3  was used as the same for 

P[VBTP][Cl]-ran-PMMA copolymers (P6 and P7) with low molecular weights. 

Size exclusion chromatography (SEC) technique was used to determine the 

number average molecular weights (Mns) and dispersities (Đs) of copolymers and 

homopolymers using a Waters GPC system connected with three Styragel 

columns, HR1 (Mn = 100-5000), HR3 (Mn = 500-30,000) and HR4 (Mn = 5000-

6,00,000) columns. As already discussed in Chapter 2, the SEC analyses of these 
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cationic PILs using neat DMF as an eluent were not possible because of the 

tendency of these PILs to aggregate on the column materials due to the strong 

interaction between the ionic polymer and the SEC column.47-48 However, to 

overcome this problem, as reported earlier,45 DMF containing 50 mM LiBr was 

used as an eluent at a column temperature of 45 °C and at a flow rate of 1.0 mL 

min-1. These columns were calibrated against PMMA standards. 

Thermal analysis. The thermogravimetric analysis (TGA) of all the PIL samples 

were done in a TGA instrument (TA, model Q50) in argon atmosphere using a 

heating rate of 10 °C min−1.  

Differential scanning calorimetry (DSC) (Q2000, TA instrument) instrument was 

used to determine the thermal properties of the different PIL copolymers in N2 

atmosphere at a heating rate of 10°C min−1.  

Field emission scanning electron microscopy. Field emission scanning electron 

microscope (FESEM) images were taken using JEOL FESEM (Model: JSM 7500F) at 

an accelerating voltage of 5 kV to visualize and compare the phase morphologies 

of the PIL copolymer (P1) and the physical blend of its polymer component (P8). 

Matrix‐assisted laser desorption/ionization TOF mass spectrometry. MALDI‐

TOF‐MS spectra were acquired in a Brucker instrument (Applied Biosystems) to 

determine the molecular weight of P6 and P7. The samples were irradiated using 

337 nm N2 laser with an operating voltage of 25 kV. Trans-2-[3-(4-t-butyl-

phenyl)-2-methyl-2-propeny- lidene]malononitrile (DCTB) was used as the 

matrix. The concentration of polymers was taken as 1 mg/mL in MeOH. For the 

measurement, 10 μL of polymer solution and 10 μL of matrix solution were 

mixed together and 1 μL of the solution mixture was spotted on the sample's 

plate and allowed to dry. The corresponding spectra of samples were acquired 

by summing the data obtained over 200 laser shots in a linear mode. 
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Dielectric spectroscopic measurements. The dielectric spectroscopic (DS) 

measurements at different temperatures was carried out using an LCR 

spectrometer (HIOKI, model: IM 3536) in the frequency range of 4 Hz - 8 MHz 

with a perturbation potential of 1.0 V. For dielectric measurements the powder 

PIL was pressed into pallet of 10 mm diameter using stainless steel dies by 

applying pressure. The thickness of the sample was varied from 0.7 mm to 0.8 

mm. The pellet was sandwiched between a pair of stainless steel electrodes of 

10 mm diameter and was then placed in the sample holder assembly kept inside 

the cryostat. Temperature of the sample pallet was controlled using a 

temperature controller (Lake Shore, Model: 331) with a temperature stability of 

± 0.1 K using a vacuum nitrogen gas cryostat maintaining at a constant pressure 

of 0.01 mbar. The dielectric data were recorded in the heating mode from 303 to 

388 K at every 5 K temperature interval, with 15 min of equilibration at each 

temperature. 

Determination of saturated water content in PIL Systems. To understand the 

potentiality of these PIL systems to meet industrial and scientific applications, 

the saturated water content in the samples were determined. Typically, a 

polymer sample and a water-filled beaker were kept inside a desiccator for seven 

days for allowing the sample to absorb maximum amount of moisture. The water 

content was then calculated from the weight loss in TGA thermogram of the 

respective water-absorbed samples at and above 100 C.   

3.4 RESULTS AND DISCUSSION 

3.4.1 Synthesis and characterization of PIL homo- and co-polymers 

PMMA, P[VBTP][Cl] and P1-P3 copolymers were synthesized via CFRP technique 

to obtain  polymeric products having relatively high molecular weights with 

sufficient yields while low molecular weight PIL copolymers (P5-P7) were 
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synthesized by RAFT polymerization of [VBTP][Cl] and MMA using CDP and AIBN 

as chain transfer agent (CTA) and radical initiator respectively (Scheme 1, Table 

1). The counter anion-exchange or metathesis reaction of the Cl- ion of P3 (Table 

1) with bis(trifluoromethane)-sulfonamide (TFSI-) ion to obtain P4 has been 

achieved as shown in Scheme 1. 1H-NMR spectral analysis (Figures 1 to 9) was 

used to determine the chemical compositions of PIL copolymers and that are 

summarized in Table 1. 19F- NMR spectra of P4 (Figure 10)  were recorded 

relative to neat hexafluorobenzene (C6F6 ) at −164.9 ppm and the distinct signal 

at 81.02 ppm  clearly referred to the presence of TFSI- anions in the copolymer. 

The absence of Cl- ion in the anion-exchanged product (P4) was confirmed by 

titrating P4 against silver nitrate. A 50 mg of P4 copolymer was first leached with 

1 mL of water followed by the drop wise addition of 1 M aqueous AgNO3 

solution in the presence of excess dilute nitric acid. No white precipitate of AgCl 

was observed which confirmed that the previous anion metatheses had been 

completed.The comparison of 1H-NMR spectra of copolymer before (P3) and 

after exchange (P4) (Figure 11) clearly revealed a shift of signal of methylene 

protons adjacent to phosphonium cation from  5.32 to 5.02 ppm providing 

further evidence of complete exchange of Cl- with TFSI- ion.  

1H-NMR analysis of P[VBTP][Cl]  (500 MHz, DMSO-d6, δ ppm)(Figure 1):  1.5-0.0.7 

(-CH2 and –CH of polymer backbone, position ‘a’, ‘b’); 5.74 (benzylic protons, 

position ‘f’); 6.75 (phenyl ring protons, position ‘d’ and phenyl ring protons, 

position ‘e’); 7.60 (phenyl ring protons of TPP unit). 

1H-NMR analysis of P1 (500 MHz, DMSO-d6, δ ppm)(Figure 2): 1.7-0.0.7 (-CH2 and 

–CH and –CH3 of polymer backbone, position ‘a’, ‘b’, ‘l’ and -CH2 protons of 

polymer backbone, position ‘k’); 5.32 (benzylic protons, position ‘f’); 6.79 (phenyl 

ring protons, position ‘d’ and phenyl ring protons, position ‘e’); 7.60 (phenyl ring 

protons of TPP unit); 3.4 (-CH3 protons, position ‘m’). 
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1H-NMR analysis of P2 (500 MHz, DMSO-d6, δ ppm)(Figure 3) :  1.6-1.24 (-CH2 

and –CH and –CH3 of polymer backbone at position ‘a’, ‘b’, ‘l’ and -CH2 protons of 

polymer backbone at position ‘k’); 5.18(benzylic protons, position ‘f’); 6.82 

(phenyl ring protons, position ‘d’; phenyl ring protons, position ‘e’); 7.35-7.92 

(phenyl ring protons of TPP unit); 3.39 (-CH3 protons, position ‘m’). 

1H-NMR analysis of P3 (500 MHz, DMSO-d6, δ ppm) (Figure 4) :    0.9-0.6 (-CH2 

and –CH and –CH3 of polymer backbone, position ‘a’, ‘b’, ‘l’); 1.7 (-CH2 protons of 

polymer backbone, position ‘k’); 5.17 (benzylic protons, position ‘f’); 6.82 (phenyl 

ring protons, position ‘d’; phenyl ring protons, position ‘e’); 7.68-7.89 (phenyl 

ring protons of TPP unit); 3.44 (-CH3 protons, position ‘m’). 

1H-NMR analysis of PMMA (500 MHz, DMSO-d6, δ ppm) (Figure 5): 0.75 -0.95 (–

CH3 of polymer backbone, position ‘a’); 1.84 (-CH2 protons of polymer backbone, 

position ‘b’); 3.57 (-CH3 protons, position‘d’). 

1H-NMR analysis of P4 (500 MHz, DMSO-d6, δ ppm) (Figure 6) :    1.01 -0.41 (-CH2 

and –CH and –CH3 of polymer backbone, position ‘a’, ‘b’, ‘l’); 1.7 (-CH2 protons of 

polymer backbone, position ‘k’); 5.04 (benzylic protons, position ‘f’); 6.79 (phenyl 

ring protons, position ‘d’; phenyl ring protons, position ‘e’); 7.62-7.89 (phenyl 

ring protons of TPP unit); 3.51 (-CH3 protons, position ‘m’). 

1H-NMR analysis of P5 (500 MHz, DMSO-d6, δ ppm) (Figure 7):    1.2-0.8 (-CH2 and 

–CH and –CH3 of polymer backbone, position ‘a’, ‘b’, ‘l’); 1.6 (-CH2 protons of 

polymer backbone, position ‘k’); 5.14 (benzylic protons, position ‘f’); 6.87 (phenyl 

ring protons, position ‘d’; phenyl ring protons, position ‘e’); 7.69-7.88(phenyl ring 

protons of TPP unit); 3.43 (-CH3 protons, position ‘m’). 

1H-NMR analysis of P6 (500 MHz, CDCl3, δ ppm) (Figure 8) :  1.3-0.8 (-CH2 and –

CH and –CH3 of polymer backbone, position ‘a’, ‘b’, ‘l’); 1.86 (-CH2 protons of 

polymer backbone, position ‘k’); 5.2-5.3 (benzylic protons, position ‘f’); 6.56-6.65 
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(phenyl ring protons, position ‘d’; phenyl ring protons, position ‘e’); 7.60-7.76 

(phenyl ring protons of TPP unit); 3.46 (-CH3 protons, position ‘m’). 

1H-NMR analysis of P7 (500 MHz, CDCl3, δ ppm) (Figure 9) :  1.36-1.18 (-CH2 and –

CH and –CH3 of polymer backbone, position ‘a’, ‘b’, ‘l’); 2.03 (-CH2 protons of 

polymer backbone, position ‘k’); 5.2-5.4 (benzylic protons, position ‘f’); 6.56-6.66 

(phenyl ring protons, position ‘d’; phenyl ring protons, position ‘e’); 7.52-7.76 

(phenyl ring protons of TPP unit); 3.46 (-CH3 protons, position ‘m’). 

 

Figure 1. 1H-NMR spectrum of P[VBTP][Cl] in DMSO-d6. 

 

Figure 2. 1H-NMR spectrum of P1 in DMSO-d6. 
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Figure 3. 1H-NMR spectrum of P2 in DMSO-d6. 

 

 

Figure 4. 1H-NMR spectrum of P3 in DMSO-d6. 
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Figure 5. 1H-NMR spectrum of PMMA in DMSO-d6. 

 

 

 

 

 

 

 

 

 

Figure 6. 1H-NMR spectrum of P4 in DMSO-d6. 
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Figure 7. 1H-NMR spectrum of P5 in DMSO-d6. 

 

 

 

 

 

 

 

 

 

Figure 8. 1H-NMR spectrum of P6 in CDCl3. 
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Figure 9. 1H-NMR spectrum of P7 in CDCl3. 

 

 

 

 

 

 

 

 

 

Figure 10: 19F NMR spectra of P4 in DMSO-d6. 
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Figure 11:  1H-NMR spectrum of P3 (blue) and anion exchanged analog of P3 i.e., 

P4 (red) in DMSO-d6. 

 

The SEC traces of PMMA, P[VBTP][Cl] and PIL –copolymers are shown in Figure 

12. The unimodal nature of the peaks indicated the absence of high and low 

molecular weight species. The results obtained from SEC analyses are 

summarized in Table 1 .In case of P5 copolymer, the shifting of peak towards 

higher elution volume indicated the substantial lowering of molecular weight in 

the presence of a CTA. The average molecular weights of the copolymer samples, 

P6 and P7, were determined from the analysis of the corresponding MALDI-TOF 

mass spectrum (Figure 13). The most probable molecular weights (Mps) of the 

copolymer samples, P6 and P7, were determined from the strong signals present 

in their corresponding MALDI-TOF-MS spectrum at 2378 and 1391 Da 

respectively.  
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2378
1391

A B 

 

Figure 12.  SEC traces of different homo and random PIL copolymers. 

 

Figure 13. MALDI-TOF-MS spectrum of A) P6 and B) P7. 

3.4.2 Thermal Properties 

PIL with higher thermal stability is one of the important factors for its application 

as an energy storage material. Thermal stability of any polymeric material mainly 

depends upon its chemical structure, degree of crystallinity, and molecular 

weight. On the other hand, thermal stability of polymer blends is strongly 

associated with their developed morphology which is a result of the 

compatibility and the composition ratio of the polymer components in the blend. 

The TGA traces of different PIL systems have been represented in Figure 14 and 
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the values of Td of different PIL systems are listed in Table 2. The parameters 

obtained from TGA analysis, mainly  the decomposition temperature (Td), is 

controlled by the chemical structure of PIL backbone.49 Measurement of thermal 

stability of samples P2 and P7 by TGA was not required as the major conclusion 

can be drawn without the analysis of these two samples. It can be seen from 

Table 2 that the PIL copolymers, P1 and P3, showed decomposition 

temperatures above 316 C which are much higher than those of neat 

P[VBTP][Cl] homo-PIL as well as physically mixed polymer blends of P[VBTP][Cl] 

and PMMA (P8 and P9).  The decomposition temperature is increased with the 

increase of non-ionic and hydrophobic poly(methyl methacrylate) (PMMA) 

segment in copolymers. On the other hand, the P[VBTP][TFSI]80-ran-PMMA20 

(P4) showed higher value of Td compared to that of P[VBTP][Cl]80-ran-PMMA20 

(P3) which indicated that the  

 

Figure 14. TGA traces of different PIL systems. 
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exchange of counter anion influenced the thermal stability of the PIL 

copolymers. The enhancement of thermal stability of PIL copolymer with TFSI- 

ion can be attributed to the higher nucleophilicity of the TFSI- ion.50 As expected, 

Figure 14 also revealed that the thermal stability decreases with the decrease of 

Mn of PIL copolymers (P5 and P7) (Table 2). Moreover, the high thermal 

stabilities of PIL copolymers can enable them to use in high temperature 

electrochemical operation for energy storage applications such as Li-ion 

batteries, etc. Further, we have also measured the thermal stability of PMMA 

and PIL systems after their  

 

Figure 15. TGA traces of PIL copolymers after exposed with saturated water 

vapour.        
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complete exposure under saturated water vapor as shown in Figure 15. It was 

also observed from Figure 15 that the thermal stability of copolymers is still 

better than that of homo PIL after saturated amount of moisture absorption. The 

saturated water content of PMMA and different PIL systems such as PMMA, 

P[VBTP][Cl], P1, P2, P3, P4,  P7, P8 and P9 were measured to be  0.24, 12.80, 

1.13, 4.86, 6.41, 1.84, 10.45, 1.15 and 3.35 wt. % respectively. We found that the 

copolymers contain less amount of water than that of homopolymeric PIL due to 

the presence of hydrophobic PMMA segment in the copolymer. It should be 

noted that no glass transition temperature of the PIL copolymers could be 

detected by DSC (Figure 16). We have also measured the glass transition 

temperature for copolymers of other compositions and got similar results. 

 

Figure 16: DSC traces of P[VBTP][Cl] copolymers. 
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Table 2: Decomposition temperature (Td), ionic conductivity (dc) at 303 K and 

power law exponent (n) at 333 K for the PIL and PIL based systems. 

 

PIL systems 

Td (C) 

(4) 

dc 

(S cm-1) 

n 

(0.04) 

P[VBTP][Cl] 301 1.9610-6 0.57 

P[VBTP][Cl]20-ran-PMMA80(P1) 352 4.2410-9 0.62 

P[VBTP][Cl]50-ran-PMMA50(P2) NM 4.7810-8 0.55 

P[VBTP][Cl]80-ran-PMMA20(P3) 316 1.9510-7 0.56 

P[VBTP][TFSI]80-ran-PMMA20(P4) 365 2.9610-8 0.61 

P[VBTP][Cl]80-ran-PMMA20-6.2k(P5) 288 1.7710-5 0.58 

P[VBTP][Cl]80-ran-PMMA20-2.4k(P6) NM 2.5610-5 0.56 

P[VBTP][Cl]80-ran-PMMA20-1.4k(P7) 265 3.7310-5 0.54 

P[VBTP][Cl]/PMMA (20:80 w/w) (P8) 324 5.3210-11 0.65 

P[VBTP][Cl]/PMMA (80:20 w/w) (P9) 278 1.4810-7 0.58 

NM ~ not measured  

3.4.3 Dielectric Spectra of PIL Based Systems 

Dielectric spectra, in general, can be represented in three frequency dependent 

complex quantities: the complex permittivity ε*() = ε′() − iε″(), the complex 

conductivity σ*() = σ′()+iσ″() and the complex electric modulus M*() = 

M′() + iM″(), which are related to each other according to the following 

equation:51 

M*() = [M()+iM()] = 1/*() = i0/*() = i0/[()-i()],  
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where () and () are real and imaginary part of the complex conductivity 

respectively, and M() and M() respectively are real and imaginary part of 

complex electric modulus. It is to be noted that all these representations 

emphasize different aspects of the same process. Therefore, details which are 

not properly evident from one approach can be easily distinguished from the 

spectra in the other two representations. 

In case of ionic compounds at low frequencies, ionic conductivity sharply 

increases in the dielectric loss function [ε″()]  which completely masks the 

segmental relaxation present within the polymer chain. Accordingly, in order to 

understand the molecular dynamics of ionic polymers, such as PILs, the standard 

practice is to use the derivative formalism, which eliminates the conductivity 

contribution from the loss spectra. This issue can be avoided by analysing the 

dielectric properties using the complex electric modulus M*() and complex 

electric conductivity σ*() representations which are commonly used to 

represent dielectric data of conducting amorphous polymer materials. 

Figure 17 represents a typical example of different representative forms of 

dielectric spectra for P[VBTP][Cl] at a temperature of 333 K. The dielectric 

constant () (orange), dielectric loss () (pink) and derivative of dielectric 

loss spectra (der) (green) of P[VBTP][Cl] are given in Figure 17a. The derivative 

of loss spectra der [= (-/2)(/ln)] which satisfies the Kramers-Kronig 

relation can reveal all other relaxation processes, which are actually suppressed 

by conductivity relaxation processes.52-53  
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Figure 17. Dielectric spectroscopic data in several representations for 

P[VBTP][Cl]: (a) dielectric constant () (orange solid squares), dielectric loss () 

(pink solid circles), derivative of dielectric loss (der) (green solid triangles) and 

modulus loss (M) (violet diamonds) and (b) real part of complex conductivity 

() (black open squares), imaginary part of complex conductivity () (red open 

circles) and loss tangent (tan) (blue open triangles). 
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The M (imaginary part of M* response) of P[VBTP][Cl] has been shown in Figure 

17a. The real (), imaginary () parts of the complex conductivity and tan  

are displayed in Figure 17b as a function of angular frequency ( =2 f). The 

dielectric permittivity spectra of P[VBTP][Cl] showed three major mutually 

correlated phenomena: (i) electrode polarization (EP), (ii) dc conductivity and (iii) 

dielectric relaxation process in the low, medium and high frequency region 

respectively. A huge increase of dielectric constant (), dielectric loss () and 

derivative spectra ( der  ) with decreasing angular frequency including a small 

plateau in low frequency region was observed due to the formation of a space 

charge layer by the accumulation of charge carrier near metallic blocking 

electrodes (Figure 17a). Actually, the quick voltage drops due to the absence of 

ion drift in this region creates a large EP of the materials. This response was also 

reflected in the real and imaginary parts of the complex conductivity function 

and the value of conductivity decreased with decreasing angular frequency in 

the low frequency region as can be seen clearly in Figure 17b.54 Generally, EP is 

an extrinsic and non-equilibrium phenomenon. It is directly linked to charge 

carrier dynamics as well as dependent on the thickness of the specimen, nature 

of the electrode interface and type of material of the electrode.55-56 As shown in 

Figure 17a, a sharp increase in values  and der   was observed at a certain 

angular frequency where the EP effect began corresponding to a minimum in the 

imaginary part [()] of complex conductivity (Figure 17b). Such angular 

frequency (ω) was denoted as ωon corresponding to onset of the EP process, i.e., 

ions reached the metal electrode and began to accumulate on the electrode 

surface. The full development of EP in the specimen occurred at a certain 

angular frequency, ω ≈ ωmax, corresponding to a peak in imaginary part, σ(ω) of 

complex conductivity where a slope in dielectric constant (ε(ω)) started towards 

low frequency in dielectric permittivity (Figure 17a). A frequency independent 
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plateau region (Figure 17b) was observed in the mid frequency region of () 

corresponding to ionic conductivity of the material representing long-range ion 

diffusion through successive hopping process from one favorable site to other 

neighboring site in a polymer network. A shoulder/plateau like feature (Figure 

17a) was also observed in ε(ω) in the same frequency region. Any value of 

dielectric constant in this region was denoted as static dielectric constant (s), 

which is linked with long range ion hopping process. A leveling off was observed 

in the PILs under applied electric field towards the higher frequency region 

which is  denoted as ε (high frequency limit value) in ε(ω). However, the 

corresponding conductivity value significantly increased with the increase of 

frequency due to dipolar relaxation in the high frequency region, which is 

denoted as frequency dispersive region (Figure 17b). In spite of having bulk 

characteristics and EP features, the dielectric loss data sharply decreased with 

the increase of frequency (Figure 17a). However, der   showed a prominent peak 

at high frequency region corresponding to segmental relaxation time (s) of 

polymer chain as suggested by other research groups.29 On the other hand, a 

crossover region, where a jump from frequency independent region to 

dispersive region occurred, is generally known as the onset of the so-called 

hopping regime and hopping frequency can be denoted as H = 1/H = 1/ = 

s0/0, 0 (= 8.85  10-12 F m-1) is the dielectric permittivity of free space.55, 57 

Alternatively, the dielectric spectra can be appropriately analyzed in terms of 

electric modulus, in which EP is suppressed at low frequency regime. As shown 

in Figure 17a, electric modulus loss M() displayed a long tail in low frequency 

region associated with large capacitance due to the electrode-electrolyte 

interface and a distinct peak related with a transition from long to short range 

ionic motion. Such peak is correlated to the conductivity relaxation.58 The time 

when diffusions of ions start is known as conductivity relaxation time (M).39 In 
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this context, it noteworthy that the dc-conductivity (dc), which is typically  

defined as the product of the number of ions and their mobility, is inversely 

proportional to the conductivity relaxation times M( or  or H ) determined 

from the angular frequency of M″ peak maximum (M = 1/M).59It should also be 

noted that peak maxima in der() response, conductivity relaxation in M() 

response and hopping frequency (H) in conductivity response are very close to 

each other and also provide vital information for the origin of the dielectric 

relaxation peak. The peak maximum (max) in frequency dependence of tan 

curve was situated at the onset of EP response (Figure 17b). The mobile ion 

diffusivity and number density can be estimated using the value of tanmax and 

max obtained from tan spectroscopy employing the Macdonald-Trukhan 

model.60-62 It is worth to mention that the diffusivity and number density of ions 

in electrolyte materials can also be estimated from this model, which are usually 

over estimated compared to that obtained from the PFG-NMR technique.63 

However, several authors have calculated the diffusivity and ion number density 

using the physical model proposed by the Macdonald-Coelho, which agreed well 

with the value obtained from the PFG-NMR.39, 64-65   

3.4.4 Analysis of Conductivity Spectra 

The real σ(ω) part of complex conductivity σ*(ω) spectra of the P[VBTP][Cl], 

P[VBTP][Cl]80-ran-PMMA20 and  P[VBTP][TFSI]80-ran-PMMA20 in the frequency 

range of 4 Hz - 8 MHz at different temperatures are presented in Figure 18. The 

conductivity spectroscopy is often analyzed by using several physical model such 

as universal power law (UPL) model based upon non-uniform hopping distance 

with multidimensional arbitrarily varying potential barriers,66 random barrier 

model (RBM) based on the uniform hopping distance with equal potential 

landscape,67 etc..  As already discussed in Chapter 1, ions transport in polymer 

electrolyte occurs via hopping of ions from one favorable site to other site in 
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intra- and inter-polymer chains as well as thermal mobility of polymeric chains.68 

Due to thermal chain dynamics, a new favorable position is created by 

destroying their old accessible position in polymeric network. Thus, polymeric 

system represents a media where exists a non-uniform hopping distance with 

arbitrary potential landscape. There is a restriction of RBM applicability in the 

frequency range near dc to ac conductivity transition and significant deviations 

exist between model predictions and experimental data. Thus RBM is unable to 

describe the whole conductivity spectra of these PIL materials. Therefore, it is 

appropriate to analyze the conductivity spectra using UPL model.42 At first, the 

conductivity spectra of P[VBTP][Cl] (Figure 18a) were analyzed using UPL 

model,66, 69 as it is the best for describing polymer electrolyte systems. According 

to UPL model, the real conductivity () can be expressed in terms of dc 

conductivity dc and hopping (diffusion) rate of ion H (1/H) as: 

( ) 1

n

dc

H


  



  
     

   

 ,      (1) 

where n is an exponent (0 < n  1), related to interactions between mobile ions 

and dimensionality of conduction pathway.70 However, this relation is not 

applicable for materials with EP effect in low-frequency region at relatively high 

temperatures. Figure 18a shows the fitting of the real part () of complex 

conductivity spectra in the dispersive region to Eq. 1. The analyses of 

conductivity spectra of P[VBTP][Cl]80-ran-PMMA20 (Figure 18b) and 

P[VBTP][TFSI]80-ran-PMMA20 (Figure 18c)  can also be done by applying the same 

UPL model as used for neat P[VBTP][Cl] (Figure 17a). Figure 18 also reveals that 

the UPL model can be fitted well with the real part of the conductivity spectra of 

P[VBTP][Cl] of PIL homopolymer, PIL copolymer and ion exchanged PIL 

copolymer.  
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Figure 18. Real () part of complex conductivity spectra of P[VBTP][Cl] (a), 

P[VBTP][Cl]80-ran-PMMA20 (b) and P[VBTP][TFSI]80-ran-PMMA20 (c) respectively 

in the frequency ranges from 4Hz- 8MHz at different temperatures. The black 

lines in Figures 18a-18c were fitted to Eq. 1  

 

3.4.5 Ionic Conductivity and Relaxation Time 

Figure 19 reveals that the ionic conductivity which is the key factor for 

applications of the material, as obtained from the fitting of complex conductivity 

spectra, increased with the increase of temperature for each PIL system. It 

should be noted that the ionic conductivities of P[VBTP][Cl] and different PIL 

samples (P1 to P9) at 303 K are given in Table 2. As shown in Figure 19a, the ionic 

conductivity of the PIL copolymers was high and increased with the increase of 

ionic content in these copolymers (P1-P3). It was also observed that the ionic 

conductivity of blend samples (P8-P9) was slightly lower than those of their 

corresponding copolymers (P1 and P3) containing same ionic PIL content (Figure 

19a). The cross- 
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Figure 19. (a)-(d) Reciprocal temperature dependence of ionic conductivity, dc 

for P[VBTP][Cl]  and different P[VBTP][Cl] based systems. Solid black lines are 

best fits to VTF equation (Eq. 2).  

 

sectional FESEM images (Figure 20) of physical blend of P[VBTP][Cl]/PMMA and 

P[VBTP][Cl]-ran-PMMA copolymer clearly revealed the heterogeneous phase 

separated structure for the former and homogeneous structure for the later. The 

phase separation in P[VBTP][Cl]/PMMA blend is attributable to the immiscibility 

of non-ionic PMMA and ionic P[VBTP][Cl] phases. It seems that the ionic 
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P[VBTP][Cl] phase dispersed into the continuous PMMA matrix. The phase 

separation between ionic and non-ionic components lengthens the ion transport 

pathway, resulting in a lowering of the overall ionic conductivity in physically 

mixed ionic PIL/non-ionic polymer system. Zhang and co-workers quantitatively 

established the correlation between ionic conductivity and extent of phase 

separation and observed that nano-scale phase separation rather than large 

micro or micro is more favorable to increase the ionic conductivity.71 In case of 

our materials, micro phase separation occurred for PIL/PMMA (20:80 w/w), 

whereas for higher concentration of PIL and lower concentration of PMMA 

(PIL/PMMA (80:20 w/w)), ionic conductivity increases whose value is slightly 

lower than the corresponding copolymer sample. The nanoscale phase 

separation in the blend films is probably the reason behind this observation. The 

values of  

 

Figure 20. Cross-sectional field emission scanning electron microscopy (FESEM) 

images of freeze fractured samples: a) P[VBTP][Cl]/PMMA (20/80 w/w) binary 

homopolymer blend and  b) P[VBTP][Cl]20-ran-PMMA80  copolymer. 
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ionic conductivity of P4 copolymer (Table 2)with large-sized TFSI- anion showed 

lower value than that of PIL copolymer having same ionic content and small-

sized Cl- anion (Figure 19c). It is reported that the PIL chains are better packed 

when larger size counter anions are present while frustrated chain packing is 

observed for smaller size of counter anions.72 The frustrated chain packing 

causes more disorder structure and leads to lower the energy barrier for ion 

transport from one site to another via hopping. The existence of smaller Cl- anion 

in PIL copolymer (P3) leads to frustration chain packing compared to the 

corresponding large size TFSI- anion in P4 copolymer.72 However, there was a 

drastic increase of the ionic conductivity as the molecular weight (Mn) of PIL 

copolymer decreased from P[VBTP][Cl]-ran-PMMA-23k to P[VBTP][Cl]-ran-

PMMA-6.2k (Table 2). When the decrease of molecular weight is less (PIL-ran-

PMMA-6.2k to PIL-ran-PMMA-1.4k), the increase of conductivity was low. The 

enhancement of ionic conductivity with decrease of Mn occurred due to increase 

of ionic diffusivity which has been discussed later and ion motion becomes more 

correlated with structural relaxation at the same time.73-74 It is also worth 

mentioning that the slight lower value of ionic content in P6 and P7 (Table 2) 

than that of PIL-ran-PMMA-6.2k (P5) did not influence the ionic conductivity 

values significantly. The ionic conductivity value followed the increasing trend 

after changing the Mn from 6.2 k to 1.4 k value due to faster segmental dynamics 

in P6 and P7 than that of P5. Table 2 revealed that the value of power law 

exponent n at a fixed temperature is almost independent of PIL and PIL related 

compositions and value of n lies between 0.54-0.65, indicating no change in 

correlation among PIL’s compositional variation. Also, the average value of 

exponent n  0.57 corresponds to a 3D conduction in the present PIL systems.70  

Figure 19 shows that the temperature dependence of the ionic conductivity 

of PIL and PIL based systems exhibited the Vogel-Fulcher-Tammann (VTF) 
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behavior,75-77 which has also been applied to understand the dynamical process 

of the various glassy and polymeric systems and is given by:  

 
 










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dc

   ,                                                          (2) 

where 0   is the pre-exponential factor, E is the activation energy related to the 

critical free volume for ion transport and T0 is the equilibrium Vogel scaling 

temperature. In this case, the dc for all PILs and PIL copolymers has been fitted 

to Eq. 2 according to nonlinear least square fits and the results are shown in 

Figure 19. The values of fitting parameters E and T0 are displayed in Table 3.  

To further advance our understanding of the ion transport mechanism in these 

PIL systems, we have explored the temperature dependence of conductivity 

relaxation time or hopping time (H). The reciprocal temperature dependence of 

inverse hopping time (1/H) of P[VBTP][Cl]  obtained from UPL model and that of 

its copolymers were obtained from the best fits of conductivity data (Figure 21), 

which also obeyed VTF behavior, given by 

 
 








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'
exp

0

0
TTk

E
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B

H

H   ,       (3) 

where 0, EH, kB and   
  are constants. 

The values of VTF fitting parameters EH and   
 , obtained from the best fits, are 

given in Table 3, which revealed that the fit parameters E, EH, T0 and 

obtained from both  and H are very close to each other, indicating a common 

conduction and relaxation mechanism in this PIL and its random PIL copolymers. 

The VTF fits indicated that the ion conduction and relaxation is coupled with 

polymer segmental motion contributing to the conductivity. 

 

0T 
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Table 3: The parameters obtained from the fitting of VTF relation to the 

temperature dependence of ionic conductivity dc, hopping time H and free 

mobile ion diffusivity D and also Arrhenius fitting parameters to ion number 

density (P) for several PIL based systems. 

 
PILs 

 Ionic 
conductivity 

  
Hopping time 

  
Ion diffusivity 

  
Ion density 

E (eV) 

(0.002) 

T0 
(K) 

(3) 

EH (eV) 

(0.006) 
0T 

(K) 

(2) 

ED (eV) 

(0.004) 
0T 

(K) 

(4) 

P  
(cm-3) 

Edis(meV) 

(4) 

P[VBTP][Cl]  0.025 224  0.031 223  0.022 235  1.61020 65 

P1 0.086 232 0.096 238 0.083 242 8.91018 102 

P2 0.065 238 0.062 234 0.073 231 1.21019 90 

P3 0.046 225 0.048 231 0.045 241 7.41019 70 

P4 0.049 252 0.054 240 0.061 243 4.21019 86 

P5 0.021 222 0.026 239 0.027 253 9.31020 58 

P6 0.018 218 0.021 235 0.021 243 1.11021 53 

P7 0.012 208 0.018 234 0.019 224 1.31021 49 

P8 0.095 250 0.11 255 0.094 227 6.91017 124 

P9 0.061 242 0.063 234 0.045 243 1.81019 102 

 

It has been observed that the increment of ionic content in PIL 

copolymers and lowering of molecular weight of PIL copolymers enhance the 

ionic conductivity. The size of counter ion and physical mixing of PIL and PMMA 

also influence the ionic conductivity. Ion conduction is also controlled by 

segmental motion of polymer chain. To analyze these effects, simultaneous 

determination of conducting ion number density and their diffusivity by using 

electrode polarization is more significant as mentioned below. 
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Figure 21. (a)-(d) Reciprocal temperature dependence of relaxation time H(T) 

for PIL and different PIL copolymers. Solid black lines are the best fits to VTF 

equation (Eq. 3).  

 

3.4.6 Conducting Ion Diffusivity and Number Density 

We have simultaneously determined the free ion diffusivity (D) and ion number 

density (P) from the theoretical model for EP, occurring at the low frequency 

region of the dielectric spectra due to growth of ions at near metal electrode-PIL 

interface.30, 78-79 According to Macdonald and Coelho model, the electrode 
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polarization can be described by loss tangent (tan), which can be expressed in 

terms of  and EP as a simple case of Debye relaxation80-81 as:  

EP

EP








21
tan


  ,       (4) 

where  is the angular frequency, )( 0 dcEPEP    is the response of full 

development of polarization of conducting ions at the low frequency region and 

)( 0 dcs    is time scale for ion conduction, when ion motion becomes 

diffusive as described earlier in Figure 17.78 The loss tangent spectra for a 

representative sample, P[VBTP][TFSI]80-ran-PMMA20 at different temperatures 

are presented in Figure 22a, where the solid black lines were obtained by fitting 

the data to Eq. 4 for temperatures 308 K and 368 K. The peak of loss tangent 

(tan) would usually occur at the geometric mean ( 0.5 0.5

0 EP     ) of the  and 

EP time scales.18  For this sample, we observed that the tanδ peak shifted 

towards the higher frequency scale with increasing temperature. 

The Macdonald and Coelho model, thus, can be used to simultaneously 

determine the free ion diffusivity (D) and ion number density (P) by  and EP, 

obtained from tan fits with the help of the following equations: 

 ,                           (5a, 

5b) 

 where L is thickness of the sample,  is the Bjerrum length, 

kB is Boltzmann constant and T is absolute temperature.  
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Figure 22: (a) A representative plot of angular frequency dependence of tan δ for 

P[VBTP][TFSI]80-ran-PMMA20 PIL (P4) at several temperatures and solid lines in 

Figure 10a for  temperature 308 K and 368 K are fits to Eq. 4, (b), (c) and (d) 

Reciprocal temperature dependence of diffusivity, D obtained from Macdonald-

Coelho model for different P[VBTP][Cl] copolymers, physical mixture of 

P[VBTP][Cl] and PMMA systems, TFSI-based PIL copolymer and P[VBTP][Cl] 

copolymers of different Mn.  

 

The reciprocal temperature dependence of ion diffusivity for different 

PIL-based systems is given in Figures 22b-22d. It can be observed from Figure 22 
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that the ion diffusivity, D obeys the VTF behavior because D is controlled by 

polymer segmental motion and is expressed by the following equation: 
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














0

exp
TTk
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D


 

,       (6) 

where D and 0T   are the infinite temperature diffusivity and Vogel temperature 

respectively and ED is the activation energy for the ion diffusivity. The solid black 

lines were the best fitted lines to Eq. 6 (Figures 22b-22d), and the fitting 

parameters are listed in Table 3. It is to be noted that the values of VTF fitting 

parameters for diffusivity were close to those obtained from the fits of dc as 

well as H . Thus, it can be concluded that the ion transport and relaxation were 

coupled with the polymer segmental motion and obeyed a common 

fundamental mechanism. Further, the ion diffusivity of different P[VBTP][Cl] 

copolymers increased with the increase of ionic PIL content in copolymer, while 

the ion diffusivity decreased when P[VBTP][Cl] was physically mixed with PMMA 

(Figure 22c). Figure 22c shows that the diffusivity of free conducting TFSI- ion 

decreased in P[VBTP][TFSI]80-ran-PMMA20 in comparison to that of Cl- anion in 

P[VBTP][Cl]80-ran-PMMA20 PIL due to comparatively larger size of TFSI- ion. The 

enhancement of ion diffusivity (mobility) with lowering the molecular weight of 

PILs can also be clearly seen from Figure 22d. As per the earlier report, the ion 

transport (diffusivity) is directly linked with polymer segmental motion 

(structural relaxation) and the segmental motion increases with the decrease of 

molecular weight of PILs. Therefore, our result matched with what was reported 

earlier.73  

The reciprocal temperature dependence of ion number density P for 

different PIL systems is presented in Figure 23. The data clearly shows that the 

value of P increased with the increase of temperature. However, the number 
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density followed a linear Arrhenius behavior at low temperature, which can be 

expressed as: 





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
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E
PP

B

disexp ,                (7) 

where P and Edis correspond to the total ion number density at infinite 

temperature (T) and the dissociation energy. Figure 23 also indicated that 

the ion number density increased with the increase of ionic content in PIL 

copolymers (P1-P3), while its values were relatively lower for physical blends of 

P[VBTP][Cl]/PMMA (P8 and P9). It is also worthy to note that the TFSI- ion 

number density in P[VBTP][TFSI]80-ran-PMMA20 is lower than that of Cl- anion in 

P[VBTP][Cl]80-ran-PMMA20 due to larger size of TFSI- anion. On the other hand, 

number density increased with the decrease of molecular weight of the PIL 

copolymers (P5-P7). The number of ions that contribute to the conductivity in 

each of these PIL systems at any given instant is thus consistent with the 

variation of ionic conductivity. The values of P∞ and Edis were obtained from the 

Arrhenius fits of the data shown in Figure 23 and the fitting parameters are listed 

in Table 3. It can be seen from Table 3 that the largest value of Edis was observed 

for P[VBTP][TFSI]80-ran-PMMA20 in comparison to that of P[VBTP][Cl]80-ran-

PMMA20  due to the large size of the TFSI- anion. 
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Figure 23: Reciprocal temperature dependence of free ion number density of 

different PIL based systems with the linear region at low temperature 

extrapolated to infinite temperature. 

It is worth mentioning that PIL and PIL based materials have been 

developed enormously to understand some fundamental aspects of their ion 

transport and relaxation mechanism, but a question about the applications of 

these materials are still a challenge for the materials scientists. Recently, 

Peltekoff and co-workers82 fabricated thin-film transistors (TFTs) by using the 

very similar type of copolymers (P[VBBI+TFSI--ran-MMA]) forming an electric 
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double-layer  (EDL) resulted in n-type TFT devices. More recently, Zhang and co-

workers71 demonstrated an alternating strategy to obtain solid polymer 

electrolytes having high mechanical strength, high ionic conductivity, high 

electrochemical stability and less Li dendrites growth by blending of copolymer 

based PIL (PPaB-MT) and P(VdF-HFP) containing 20% LiTFSI salt for Li-ion 

batteries. Cai and co-workers83 also synthesized PIL based quasi-solid-state 

copolymers (PEGDA-P(BA-co-[EVIm]TFSI) QPE-IL) for lithium-sulfur batteries. Safa 

and coworkers84-85 also synthesized a PIL (PDADMATFSI) based composite gel 

polymer electrolytes (PIL-EMIMTFSI-1 M LiTFSI) for lithium metal batteries 

(LMB). In this context, we have investigated the physicochemical properties such 

as thermal stability, moisture sensitivity and ion transport properties to know 

the applicability of our PIL based materials in energy storage applications. A 

comparison of such properties of some of the recently reported PILs and PIL 

based random copolymers along with our recent work is presented in Table 4. As 

observed from Table 4 that the PIL, P[VBTP][CL] and PIL based random 

copolymers showed good thermal stability, less moisture sensitivity and good 

ionic conductivity and that fundamental view ensures the potential use of these 

materials as polymer electrolytes in energy storage devices.  

 

 

 

 

 

Table 4: A comparison of decomposition temperature, moisture content, ionic 

conductivity of some of the recently reported PILs and PIL based random 

copolymers. 
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PILs and PIL copolymers Decomposition 

temperature (Td) 

(C) 

Moisture 

content 

(wt%) 

Ionic 

conductivity 

(S cm
-1

) 

Ref. 

Poly(VBBI
+
TFSI

−
-ran-MMA)-34.4 

 

- - 1.610
-9

 
82

 

Poly(MMA-r-MEBIm-TFSI-15.4) 268 - 2.510
-9

 

@ 383 K 

86
 

PIL-copolymer (PPaB-MT) 

 

~ 270 - - 
71

 

Poly(HMA-co-MEBIm-BF4)-34.5 

mol% HMA 

 

~ 300  ~ 2.510
-6

 

@ 360 K 

50
 

Poly(MEBIm-TFSI-co-MEBIm -BF4)-

32.8 mol% TFSI 

 

~ 350 - ~110
-5

 

@ 360 K 

50
 

Poly-EGIm TFSI 

 

278 - 3.910
-7

 

@ 300 K 

 

3
 

SBMIm poly-SEM 

 

260 13.8 2.510
-5

 

@ 300 K 

 

3
 

P[C18Vim][Br] ~ 290 - ~510
-8

 

@ 298 K 

 

38
 

[PS-TAC][Cl] 

 

- - ~ 110
-8

 

@ 303 K 

 

16
 

P[VBTP][Cl] 

 

301 12.8 1.9610
-6

 

@ 303 K 

 

This 

work 

P[VBTP][Cl]80-ran-PMMA20 316 6.41 1.9510
-7

 

@ 303 K 

 

This 

work 

P[VBTP][TFSI]80-ran-PMMA20 

 

365 1.84 2.9610
-8

 

@ 303 K 

 

This 

work 

P[VBTP][Cl]80-ran-PMMA20-1.4k 265 10.45 3.7310
-5

 

@ 303 K 

This 

work 

 

 



Ion conductance in phosphonium poly(ionic liquid) 

IACS                                                  266                                                  JU 

3.5. CONCLUSIONS  

A series of poly(ionic liquid) random copolymers comprising of ionic PIL and non-

ionic PMMA segments were synthesized by using both free radical 

polymerization as well as reversible addition-fragmentation chain-transfer 

(RAFT) polymerization methods. The influence of copolymer compositions, 

counter anions (Cl- and TFSI-) and molecular weight as well as physical mixing of 

copolymer segments on ion transport and relaxation were investigated using 

broadband dielectric spectroscopy followed by analyzing the data using a 

theoretical model. The free ion diffusivity and ion number density of these 

random copolymers were obtained by analyzing the contribution of electrode 

polarization. The temperature dependence of ionic conductivity, relaxation time 

and ion diffusivity exhibited Vogel-Tammann-Fulcher behavior in these 

copolymers indicating ion transport controlled by segmental motion. With 

increasing ionic content of PIL, the ionic conductivity increased in the random 

copolymers. P[VBTP][Cl]80-ran-PMMA20 copolymer showed the ionic conductivity 

of 1.9510-7 S cm-1 while the neat P[VBTP][Cl] exhibited the high ionic 

conductivity of 1.9610-6 S cm-1 at room temperature. In spite of low ionic 

conductivity, the applicability of PIL copolymers as energy storage materials are 

higher because of their less moisture sensitivity due to incorporation of 

hydrophobic PMMA segment. The ionic conductivity decreased due to the 

introduction of larger counter anion TFSI- in the place of Cl- ion in copolymer. 

Ionic conductivity increased with decreasing molecular weight. The random PIL 

copolymers showed a better thermal stability and a faster ion transport (ion 

diffusion) compared to physically mixing of two homopolymers. In comparison 

with other reported systems (Table 4), these PIL copolymers with good thermal 

stability, less moisture sensitivity and good ionic conductivity are more attractive 

materials for energy storage applications.  
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4.1       INTRODUCTION 

Photopolymerization has sparked considerable interest in the field of polymer 

research for the last few decades and has its wide range of applications in 

industries such as varnishes, photoresists, composites, industrial coatings, 

adhesives, printing inks, sealants, fibre optics including biomaterials.1-6 Besides 

the economic and environmental advantages, there are several other distinct 

advantages which drive the development of photopolymerization in academic 

research compared to thermal polymerization such as spatial control, possibility 

to turn on and off the polymerization, no leakage of solvent, high initiation rate, 

low energy input, and room temperature photocuring.7-8 Furthermore, in the 

cases of curing without heating, such as dental fillings,9 photopolymerization is 

the only technique to avoid thermal initiation and serve the purpose. Water-

based photocuring of polymers have drawn attention in industrial research 

because of the use of non-toxic and low-cost water compared to the use of 

traditional organic solvents.10 Water-borne formulations provide potential 

advantages in many applications which are not fulfilled  by purely organic 

systems, such as better balance between hardness and flexibility, better 

adhesion and matting properties etc.11 Water-borne UV-curable systems e.g., 

polyurethane dispersions (PUD)  has its  industrial  application in cured 

coatings.12 In all instances, a photoinitiator (PI) is one of the key components to 

control the polymerization efficiency and the properties of the final polymer 

product.3, 11 The conventional radical photoinitiators (PIs) that are commonly 

found in literatures are non-ionic ethers, polyethers, hydroxyethers, etc..13-14 

Though the majority of radical PIs used in industrial applications are oil-soluble,11 

a recent change in the photopolymerization landscape has been observed with 

the emergence of new types of water-soluble PIs. For instance, 3D-printed 

hydrogels,15 waterborne UV-LED inkjet inks,16 or waterborne colloidal 
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dispersions17 have raised a demand for the development of efficient water-

soluble PIs. Till date, only a limited number of water-soluble PIs have been 

reported; among them, very few are commercially available. For example, 

Irgacure 2959 (1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-

propanone) is the most used water-soluble type-I PI due to its commercial 

availability for a long period of time. However, this hydroxy-acetophenone 

derivative suffers from a limited water-solubility (<1.5 wt.%).18 Therefore, the 

ionic PIs, containing quaternary ammonium, sulphonates, carboxylic acids and 

thiosulphates groups19-21 are the alternatives to such non-ionic photoinitiators. 

Other radical PIs such as sodium 4-[2-(4-morpholino)benzoyl-2-dimethylamino] 

butylbenzenesulphone (MBS),22 monoacylphosphine oxide (MAPO) salts (Na-

TPO/Li-TPO (LAP)),18 bisacylphosphine oxide (BAPO) salts,18 azo-initiator–2,2’-

azobis[2-methyl-N-(2-hydroxyethyl)propionamide] (VA-086),23 etc. have also 

been developed to increase their solubility in water up to some extent. All these 

PIs have a higher water-solubility than Irgacure 2959. But, these PIs have 

complex structures and require complex chemistries for their syntheses. Thus, 

there is a challenge for polymer chemists to develop different types of PIs of 

simple chemical structures with improved water solubility such that they are 

capable of polymerizing different monomers in aqueous medium aiming for 

industrial applications. 

4.2 OBJECTIVES AND SCOPE OF THE PRESENT WORK 

In spite of the increasing interest in water-borne formulations, water-soluble 

photoinitiators (PIs) did not receive proper attention for a long period of time 

and new developments are urgently required. Although, several water-soluble 

PIs have been developed for industrial use 20, 24, but most of them suffered from 

poor water solubility.11Thus, the major concern of use of PIs for preparing 

polymers for various applications is their low extent of solubility in water. 
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Although, there are many commercially available radical25-28 and cationic29-32 PIs 

that are routinely used for the polymerization of vinyl monomers, but, the 

detailed survey of literature showed that there has not been  any report of use 

of phosphonium or imidazolium salts/ionic liquids (ILs) as PIs for free radical 

polymerization of vinyl monomers in aqueous medium. However, Otsu et al. 

reported the photopolymerization of methyl methacrylate (MMA) using 

benzyltriphenylphosphonium bromide (BTPPB) in methanol.33 They claimed that 

the polymerization followed a living free radical pathway. Yagci et al. reported 

photopolymerization of ethyl cyanoacrylate (ECA) by 

benzyltriphenylphosphonium hexafluoroantimonate (BP+) and (anthracen-9-

ylmethyl)-triphenylphosphonium hexafluoroantimonate (MAP+) in CH2Cl2.34 In 

these cases, it has been proposed that the reaction proceeded through both free 

radical and zwitterionic mechanisms with homolytic and heterolytic cleavage of 

carbon-phosphorous bond respectively. Photopolymerization of vinyl monomers 

initiated by quaternary ammonium salts and their corresponding binary mixtures 

have also been reported in nonaqueous medium.35-36 There are several reports 

on synthesis of new types of phosphonium and imidazolium ILs, ionic liquid 

monomers (ILMs) and their polymerization to poly(ionic liquid)s (PILs) using 

conventional free radical or RAFT polymerizations.37-41 The main motivation for 

their syntheses was to check the stimuli-responsive behaviors of those ILs/PILs in 

the absence or presence of various anions. In this context, as mentioned above, 

there are very few preliminary reports describing photopolymerization of vinyl 

monomers using organic phosphonium salts or ammonium salts in organic 

medium.33-36 But, to-date there is no such report on the use of these 

phosphonium/imidazolium based salts/ILs as PIs for polymerization of vinyl 

monomers in aqueous medium. Hence, the exploration of use of these types of 

ILs as PIs in aqueous medium becomes very important considering their 
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applications in industrial polymer synthesis, especially in replacing organic 

solvents with green solvent like water because of numerous reasons.7  

Thus in this work, a series of phosphonium and imidazolium ionic liquids (ILs) 

with high water-solubility have been synthesized and those have been utilized as 

efficient photoinitiators (PIs) for the polymerization of vinyl monomers such as 

N-isopropylacrylamide (NIPAM) and 2-(dimethylamino)ethyl methacrylate 

(DMAEMA) efficiently upon UV irradiation (max = 310 nm) in aqueous medium at 

ambient temperature and pressure. The photopolymerization proceeds through 

free radical pathway which has been established by EPR and 1H-NMR 

spectroscopy, MALDI-TOF-MS, SEC analysis, and other control experiments. The 

kinetic study demonstrates that this photopolymerization is fast enough to 

produce high-molecular-weight polymers with ~70% yield even after 30 mins of 

UV irradiation. Control experiments show that these IL-based PIs have high 

water solubility and capable of producing high-molecular-weight polymers 

compared to those of polymers obtained by other commercially available 

aqueous PIs. Additionally, poly(NIPAM)  and poly(DMAEMA) are grafted from the 

photoactive pendent IL moiety of the poly(ionic liquid), poly(triphenyl-4-

vinylbenzylphosphonium chloride) (P[VBTP][Cl]) backbone by the grafting-from 

copolymerization. The presence of either poly(NIPAM) or poly(DMAEMA) graft 

segment induces thermoresponsiveness to their P[VBTP][Cl]-based copolymers. 

4.3 EXPERIMENTAL  

4.3.1 Materials. Triphenylphosphine (TPP, ≥95%) was purchased from Sigma-

Aldrich and recrystallized twice from ethanol prior to use. 4-Vinylbenzyl chloride 

(VBC) (Aldrich, 90%) was obtained from Sigma-Aldrich and purified by passing 

through a neutral alumina column to remove inhibitors before use. 4-Ethylbenzyl 

chloride (EtBzCl, >98%) and benzyl chloride (BzCl, >99.0%) were obtained from 
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TCI Chemicals and used as received. Lithium bromide (LiBr, >99%) was purchased 

from Spectrochem. 1-Bromobutane (99%), tetrabutylammonium bromide (TBAB, 

>99%), 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO) (99%), sodium azide 

(>99%), imidazole (Im, 99%), -ketoglutaric acid (> 99%) and phenylglyoxylic acid 

(97%) were purchased from Sigma-Aldrich and were used as received. N-

isopropylacrylamide (NIPAM) was obtained from TCI Chemicals and was 

recrystallized from hexane. 2-(Dimethylamino)ethyl methacrylate (DMAEMA) 

was obtained from Sigma-Aldrich and the inhibitor was removed by passing 

through basic alumina column. Dichloromethane (DCM), acetone, acetonitrile, 

hexane, methanol (MeOH), diethyl ether and dimethyl sulfoxide (DMSO) were 

used as received from Merck, India. Milli-Q water was used as solvent in the 

photopolymerization. 

4.3.2  Synthesis  

4.3.2.1  Synthesis of phosphonium IL-based photoinitiators (PIs) 

Two PIs (PI-1 and PI-2) of different chemical structures were synthesized by 

nucleophilic substitution reaction of triphenylphosphine (TPP) with two different 

aryl halides  in a molar ratio of 1.5:1 at 40C as shown in Scheme 1(a) following a 

previously reported protocol.37 Typically, two 100 mL round-bottom (RB) flasks 

were separately charged with TPP (1.5 g; 5.72 mmol) followed by addition of 

required amount of corresponding aryl halides (8.58 mmol) (1.275 mL of EtBzCl 

or 0.987 mL of BzCl) and 15 mL of dry MeOH. The reaction mixtures were then 

placed in a preheated oil bath at 40C and continued heating for 24h. After 

completion of the reaction, MeOH was evaporated in a rotary evaporator and 

the entire liquid mass was dissolved in DCM. Finally, PIs were isolated by 

precipitation in excess diethyl ether. The process was repeated twice for 

purification. The ESI-MS spectra of PI-1 and PI-2 are shown in Figures 1-2 
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respectively. The pure PIs were also characterized by FTIR and 1H-NMR, which 

will be discussed later in the result and discussion section. % Yield for PI-1 and 

PI-2 were found to be 81 and 84 respectively. 

 

Figure 1. ESI-MS spectrum of PI-1. 

PI-1: MS (ESI) (35 eV) m/z: 381.31 (theoretical mass: 381.18 g/mol) 

 

Figure 2. ESI-MS spectrum of  PI-2. 

PI-2: MS (ESI) (35 eV) m/z: 352.99 (theoretical mass: 353.15 g/mol) 
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4.3.2.2  Synthesis of imidazolium IL-based photoinitiator (PI) 

In the first step of synthesis of PI-3, aryl substituted imidazole was synthesized 

by a nucleophilic substitution of imidazole with aryl halide (Scheme 1b) by 

following a reported protocol.40 A two-neck RB flask (250 mL) was charged with 

imidazole (5.63 g, 82.66 mmol), NaHCO3 (2.18 g; 25.86 mmol) and a 1:1 

water/acetone mixture (44 mL). The mixture was stirred at 25C for 1h for 

complete dissolution with continuous purging of N2 gas. EtBzCl (3 mL; 20.68 

mmol) was then separately added into the reaction mixture and was heated to 

reflux under N2 atmosphere at 50C for 20h. The reaction mixture was then 

cooled and filtered through gauze funnel to remove unreacted NaHCO3. Acetone 

was evaporated in a rotary and the entire liquid mass was diluted with 300 mL of 

diethyl ether followed by washing with 450 (6×75) mL of water. The product and 

the unreacted imidazole were  

Scheme 1. Synthesis of (a) phosphonium IL-based PIs (PI-1 and PI-2) and (b) 

imidazolium IL-based PI, PI-3. 

extracted into aqueous phase by washing the organic phase with 75mL of 2.0 M 

HCl for three times. The partial neutralization with required volume of 4.0 M 

NaOH resulted in a white suspension along with an oily layer containing 4-

ethylbenzyl imidazole and aqueous imidazolium chloride. The final product was 
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extracted into diethyl ether (300 mL) and was collected over anhydrous Na2SO4 

using a separating funnel. Finally, ether was removed under reduced pressure 

resulting viscous yellow liquid [EtBzIm]. In the second step, the imidazolium-

based photoinitiator was synthesized by nucleophilic substitution reaction 

between the as-synthesised aryl substituted imidazole and 1-bromobutane in a 

molar ratio of 2:1 at 60C. EtBzIm (1.23 g; 7.75 mmol) was added to 1-

bromobutane (0.418 mL; 3.87 mmol) in a 50 mL RB flask followed by the addition 

of 10 mL dry acetonitrile. The reaction mixture was placed in a pre-heated oil 

bath at 60C with constant stirring for 24h. The product was then isolated by 

precipitation in diethyl ether. Finally, IL was washed with diethyl ether for four 

times for complete removal of unreacted components and was subjected to 

prolonged drying at 50C for complete removal of diethyl ether. The final pure 

product was obtained as yellowish viscous liquid. ESI-MS was successfully 

applied to characterize PI-3 and the spectrum is given in Figure 3.  

 

 

 

 

 

 

 

 

Figure 3. ESI-MS spectrum of PI-3. 

PI-3: MS (ESI) (35 eV) m/z: 243.19 (theoretical mass: 243.19 g/mol) 
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PI-3 was also characterized by FTIR and 1H-NMR analyses which will be discussed 

later. Yield (%) of PI-3 was found to be 78. 

4.3.2.3  Synthesis of PNIPAMs (P1 and P2) via photopolymerization initiated by 

phosphonium-IL based PIs (PI-1 and PI-2) 

In a typical procedure (Table 1), 0.9 mmol (100 mg) NIPAM monomer was 

separately added to 0.09 mmol PI-1 and PI-2 (37.5 and 35.0 mg respectively) 

taken in two different quartz test tubes followed by the addition of 1 mL water 

to each of them (Scheme 2). The reaction mixtures were purged with argon gas 

for 45 min. The quartz test tubes were then immediately sealed with a silicone 

rubber septum and the photopolymerization was performed inside the 

photoreactor under UV light irradiation (max = 310 nm) for 4h at room 

temperature. Finally, the reaction mixtures were precipitated in acetone, 

yielding P1 and P2. Number average molecular weights (Mns) and dispersities 

(Đs) of the crude freeze-dried polymers were measured by size exclusion 

chromatography (SEC) before further purification. The obtained polymers were 

redissolved in water and precipitated again in acetone. Further, the aqueous 

solutions of these polymers were purified by extensive dialysis against double 

distilled water for 2 days. The aqueous polymer solutions were then lyophilized 

to obtain pure white polymers and were dried in vacuum oven. The final 

polymers were well characterized by different techniques as described later. 

Yields (%) for P1 and P2 were found to be 81 and 79 respectively (Table 1). 

4.3.2.4  Synthesis of PNIPAM (P3) initiated by imidazolium IL-based PI (PI-3) 

The photopolymerization procedure for synthesis of P3 (Table 1, Scheme 2) was 

exactly similar to those used for the syntheses of P1 and P2. NIPAM (100 mg; 0.9 

mmol) and PI-3 (29.1 mg; 0.09 mmol) were taken in a quartz test tube followed 

by the addition of 1 mL water. The reaction and work up procedure were same 
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as mentioned above for P1 and P2. The final pure P3 was characterized by FTIR, 

1H -NMR, and MALDI-TOF-MS as described later. %Yield = 76. 

4.3.2.5 Synthesis of PDMAEMA (P4 and P5) initiated by phosphonium/ 

imidazolium IL-based PIs 

In a typical procedure (Table 1, Scheme 2), DMAEMA (141.5 mg; 0.9 mmol) was 

separately added to 0.09 mmol of PI-1 and PI-3 (37.5 and 29.1mg respectively) 

taken in two different quartz test tubes followed by the addition of 1 mL water 

to each of them. The reaction mixtures were purged with argon gas for 45 min. 

The polymerization and work up procedure followed were same as mentioned 

above which yielded polymers P4 and P5.  The final pure polymers were 

characterized by FTIR, 1H -NMR, and MALDI-TOF-MS as described later. Yield (%) 

for P4 and P5 were found to be 74 and 71 respectively. 

4.3.2.6 Synthesis of poly(triphenyl-4-vinylbenzylphosphonium chloride) 

(P[VBTP][Cl]) by CFRP  

The conventional free radical polymerization (CFRP) of triphenyl-4-

vinylbenzylphosphonium chloride ([VBTP][Cl]) monomer produced P[VBTP][Cl].  

Typically, [VBTP][Cl] (0.3 g; 0.8 mmol) and AIBN (3.89 mg; 0.024 mmol) were 

added to 16 mL of dry DMF taken in a 25 mL long-neck RB flask. Argon gas was 

purged through the reaction mixture for 45 min before the flask was sealed with 

a rubber septum. Finally, the sealed flask was placed in an oil bath preheated at 

70C for 6h under magnetic stirring. P[VBTP][Cl] was then immediately isolated 

from DMF solution by precipitation in diethyl ether. Finally, P[VBTP][Cl] was 

redissolved in DMF and reprecipitated in water followed by centrifugation to 

remove unreacted [VBTP][Cl]. The P[VBTP][Cl] was then dried in vacuum oven at 

60C for overnight. The final pure P[VBTP][Cl] polymer was characterized by 1H –

NMR as described later. Yield(%): 79 %. 
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Table 1: Photopolymerization of NIPAM and DMAEMA using different IL-/PIL-  

based PIs. 

Entry Monomer 

(concn.) 

Photoinitiator 

(concn.) 

Polymer Conversion
 

(%)
a 

Mn
b
 

(kDa) 

Đ
b
 

 

1 NIPAM 

(0.9 mM) 

[EtBzTP][Cl] (PI-1) 

(0.09 mM) 

EtBz-PNIPAM (P1) 81 45.7 1.48 

2 NIPAM 

(0.9 mM) 

[BzTP][Cl] (PI-2) 

(0.09 mM) 

Bz-PNIPAM (P2) 79 53.6 1.41 

 

3 NIPAM 

(0.9 mM) 

[EtBzImBu][Br] (PI-

3) 

(0.09 mM) 

EtBz-PNIPAM (P3) 76 49.7 1.40 

4 DMAEMA 

(0.9 mM) 

[EtBzTP][Cl] (PI-1) 

(0.09 mM) 

EtBz-PDMAEMA (P4) 74 91.6 2.2 

5 DMAEMA 

(0.9 mM) 

[EtBzImBu][Br] (PI-

3) 

(0.09 mM) 

EtBz-PDMAEMA 

(P5) 

71 163.3 1.54 

6 NIPAM 

(0.9 mM) 

P[VBTP][Cl] 

(2.5 wt %) 

P[VBTP][Cl]-g-

PNIPAM (P6) 

76
c
 327.6 1.73 

7 DMAEMA 

(0.9 mM) 

P[VBTP][Cl] 

(2.5 wt %) 

P[VBTP][Cl]-g-

PDMAEMA (P7) 

74
c
 269.3 1.64 

In each of these cases, a total of 1 mL of reaction mixture was taken  in a quartz 

tube and was irradiated for 240 min at 25C and using UV-lamp (max= 310 nm) 

with a light intensity of 13 mW cm−2.  
aMeasured by gravimetric analysis. 
bSEC traces were obtained from crude freeze-dried polymers.. 
c %Yield of grafted polymer 

 

4.3.2.7  Synthesis of P[VBTP][Cl]-g-PNIPAM(P6)/P[VBTP][Cl]-g-PDMAEMA(P7) 

copolymers  

The graft copolymers were also synthesized using the same technique but, the 

photopolymerizations were initiated from the pendant [VBTP][Cl] moiety of the 

as-synthesized P[VBTP][Cl] (Table 1, Scheme 3). A 25 mg of P[VBTP][Cl] was  

added separately to 0.9 mmol NIPAM (100 mg) and DMAEMA (141.5 mg) 

monomer (for P6 and P7 respectively) taken in two different quartz test tubes 

followed by the addition of 1 mL water to each of them and the reaction 
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mixtures were purged with argon gas for 45 min. The photopolymerization and 

purification procedure were exactly similar to those used for the preparation of 

polymers, P1-P5. % Yield: 76 and 74 for P6 and P7 respectively.  

 

Scheme 3. The synthesis of P[VBTP][Cl]-g-PNIPAM(P6)/P[VBTP][Cl]-g-PDMAEMA 

(P7) by photopolymerization. 

 

4.3.2.8  Synthesis of PNIPAMs (P1 and P2) and PDMAEMAs (P3 and P4) 

initiated by conventional radical PIs 

NIPAM and DMAEMA were also  polymerized using two commercially available 

conventional free radical PIs, α-ketoglutaric acid (AKG) and phenylglyoxylic acid 

(PGA) following  the same reaction condition, irradiation source and purification 

procedure as mentioned for the syntheses of P1-P6. The obtained polymers 

were designated as P1, P2, P3 and P4 respectively with % Yield of 77, 72, 79 

and 74. 
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Scheme 2. Photopolymerizations of NIPAM (a, b and c) and DMAEMA (d and e) 

using IL-based PIs in water upon UV irradiation (max = 310 nm). 

 

4.3.3 Characterization  

1H-NMR study. 1H-NMR spectra of IL-based PIs and polymers were acquired by 

using a Bruker DPX 500 MHz spectrometer. NMR spectra of all PIs and PNIPAMs 
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(P1-P3) were recorded in CDCl3 whereas all the PDMAEMA polymers (P4, P5) 

were recorded in D2O. The spectra of all types of P[VBTP][Cl] were recorded 

from CDCl3/CD3OD (10/1) solvent mixtures. 

ESI mass spectrometry. The ESI-MS spectra of the as-synthesized polymers were 

recorded by using a quadrupole time-of-flight (Q-TOF) Micro YA263 mass 

spectrometer. The samples were prepared at a concentration of 1 mg mL−1 in 

methanol. 

Fourier transform infrared (FTIR) spectroscopy. FTIR spectra of PIs and polymers 

were recorded using pellets, prepared by mixing the corresponding dried 

samples with dried KBr in 1:100 (w/w) ratios in a Perkin Elmer FTIR Spectrum-

400 spectrometer. 

Size exclusion chromatography (SEC). The number average molecular weight 

(Mn) and dispersity (Đ) were measured by SEC using a Waters 1515 isocratic 

HPLC pump connected to three Waters columns and a Waters 2414 RI detector 

at 35C. SEC analyses were performed on crude freeze-dried polymers obtained 

by photopolymerization. THF with 1wt% (w/v) TBAB as eluent and Styragel HR1 

(Mn = 100−5000), HR3 (Mn = 500−30 000), HR4 (Mn = 5000−600000) and HR5 (Mn 

= 50000-4000000) columns were used for P1-P3, P′1 and P2. Whereas for 

P[VBTP][Cl] and P6, DMF with 50mM LiBr was passed through styragel HR1 (Mn 

= 100−5000), HR3 (Mn = 500−30 000), and HR4 (Mn = 5000−600000) columns as 

eluent at a flow rate of 1 mL/min at 45C. A conventional calibration curve was 

constructed with narrow PMMA standards with molecular weights (Mp) between 

2.58 and 1120 kDa. On the other hand, the Mns and dispersities (Đs) of P4, P5, 

P7, P′3 and P4 were obtained using water as the eluent containing 0.30 M 

Na2SO4 and 0.1wt. % of NaN3 at pH 7 with at a flow rate of 1.0 mL min-1 and at 30 

C. Styragel HR1 (Mn = 100−5000), HR3 (Mn = 500−30 000), and HR4 (Mn = 
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5000−600000) columns were used in this case. Narrow PEG standards with 

molecular weights (Mp) between 1.5 and 915 kDa were used for this calibration. 

Matrix-assisted laser desorption/ionization TOF mass spectrometry. MALDI-

TOF-MS spectra of all the polymers were acquired in a Brucker instrument. The 

sample was irradiated using 337 nm N2 laser with an operating voltage of 25 kV. 

Trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) 

(20 mg/mL in MeOH) was used as the matrix for P1, P2 and P3, whereas 2,5-

dihydroxybenzoic acid (DHB) (20 mg/mL in MeOH)  was used as the matrix for 

P4. The concentration of polymer was taken as 1 mg/mL in methanol. For 

measurement, final sample was prepared by mixing 10 µL of polymer solution 

and 10 µL of matrix solution. Typically, 1 µL of the solution mixture was spotted 

on the sample’s plate and allowed to dry to improve the crystallization. The 

corresponding spectra of samples were acquired by summing the data obtained 

over 200 laser shots in linear mode. 

Turbidity measurement. The turbidity of aqueous solutions of the graft 

copolymers were measured using a Hewlett Packard 8453 diode array UV-vis 

spectrophotometer (Agilent Technologies) equipped with a Peltier temperature 

controller. The cloud point (Tcp) of the solution was determined by studying the 

solution %transmission (T) at 500 nm. Tcp of the copolymer was considered as 

temperature at which %T = 50. 

Dynamic light scattering (DLS). Zetasizer NANO ZS 90, Malvern (Model ZEN 

3690, Version 7.03) was used to measure the hydrodynamic diameter (Dh) by 

DLS. The aqueous graft copolymer solutions were filtered through a membrane 

of 0.22μ pore size prior to the DLS experiment. The change of Dh of the 

copolymer aggregates was then monitored with temperature at a rate of 4°C 

min−1 followed by an equilibration for 2 min at each temperature. 
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Photoreactor. The photopolymerization was performed in the Luzchem-ICH2 

(Canada) photoreactor using a set of UV lamps (max = 310 nm) with a light 

intensity of 13 mW cm−2. The light intensity reading was obtained using a Digital 

Lux Meter (SMART SENSOR, AR823) 

EPR spectroscopy. X-band EPR spectra of the reaction mixture was collected 

from a JEOL JES-FA 200 instrument. 

4.4 RESULTS AND DISCUSSION 

Interestingly, we have observed self-initiated photopolymerization, when a 

quartz tube containing an aqueous [VBTP][Cl]37 ILM solution (250 mg/mL) was 

placed in a photoreactor equipped with a set of UV lamps (λmax = 310 nm) and 

was irradiated for 4h at 25C (Scheme 4). The obtained gel-like polymeric  

 

Scheme 4. Plausible reaction mechanism for the self-initiated photopolymerization 

of [VBTP][Cl]  monomer under UV irradiation (max=310 nm)  in aqueous medium to 

form a hyperbranched polymer. 

 

material was collected by freeze drying with a yield of about 77%. The gel-like 

nature of this polymer, P[VBTP][Cl]self-initiated can be ascribed to its 

hyperbranched morphology, which is nothing but the consequence of generation 

of free radical at the benzylic position of [VBTP][Cl] monomer under UV 
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irradiation followed by its free radical self-condensing vinyl polymerization from 

all possible directions. In this case, [VBTP][Cl] played the dual role of a monomer 

as well as an initiator under UV irradiation (λmax = 310 nm) in aqueous medium. 

The 1H-NMR spectrum of  P[VBTP][Cl]self-initiated (Figure 4) did not show any signal 

corresponding to the vinyl protons of [VBTP][Cl] monomer in between  5.0-6.5 

ppm 37, instead broad signals at δ 0.85-1.07 ppm due to the backbone methylene 

and methine protons were clearly visible indicating the successful self-initiating 

photopolymerization of the ILM, [VBTP][Cl]. Mn and Đ of the P[VBTP][Cl]self-initiated  

 

Figure 4.   1H-NMR spectrum of P[VBTP][Cl]self-initiated  in CDCl3/CD3OD (10 : 1) solvent 

mixture. 

obtained from SEC chromatogram (Figure 5) were found to be 134.5 kDa and 1.66 

respectively. However, in organic solvents such as methanol, chloroform, 

dichloromethane etc., there were no such self-initiated polymerization of 

[VBTP][Cl] upon irradiation with UV-light (λmax = 310 nm). To explore the 

mechanism of this self-initiated photopolymerization, the end group analysis of  
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Figure 5.   GPC trace of P[VBTP][Cl]self-initiated. Eluent = DMF with 50 mM LiBr; column 

temperature = 45 °C. 

the P[VBTP][Cl]self-initiated was done by MALDI-TOF-MS, but no conclusion could 

be made from the spectrum. Thus, to elucidate the mechanism of this 

photopolymerization in detail, we have synthesized another IL, 4-

ethylbenzyltriphenylphosphonium chloride (PI-1) (Scheme 1a) whose chemical 

structure is similar to that of [VBTP][Cl] (Scheme 4), but, without any 

polymerizable vinyl group and this led us to wonder whether PI-1 might reveal a 

similar reactivity behaviour upon UV-irradiation. However, the control 

experiment of UV-irradiation of 10 wt.% aqueous solution of PI-1 did not 

proceed with such type of self-initiated polymerization as the PI-1 has no vinyl 

group. However, PI-1 was capable to initiate the photopolymerization of NIPAM 

in water upon irradiation with UV light (Table 1, Scheme 2), the details of which 

will be discussed later in this section. For detailed study, a series of other IL-

based PIs such as benzyltriphenylphosphonium chloride (PI-2) (Scheme 1a) and 

4-ethylbenzylimidazolium butyl bromide (PI-3) (Scheme 1b) were synthesized 

following the general procedure given in the experimental section. ESI-MS 

spectra (Figures 1-3) of all three PIs showed signals corresponding to their 

molecular ions whose mass exactly matched with their theoretical mass, 
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indicating their successful syntheses. The characteristic 1H-NMR signals for 

phenyl ring protons, benzylic -CH2 protons next to the phosphonium cation and 

three phenyl ring protons belonging to triphenyl phosphonium cation appeared 

at δ 6.94, δ 5.34, δ 7.5–7.8 ppm and δ 7.06, δ 5.34, δ 7.5–7.8 ppm for PI-1 and 

PI-2 respectively (Figures 6a-6b). For PI-1, an additional signal appeared at δ 1.0-

2.6 ppm for alkyl protons. Whereas for PI-3, the appearance of signals of 

imidazole ring protons at about δ 10.6, 7.4 and 7.3 ppm, phenyl ring protons (δ 

7.17-7.27 ppm), benzylic-CH2 protons (δ 5.53 ppm) or alkyl protons (δ 4.3-0.8 

ppm) confirmed its successful synthesis (Figure 6c). FTIR spectra (Figures 7a-7b) 

of both PI-1 and PI-2 also confirmed their successful syntheses showing 

characteristic bands at 1434 cm−1 (for deformation of P–CH2–Ph) and 1109 cm−1 

(for P–Ph stretching). Whereas the spectrum for PI-3 (Figure 7c) showed 

characteristic bands at 1453 cm-1 (N-CH2- deformation), 1500-1620 cm-1 

(imidazolium ring stretch), 2800-3000 cm-1 (aliphatic C-H stretching) and 3127 

cm-1(C=N deformation of imidazole ring).  

The polymerization of NIPAM was achieved by PIs, PI-1, PI-2 and PI-3 in aqueous 

medium upon UV light irradiation (Scheme 2 and Table 1). The aqueous solution 

of NIPAM initiated by PI-1 yielded EtBz-PNIPAM (P1) with high conversion (81%) 

(Table 1, entry 1). The FTIR spectrum of NIPAM (Figure 8a) showed a sharp peak 

at 1622 cm-1 and few peaks in the range of 800-1000 cm-1 due to >C=C< 

stretching, which were absent in the spectrum of P1 (Figure 8b) confirming its 

complete polymerization. The spectrum of P1 also showed other peaks of 

PNIPAM including the characteristic peak of >C=O at 1643 cm-1. Figure 9a 

showed  
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Figure 6. 1H-NMR spectra of (a) PI-1, (b) PI-2 and (c) PI-3 in CDCl3 (
*signal at δ 

7.26 ppm corresponds to CHCl3 present). 

 

 

 

 

 

 

 

 

 

Figure 7.  FTIR spectra of (a) PI-1, (b) PI-2 and (c) PI-3. 

 

that the vinyl protons signals of NIPAM at  5.58, 6.06, and 6.22 ppm completely 

disappeared after its photopolymerization and new broad signals of alkyl -CH 
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and -CH2 of the PNIPAM main chain were appeared at  1.62 and 2.7 ppm 

respectively (Figure 9b). In addition, the 1H-NMR spectrum of the P1 (Figure 9b) 

also displayed the signature of the phenyl ring protons of the corresponding 4-

ethylbenzyl moiety as two sharp peaks visible in the range of  7.0-7.2 ppm in 

magnified view, which further confirmed the attachment of the 4-ethylbenzyl 

moiety with PNIPAM chain.  

 

Figure 8. FTIR spectra of (a) NIPAM monomer and (b) P1. 
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Figure 9. 1H-NMR spectrum of a) NIPAM monomer and b) EtBz-PNIPAM (P1) 

(entry 1, Table 1) in CDCl3. 

 

The other IL-based PIs (PI-2 and PI-3) (Scheme 2 and Table 1) were also 

used to photopolymerize NIPAM to produce PNIPAMs, designated as P2 and P3 

with high conversions of 79 and 76% respectively in water under similar reaction 

conditions. 1H-NMR and FTIR spectra of P2 and P3 also confirmed the complete 

conversion of monomeric NIPAM to PNIPAM (Figures 10-11). The SEC analyses 

showed Mns of 45.7, 53.6, and 49.7 kDa with Đs of 1.48, 1.41 and 1.40 for P1, P2 

and P3 respectively (Figure 12). It should be noted that the broad molecular weight 

distribution (MWDs)(Đs) of the as-synthesized crude polymers P1, P2 and P3 give us 

an initial indication that this photopolymerization followed a free-radical pathway, 

where it is difficult to control the rate of chain propagation during the 
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polymerization, ultimately leading to an uncontrolled polymer chain length with 

broad MWDs. To check further, the kinetics of this photopolymerization was 

studied, which will be discussed later in this section. 

 

Figure 10. 1H-NMR spectra of (a) P2 and (b) P3 polymer in CDCl3.  (*solvent peaks). 

 

Figure 11. FTIR spectra of P2 and P3 polymer. 
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Figure 12.  SEC traces of P1, P2 and P3. Column temperature = 45 C. THF with 

1wt.% (w/v) TBAB as eluent and Styragel HR1 (Mn = 100−5000), HR3 (Mn = 

500−30 000), HR4 (Mn = 5000−600000) and HR5 (50000-4000000) columns were 

used for P1-P3. 

To check the versatility of these PIs, 2-(dimethylamino)ethyl methacrylate 

(DMAEMA) monomer was also subjected to photopolymerization using PI-1 and 

PI-3 (Scheme 2d, 2e and Table 1, entries 4-5). The obtained P4 and P5 did not 

show any vibration bands at around 1639 cm−1 for -C=C- bond in DMAEMA 

indicating its complete conversion to PDMAEMA (Figure 13). Further, FTIR 

spectra of P4 and P5 showed the characteristic band of the carboxylic (>C=O) 

group at 1728 cm-1 along with other bands. The absence of 1H-NMR  signal of 

vinylic protons of DMAEMA monomer in between  5.5- 6.5 ppm and the 

appearance of  broad signal in between  0.7- 1.2 ppm for the backbone 

methylene protons in the 1H-NMR spectra of P4 and P5 (Figure 14) clearly 

indicated the successful photopolymerization of DMAEMA.42 SEC revealed Mns of 

91.6 and 163.3 kDa with Đs of 2.2 and 1.54 respectively for P4 and P5 (Figure 

15).  
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Figure 13. FTIR spectra of P4 and P5 polymer. 

 

Figure 14. 1H-NMR spectra of P4 and P5 polymer in D2O (*solvent peaks). 
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Figure 15.  SEC traces of P4 and P5 polymer. Eluent: H2O with 0.30 M Na2SO4 and 

0.1% (w/v) NaN3 at pH 7 at a flow rate of 1.0 mL min-1 and at 30 C; column 

temperature = 30 °C.  Styragel HR1 (Mn = 100−5000), HR3 (Mn = 500−30 000), 

and HR4 (Mn = 5000−600000) columns were used in this case. 

 

To check the dependence of monomer conversion, Mn and Đs with irradiation 

time, the kinetics of NIPAM polymerization was investigated using PI-1 (Table 2) 

for different time intervals at ambient temperature. The SEC traces of PNIPAMs 

obtained at different time intervals are given in Figure 16 which clearly indicates 

that the retention time (RT) values of the chromatograms can hardly be correlated with 

the irradiation times. We have further plotted Mns and Đs as a function of 

irradiation time (Figure 17). Figure 17A represented the %conversion versus 

irradiation time for NIPAM polymerization using PI-1. We observed that 

%conversion initially increased with irradiation time and then it became 

constant, which is usually observed for CFRP. On the other hand, Figure 17B 

clearly revealed that Mns of PNIPAMs changed randomly with irradiation time, 

whereas their Đs were ranging from 1.44-1.67. Observing such irregular increase 

of Mns with broad Đs of obtained polymers at different time intervals, it can only 
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be concluded that Mns and Đs of the formed polymers did not depend on the 

irradiation time, which actually eliminates the possibility of any controlled/living 

nature of this photopolymerization.43 From the above-mentioned results and 

discussion, it is understood that a free radical mechanism is most probably 

responsible for this IL-initiated photopolymerization (Scheme 5). 

 

 

 

 

 

 

 

 

 

 

Figure 16. SEC traces of PNIPAMs obtained by photopolymerization of NIPAM 

using PI-1 as initiator at different irradiation times. (Condition: [NIPAM]: [PI-1] 

=100:10; temperature= 25C; and solvent = water). 
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Table 2. Kinetics of photopolymerization of NIPAM using PI-1 under UV 

irradiation 

 

 

 

Figure 17. (A) Plot of monomer conversion (%) versus UV light irradiation time 

and (B) variations of Mn and Đ of P1 with irradiation time. 

(Conditions:[NIPAM]:[PI-1] =100:10; Temperature = 25C and Solvent = water). 
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To provide support to the proposed mechanism, radical trapping experiment was 

carried out by adding 0.009 mmol of radical scavenger 2,2,6,6-tetramethyl-1-

piperidinyloxyl (TEMPO) into a set of reaction (entry 1, Table 1) (Figure 18A). A 

noticeable decrease of Mn of P1 from 45.7 (without TEMPO) to 24.8 kDa (with 

TEMPO) was observed (Figure 18B), which indicated the radical pathway. This is 

obvious, because the free radicals generated in situ from the PI-1 during the 

course of the polymerization are quenched partially by the TEMPO radical 

leading to lowering of molecular weight of the formed polymer. Therefore, in the 

presence of these IL-based PIs, the photopolymerization are actually initiated by 

either 4-ethylbenzyl or benzyl radical generated by the UV irradiation, which are 

not supposed to be very stable in aqueous medium. To provide further support 

in favour of this radical mechanism, an analogous radical-trapping experiment 

(Figure 18A) was performed where 0.265 mmol of PI-1 and 0.398 mmol of 

TEMPO were added to 2 mL of water and subjected to UV irradiation (λmax = 310 

nm) under the optimized reaction conditions in the absence of any monomer. A 

mixture of (4-ethylbenzyl)-TEMPO adduct and triphenylphosphine oxide (TPPO) 

(designated as BP-1 in Scheme 5) were separated from the aqueous mixture 

after 4h of UV irradiation. The reaction mixture was first diluted with EtOAc (10 

mL) and H2O (10 mL) and then extracted with EtOAc (10 mL x 2). The combined 

organic phase was repeatedly washed with H2O (4 x 30 mL), dried over 

anhydrous MgSO4, and concentrated in vacuum. The presence of both (4-

ethylbenzyl)-TEMPO adduct and triphenylphosphine oxide (TPPO) were 

confirmed from HRMS analysis (Figure 19). Furthermore, the dried ethyl acetate 

extract was examined by 31P-NMR using H3PO4 as a standard and the signal at   

25.9 ppm clearly indicated the formation of TPPO (Ph3P=O) (Figure 20).44 

Therefore, as proposed, upon UV radiation, PI-1 generates 4-ethylbenzyl radical 

through the direct homolytic cleavage of C−P bond followed by instantaneous 
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capture by TEMPO radical along with the generation of triphenylphosphonium 

radical cation (Ph3P•+), which eventually transformed into TPPO as shown in 

Scheme 5, indicating the involvement of a radical sequence in this 

transformation.  

 

 

Figure 18. (A) Radical trap reaction of PI-1 with TEMPO; (B) SEC traces for 

PNIPAMs (Table 1, entry 1), synthesized in the absence (red) and in the presence 

(blue) of TEMPO (1 equiv.) under UV irradiation for 4h; (C) EPR spectra of TEMPO 

(0.04 mol/mL) radicals in water (blue line) and a mixture of TEMPO (0.04 

mol/mL) radicals with PI-1 (0.06 mol/mL) in water (red line). 
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Figure 19. HRMS (ESI+) data of 4-ethylbenzyl-TEMPO adduct and TPPO obtained 
by radical trap reaction between PI-1 and TEMPO. 
HRMS (ESI+) m/z calculated for C18H29NO (M+H)+ :276.228, found :276.2325. 
HRMS (ESI+) m/z calculated for C18H15OP (M+H)+ :279.098, found :279.0998. 
 

 

 

 

 

 

 

 

 

 

Figure 20. 31P-NMR spectrum (DMSO-d6) of the triphenylphosphine oxide 
generated after the reaction of PI-1 with TEMPO in aqueous medium under UV-

irradiation (max=310nm). The peak was referenced to 88% H3PO4 (indicated as 
“S”). 
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A similar radical trapping experiment was also performed using a mixture 

of 0.265 mmol of PI-3 and 0.398 mmol of TEMPO in 2 mL of water and was 

irradiated with UV light (λmax = 310 nm) for 4h in the absence of any monomer 

(Figure 21).The (4-ethylbenzyl)-TEMPO adduct and 1-butylimidazolium bromide  

 

 

Figure 21. Radical trap reaction between PI-3 and TEMPO. 

 

(designated as BP-2 in Scheme 5) were isolated from the EtOAc and the aqueous 

extract respectively of the reaction mixture and their presence were confirmed 

by HRMS analysis (Figure 22). Furthermore, it is known that the photoinduced 

radical polymerization itself is very sensitive to oxygen inhibition, which makes it 

difficult to detect the radical by electron paramagnetic resonance (EPR) 

spectroscopy. We have also performed a parallel spin trapping experiment  

using EPR spectroscopy for further evidence.45 EPR spectra of TEMPO (0.04 

mol/mL) radicals in water (blue line in Figure 18 C) and a mixture of TEMPO (40 

mmol/mL) radicals with PI-1 (60 mmol/mL) in water (red line in Figure 3C) after 

15 min of irradiation clearly showed the decrease in signal intensity by almost 

60%, which indicated that some portion of TEMPO radials were quenched by the 

4-ethylbenzyl free radicals generated from PI-1 in situ, resulting in the decrease 

of its EPR signal intensity. This observation strongly supports the free radical 

pathway as shown in Scheme 5. 

https://www.sciencedirect.com/topics/chemistry/epr-spectroscopy
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Scheme 5. Proposed mechanism for photoinduced free radical polymerization of 

NIPAM using phosphonium (PI-1, PI-2) and imidazolium (PI-3) IL-based PIs. 
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Figure 22. HRMS (ESI+) data of A) 4-ethylbenzyl-TEMPO adduct and B)1-

Butylimidazolium bromide obtained by radical trap reaction between PI-3 and 

TEMPO. 

HRMS (ESI+) m/z calculated for C18H29NO (M+H)+:276.228, found: 276.2328. 
HRMS (ESI+) m/z calculated for C7H13N2

+
 (M

+):125.11, found: 125.048 
 

One may raise an issue that the benzyl/4-ethylbenzyl radicals (Scheme 5) 

may undergo electron transfer with the radical cations formed therein to form 

benzyl/4-ethylbenzyl cations, which eventually can combine with chloride ion 
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present in the medium to finally generate benzyl chloride/4-ethylbenzyl chloride. 

To check this, we have performed a control experiment, where a 10 wt.% 

aqueous solution of PI-2 was subjected to UV irradiation (λmax = 310 nm) for 4 h 

in the absence of any monomer. The crude reaction mixture was freeze-dried 

and subjected to HRMS analysis. The spectra (Figure 23) did not show any peak 

corresponding to the molecular ion of benzyl chloride, which eventually 

eliminates the possibility of its formation due to electron transfer. 

 

Figure 23.  HRMS (ESI+) data of the crude freeze-dried reaction mixture obtained 

by irradiating (max=310nm) PI-2 in aqueous medium for 4h in absence of any 

monomer. 

The proposed mechanism was finally confirmed via end-group analysis by 

MALDI-TOF-MS experiment. As shown in Scheme 2, it is expected that the 4-

ethylbenzyl group would be present at the one end and H atom at the terminal end 

of PNIPAM chain. The enlarged middle portion of MALDI-TOF-MS spectrum of the 

P1 (Figure 24) clearly revealed a series of equidistant (113.3) molecular ion peaks 
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at m/z of 5257.62, 5370.9, 5484.19, and 5597.48. This value can be correlated to 

the molecular weight of NIPAM repeating unit of PNIPAM (P1). The experimental  

 

 

Figure 24. MALDI-TOF-MS spectrum of P1 with 4-ethylbenzyl end group (entry 1 

in Table 1). 

 

peak at m/z = 5484.19 of P1 can be correlated with EtBz-PNIPAM containing 47 

units of NIPAM, one unit of 4-EtBz group, one hydrogen atom and one K+ ion. 

Thus, the Mn (calculated) = (119.08 + 113.29×47 +1.01+39.1) almost exactly 

matched with the m/z peak value of 5484.19. These results confirmed the 

presence of 4-ethylbenzyl group at the one end and ‘H’ atom as terminal end of 

PNIPAM. Accordingly, the other highlighted peaks, 5257.62, 5370.9 and 5597.48, 

can also be correlated with PNIPAMs of 45, 46 and 48 NIPAM units respectively. 

The analyses of MALDI-TOF-MS spectra of P2 (Figure 25a) and P3 (Figure 25b) 

also revealed the incorporation of benzyl and 4-ethylbenzyl groups respectively 

at the ends of the corresponding polymers. The analysis of MALDI-TOF-MS 
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spectrum of P4 also showed a series of peaks separated by 156.5 Da which is 

almost equal to the molar mass of DMAEMA repeating unit (Figure 26). The 

enlarged middle portion of the spectrum showed two sharp molecular ion peaks 

at m/z of 2036.57 [=MEtBz (119.08)+MDMAEMA (156.5)×12+MH (1.01) +MK (39.1)]  

and  2193.07 [=MEtBz (119.08)+MDMAEMA (156.5)×13+MH (1.01) +MK (39.1)] 

corresponding to 4-ethylbenzyl moiety at the one end along with 12 and 13 units 

of DMAEMA respectively (Figure 26). Thus, the analysis of spectral data 

confirmed the attachment of 4-ethylbenzyl unit at the end of every growing 

PDMAEMA chain. MALDI analyses results of P1, P2, P3 and P4 clearly indicated 

the attachment of either 4-ethylbenzyl or benzyl group at the end of their chains 

confirming our proposed mechanism as shown in Scheme 4. In addition to this, 

1H-NMR spectra of P1 and P3 (Figure 1 and Figure 10b respectively) revealed the 

presence of aromatic benzene moiety. These results provided evidence of the 

incorporation of aromatic moiety at the polymer chain end and hereby support 

the proposed mechanism in Scheme 5.  

There are some distinct advantages of these IL-based PIs compared to other 

commercially available PIs for aqueous or organic photopolymerization. As 

mentioned above, one of the basic requirements of photoinitiating systems for 

making speciality polymers in industrial applications is their partial or total 

solubility in water.11 In fact, scientists have made serious efforts to improve PIs’ 
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Figure 25. MALDI-TOF–MS spectrum of PNIPAM) with (a) benzyl end group (P2) 

(entry 2 in Table 1) and (b) 4-ethylbenzyl end group (P3) (entry 3 in Table 1). 
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Figure 26.  MALDI-TOF–MS spectrum of PDMAEMA with ethylbenzyl end group 

(P4). 

 

water solubility for aqueous free radical photopolymerization.18, 22, 46 In this 

context, ionic liquids, some special organic salts with unique physicochemical 

properties and high thermal stabilities are the interesting choice to use them as 

photoinitiating systems because of their higher solubility in water.47-48 

Thus, we have checked the water solubility of these IL-based PIs by 

gravimetry49 at ambient temperature and atmospheric pressure and compared 

them with those of other reported aqueous PIs (Table 3). The data clearly 

showed the higher water solubility of our IL-based PIs. Furthermore, the efforts 

have also been made to develop PIs that can be used for the 

photopolymerization of monomers by irradiating with lights of wide range of 

wavelengths.14, 50 To check, the concentration dependent UV-vis spectra were 

recorded (Figure 27), which showed maximum absorbance peak (max) at around 

268 nm for PI-1 and PI-2 and 261nm for PI-3. But, the spectra also showed a 
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hump at around 310 nm when the concentration PIs were 0.05 M or more. Thus, 

their molar extinction coefficients () are high enough to get initiated even upon 

exposure to relatively higher wavelength of UV-light source (310 nm with an 

intensity of 13 mW/cm2). The molar extinction coefficients of all the PIs were 

determined from the slopes of the absorbance (at max) vs. concentration plots 

as shown in Figure 28.  

 

Figure 27. UV-vis absorption spectra of A) PI-1 (210-4-9010-3 M); B) PI-2 (210-

4-9010-3 M) and C) PI-3 (710-4-9010-3 M) in aqueous solution. 
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A B 

C 

 

Figure 28.Calibration curves (concentrations vs absorbance measured at their 

maxs with the linear best-fit line) for the IL-based photoinitiators A) PI-1, B)PI-2 

and C)PI-3 in aqueous solution. 

 

It should be noted that the use of UV source of lower wavelength ( = 

250 nm) produced polymers, but the solution became yellow, which has also 

been noticed elsewhere for the use of shorter-wavelength UV irradiation.51-52 

Thus, in this case, a concentration of 0.09 M of PIs (PI-1-PI-3) and a 310 nm UV-

source were used for successful polymerization of NIPAM and DMAEMA to 

obtain their high molecular weights with high % conversion without any 

yellowing of the solution.   
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Table 3. Comparison of spectroscopic properties and solubility of reported 

aqueous PIs along with the IL-based PIs used in this manuscript. 

aCalculated from the calibration curves presented in  Figure 28. 

bDetermined by gravimetry. 

 

To further compare the efficiency of these IL-based PIs, we have 

polymerized NIPAM and DMAEMA using two commercially available 

conventional free radical photoinitiators, α-ketoglutaric acid (AKG)53 and 

phenylglyoxylic acid (PGA)54-55 keeping the same reaction conditions and 

irradiation source.The results have been provided in Table 4. Mns of PNIPAMs, 

obtained by initiating with AKG and PGA (designated as P1 and P2 respectively) 

were 11.3 (Đ = 1.5) and 10.7 kDa (Đ = 1.4) respectively whereas PDMAEMAs 

initiated with AKG and PGA (P3 and P4 respectively) gave Mns of 9.5 (Đ = 1.45) 

and 36.5 kDa (Đ = 2.91) respectively (Table 4, Figure 29). Table 3 clearly showed 

that Mns of both PNIPAM and PDMAEMA initiated by either AKG or PGA were 

very low compared to those of same polymers obtained by our IL-based PIs in 

PI Spectroscopic properties Water 
solubility 
(g.dm-3) 

Reference 

max /source of 
irradiation 

(nm) 

@max-ab 
(dm3.mol-1.cm-1) 

Irgacure 2959 276/365 -- <20 14 

LAP 380/(320-395) 191 47 14 

TPO-Na 380 250 29 14 

BAPO-OLi 383/(320-420) 197 54 14 

BAPO-ONa 383 256 60 14 

PI-1 268,275/310 4399a 88b This work 

PI-2 268,275/310 3841a 125b This work 

PI-3 261,289/310 311a >120b This work 
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aqueous medium. Thus, the IL-based PIs showed better performance in 

obtaining polymers of high molecular weights with respect to other commonly 

used water-soluble PIs. 

 

Table 4. Comparison between % conversion, Mns and Đs of PNIPAMs and 

PDMAEMAs initiated by commercially available aqueous photoinitiators AKG and 

PGA along with the present IL-based PIs. 

Entry Monomer 

 

Photoinitiator 

 

Polymer Conversion 

(%)a 

Mn
b 

(kDa) 

Đb 

 

1 NIPAM PI-1 P1 81 45.7 1.48 

2 NIPAM PI-2 P2 79 53.6 1.41 

3 NIPAM PI-3 P3 76 49.7 1.40 

4 NIPAM AKG P1 77 11.3 1.51 

5 NIPAM PGA P2 72 10.8 1.41 

6 DMAEMA PI-1 P4 74 91.6 2.2 

7 DMAEMA PI-3 P5 71 163.3 1.54 

8 DMAEMA AKG P3 79 9.5 1.45 

9 DMAEMA PGA P4 74 36.5 2.91 

Conditions:   [Monomer]:[PI] =100 : 10; Total volume = 1 mL; Irradiation time = 

4h and Temperature =  25C. 

 aDetermined by gravimetry. 
 bSEC traces of all freeze-dried crude polymers are shown in Figure 29. 

 

To check the efficiency and applicability of this technique, the grafting of 

PNIPAM/PDMAEMA chains on preformed P[VBTP][Cl] backbone through the 

‘grafting from’ process was carried out following the same photopolymerization 

procedure (entries 5-6 in Table 1). First, P[VBTP][Cl] (Mn =18.64 kDa) 

homopolymer was synthesized by CFRP technique. A 2.5 wt.% of aqueous  
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Figure 29. SEC traces of A) PNIPAM photoinitiated by α-Ketoglutaric acid (blue 

line) and phenylglyoxylic acid (red line). B) PDMAEMA photoinitiated by α-

ketoglutaric acid (blue line) and phenylglyoxylic acid (red line).  

 

P[VBTP][Cl] solution was mixed separately with 10 wt.% of either NIPAM or 

DMAEMA monomer and were subjected to UV irradiation. As expected, the 

PNIPAM or PDMAEMA chain was grown from the hanging benzylic end of the 

P[VBTP][Cl] (Scheme 3). The 1H-NMR spectrum of P[VBTP][Cl]-g-PNIPAM (P6) 

(Figure 30) revealed the characteristic signals of P[VBTP][Cl] at  (0.9-1.31), 5.22, 

5.99, 6.75 and 7.58 ppm corresponding to ‘(a, b)’, ‘f’, ‘e’, ‘d’ and ‘g’ protons 

respectively.37  In addition to these signals for ungrafted P[VBTP][Cl], signals at  

1.48 and 3.88 ppm corresponding to the ‘i’ and ‘k’ protons respectively of NIPAM 

repeating unit were observed confirming the presence of grafted PNIPAM chains 

from the P[VBTP][Cl] backbone in P6. From the FTIR spectrum of P6 copolymer 

(Figure 31), ungrafted  P[VBTP][Cl] segment was identified from the 

characteristic bands at 1509 and 1483 cm−1, corresponding to -C=C- stretching 

vibrations in the phenyl group, 1438 cm−1 for P-CH2 deformation, 1110 cm−1 for 

P-Ph stretching  



Ionic liquid and poly(ionic liquid) based photoinitiators 

IACS                                                   318                                                  JU 

 

 

Figure 30. 1H NMR spectra of a) P[VBTP][Cl] and b) P[VBTP][Cl]-g-PNIPAM (P6) in 

CDCl3/CD3OD(10/1) mixture (*Solvent peaks). 

 

and 690 cm−1 for the typical benzene ring out of plane bending.37 Whereas 

PNIPAM chains grafted from P[VBTP][Cl] backbone were characterized by a 

broad band at around 1643 cm-1 (amide I band, >C=O stretching vibration mode 

conjugated with –N–H groups on PNIPAM chains) and a band appearing at 1543 

cm-1 (amide II band, N–H bending vibration).56 Similarly, the grafting of 

PDMAEMA onto P[VBTP][Cl] backbone was carried out using the same 

photopolymerization of DMAEMA monomer and using above mentioned feed 

ratio (Table 1, Scheme 3). The 1H-NMR spectrum of P[VBTP][Cl]-g-PDMAEMA 

(P7) (Figure 32) showed signals at  0.98, 6.46 and (7.1-7.8) ppm corresponding 

to the presence of ungrafted P[VBTP][Cl] unit37, whereas the signals at  1.97, 

2.94, 3.53 



Ionic liquid and poly(ionic liquid) based photoinitiators 

IACS                                                   319                                                  JU 

 

Figure 31. FTIR spectra of P[VBTP][Cl] (blue line)  and P[VBTP][Cl]-g-PNIPAM (P6) 

(red line). 

 

and 4.34 ppm correspond to the ‘i’, ‘l’, and ‘k’ protons respectively of DMAEMA 

repeating unit which further confirmed the presence of PDMAEMA that grafted 

from the P[VBTP][Cl] backbone in P7. The FTIR spectrum of P7 (Figure 33) 

showed a sharp absorption band at 1726 cm−1 corresponding to the carbonyl 

stretching (>C=O), which was initially absent in neat P[VBTP][Cl], which provided 

evidence for grafting of PDMAEMA onto the P[VBTP][Cl] backbone.  

The SEC chromatogram (Figure 34A) clearly showed that the P[VBTP][Cl] 

having a low molecular weight elutes with a peak elution volume of about 22.2 

mL (blue line), while the high-molecular-weight P[VBTP][Cl]-g-PNIPAM (P6) 

chains elute with much lower elution volume of about 15.7 mL (red line). Thus, it 

was a complete lateral shift in the chromatograms of P[VBTP][Cl] and P6 

copolymer with Mns of 18.6 and 327.6 kDa respectively. The increase in Mn of 

the graft copolymer compared to that of homopolymer clearly suggested the  
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Figure 32. 1H-NMR spectrum of P[VBTP][Cl]-g-PDMAEMA (P7) in D2O (*Solvent 

peaks). 

Figure 33. FTIR spectra of P[VBTP][Cl] (black line) and P[VBTP][Cl]-g-PDMAEMA 

(P7) (red line). 
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grafting of PNIPAM chain onto the P[VBTP][Cl] backbone upon irradiation with 

UV light. The grafting polymerization of NIPAM was initiated from the pendant 

benzylic radical of P[VBTP][Cl] chain under UV irradiation.  The SEC 

chromatogram (Figure 34B, purple line) showed that Mn for P7 was 269.3 kDa 

with a Đ of 1.64. The molecular weight of P[VBTP][Cl]-g-PDMAEMA (P7) was 

much higher than that of neat P[VBTP][Cl] (Figure 34A, blue line), which proved 

that P[VBTP][Cl] with hanging benzylic triphenyl phosphonium chloride moiety 

initiated the photopolymerization of DMAEMA, which resulted in formation of 

graft copolymer P7.  

Further, as we know PNIPAM is a thermoresponsive polymer showing a lower 

critical solution temperature (LCST) phenomenon at around 32°C in aqueous 

solution.57-60 Thus, we were interested to investigate the thermoresponsive 

behavior of P6 graft copolymer in water by turbidimetry. As expected, the 0.5 

wt.% aqueous P6 solution showed an abrupt decrease of its %transmittance 

from 100 to almost 0 with increasing temperature (Figure 34C) due to the 

formation of insoluble macroscopic globules of P[VBTP][Cl]-g-PNIPAM. The cloud 

point (Tc) was measured to be 33.2°C. Upon heating, the phase separation of 

hanging PNIPAM chains occur resulting in a separation of whole graft copolymer 

from the aqueous solution due to the formation of insoluble globular copolymer 

aggregates above the cloud point.  

PDMAEMA is also a LCST polymer and its Tc usually varied from 14 to 50 C in 

water depending upon the pH of the medium.61-63 Thus, we also examined the 

thermoresponsive behaviour of P7 in water at pH 8.5 (Figure 34C). As PDMAEMA 

is a weak cationic polyelectrolyte, the aqueous solution of the P7 is supposed to 

be in almost uncharged state at a pH of 8.5.  At pH 8.5, the 0.5 wt.% aqueous P7 

solution showed an abrupt decrease in transmittance (%) from 100 to almost 0 

with increasing temperature due to the formation of insoluble macroscopic 
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globules of P[VBTP][Cl]-g-PDMAEMA. The cloud point was measured to be 40°C. 

At this basic pH the solubility and stability of the graft copolymer in water  

 

Figure 34: (A) SEC chromatograms of P[VBTP][Cl] homopolymer (blue line) and 

P[VBTP][Cl]-g-PNIPAM (P6) (red line) using DMF with 50 mM LiBr as eluent. (B) 

SEC trace of P[VBTP][Cl]-g-PDAMEMA (P7) (purple line) using H2O with 0.3 M 

Na2SO4 and 0.1% (w/v) NaN3 as eluent. (C) Turbidity [heating (dashed)/cooling 

(solid)] curves of 0.5 wt.% aqueous solution of P6 (red line) and 0.5 wt.% 

aqueous solution of P7 at pH 8.5 (purple line). 
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against aggregation and phase separation is due to effective hydrogen-bonding 

interactions with water molecules. When heated above the LCST, hydrogen- 

bonding interactions of the graft copolymer chains with water molecules are 

destroyed and the interchain hydrophobic interactions between hanging 

PDMAEMA moieties predominates resulting in the formation of insoluble 

globular aggregates and the graft copolymer completely phase-separated from 

aqueous medium at above 40C. To support the turbidity measurement data, 0.5 

wt. % aqueous solution of P6 was also examined by DLS. The data showed a 

rapid increase in the Dh of aggregates from 60 to 185 nm with increase of 

temperature with a clear Tc of 33.8 °C (Figure 35 A), which matched well with 

that (33.2 °C) obtained from turbidity measurement. A 0.5 wt. % aqueous 

solution of P7 at pH 8.5 was also examined by DLS. The data showed a rapid 

increase in the Dh of aggregate from 11 to 656 nm with the increase of 

temperature with a clear Tc of 39.6 °C (Figure 35B), which agreed well with that 

(40.2 °C) obtained from turbidity. 

 
 

Figure 35. Changes in average hydrodynamic diameter (Dh) of 0.5 wt. % aqueous 

solution of (A) P6 (B) P7 (at pH 8.5) as plotted with temperature.  
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4.5 CONCLUSIONS  

In summary, newly designed phosphonium- and imidazolium ionic liquids (ILs) of 

different chemical structures were successfully synthesized and were used for 

the first time as photoinitiators for polymerization of different vinyl monomers 

such as NIPAM and DMAEMA under UV irradiation (max =310 nm) in aqueous 

medium. It has been established through end-group analysis by MALDI-TOF-MS, 

EPR and some control experiments that this photopolymerization proceed 

through free radical pathway. The kinetic and SEC data revealed no linear 

increase of %conversion and Mn with polymerization time as well as broad 

dispersities of the obtained polymers which eliminates the possibility of any kind 

of control in this photopolymerization, rather, as expected, it followed the 

conventional free radical   pathway. Control experiments revealed that the 

water-solubility of these IL-based PIs were high and were capable of producing 

polymers with high molecular weights compared to those of polymers obtained 

by commercially available aqueous PIs. Further, as an extension of this 

photopolymerization technique, PNIPAM and PDMAEMA were successfully 

grafted onto P[VBTP][Cl] backbone by photoinduced grafting-from 

copolymerization.  
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5.1  INTRODUCTION 

Polymer hydrogels where hydrophilic polymeric chains are cross-linked with 

each other through chemical or physical interactions forming a three-

dimensional fibrillar polymeric network are able to entrap a significant amount 

of water within its matrix and can provide clear advantages for removal of colour 

from effluents without dissolving in water.1-3 Water molecules and ions can 

easily migrate within the swollen polymeric network leading to participation of 

most of the functional groups in ion exchange reactions. In recent years, a 

continuous increase in number of reports  regarding the removal of dyes from 

aqueous media by polymer hydrogels has been observed.2, 4Among various types 

of polymer hydrogels, chemically cross-linked polymer hydrogels (CCPH) where a 

cross-linker is applied to interconnect the polymer chains via covalent 

interactions can be more useful in terms of practical  application as they are 

stable at ambient conditions because of their  rigid and irreversible nature.3, 5 

Some types of CCPHs impose special requirements for cross-linking agents. In 

general, the variation of cross-linkers does not change the properties of the 

functional groups of the polymeric backbone but it is done to change the 

structure and thermal as well as mechanical properties of the hydrogel matrix. 

The degree of cross-linking (expressed as percentage of the cross-linking 

reagent) also influences the structure of the matrix, its elasticity, swelling ability 

and mobility of the counter ions inside the polymeric network. Polymers with 

high degree of cross-linking though renders hardness and stability but show 

relatively slow diffusion rate. A good choice of  the cross-linker density can 

produce materials with desirable stability and reactivity for some practical 

applications.1 Furthermore, the widespread morphology from macroscopic to 

nanoscopic based upon porosity of the functional polymer hydrogels are very 

important parameters for controlling the diffusion of various types of solutes 

into the polymeric network.6 The development and devising of new types of 
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CCPHs targeted mainly for waste-water treatment or more specifically for 

removal of hazardous dyes from aqueous media is still a challenging and 

interesting topic for researchers. 

5.2  OBJECTIVE AND SCOPE OF THE PRESENT WORK 

The effluents of the manufacturing and textile industries contaminated with 

synthetic and non-biodegradable organic dyes greatly harm the biological life of 

water bodies.4, 7-10 Removal of colour from the effluents has always been a 

challenge because of the difficulty in treating such hazardous wastewaters by 

typical methods.4 The removal of anionic dyes is considered to be the most 

challenging job because along with their high water solubility they bring out very 

bright colours in water with acidic properties.11 Biodegradable, low-priced and 

easily accessible adsorbents are urgently required for the treatment of industrial 

and textile effluents to cut down the high-risk environmental impact.4, 12-13 

Several physico-chemical conventional methods such as flocculation,14 

floatation,15 coagulation,16 photodegradation,17 oxidation,18 ion exchange,19 

sorption20 etc. are used for the treatment of such toxic waste-water. Among all 

of these separation methods, adsorption or sorption process using commercially 

available activated carbon is widely used for dye removal from aqueous solution 

but the main limitation of its usage is its high cost.21 Hence a continuous effort 

by researchers has been observed for several years to develop cost- effective 

alternative to activated carbon adsorbents for the removal of different dyes.11, 22-

23 A detailed literature review has revealed that removal of natural organic 

materials24 and many colorants25 from water are now a days done by cost-

effective ion exchange polymers which are cross-linked polymers carrying fixed 

functional groups or sites.1 For instance, polystyrene sulfonate chemically cross-

linked with divinylbenzene is most conventionally used because of its chemical 

and  mechanical stability.1 
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Recently an emerging trend of using polyionic hydrogels has been observed 

for dye removal from aqueous solution. As already discussed in Chapter 1, one of 

the most important features of ILs and PILs is that their counter ions can be 

altered via ion exchange reaction. If IL or PIL moieties can be incorporated into 

the crosslinking network of the hydrogel matrix, the resultant hydrogel might 

possess both the characteristics of IL /PILs and hydrogel. Such synergetic 

properties might expand the scope of hydrogel applications and provide 

enhanced performance in their potential applications. For example, Yan et al. 

reported the applications of ILs for the synthesis of poly(ionic liquid) gels via 

host–guest interaction.26In a similar fashion, Zhou and co-workers introduced IL 

moieties into the cross-linked network of microgels, via the simultaneous 

quaternized cross-linking reaction during the surfactant-free emulsion 

copolymerization resulting in the synthesis of novel ionic microgels with 

synergetic properties of IL and microgel.27 Very recently, the same group has 

reported the synthesis of PNIPAM-based ionic hydrogels by free-radical 

polymerization of NIPAM using imidazolium-based dicationic IL as the cross-

linker.28 The obtained polyionic hydrogels were further utilized for adsorption of 

anionic dyes from aqueous solution and the interfacial adsorption kinetic of 

anionic dyes onto the hydrogels was described by the pseudo-first-order kinetics. 

However similar types of polyionic hydrogels and their dye sorption 

capability/mechanism from aqueous medium have been rarely reported.  

Thus in this work we have synthesized a new IL, [DMAEMA-4VBC][Cl] 

following a reported reaction procedure.29 Further we have used this new IL 

along with a previously reported IL, [VIm-4VBC][Cl] 29 for aqueous free radical 

solution polymerization of acrylamide and 2-hydroxyethyl methacrylate at 

ambient temperature to synthesize cationic cross-linked poly(acrylamide) 

(CPAam) and poly(2-hydroxyethyl methacrylate) (CPHEMA) hydrogels using 

ammonium persulfate (APS) as initiator and tetramethylethylenediamine 
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(TEMED) as stabilizer. Due to ionic linkages present in the structure of the 

hydrogels, they are supposed to remove targeted anionic dyes from wastewater 

through mainly adsorption mechanism which is driven by electrostatic 

interactions between dye ions and hydrogel matrix. The syntheses, swelling 

properties, thermal stabilities and dye-removal abilities of a series of the as-

synthesized cationic CPAam and CPHEMA hydrogels using different 

concentration of the IL cross-linkers have been described. High swelling 

behaviour in Milli-Q water was observed for these hydrogels at ambient 

temperature. The macroporous network structures of these hydrogels were 

investigated from FESEM analysis. The macroporous structures allowed the 

diffusion of solute dye molecules through the hydrogel structure. 

Thermogravimetric and differential thermogravimetric analysis data showed that 

these hydrogels are thermally stable even above 160 C and hence can be 

applied for waste-water treatment even at elevated temperature. Diffusion of 

water within hydrogels was found to be of pseudo-Fickian in character. Diffusion 

coefficients were also calculated for these hydrogels in water. The ability of 

these hydrogels to remove anionic dyes from aqueous solution under several 

experimental conditions has been studied using Eosin B and Alizarin Red S as 

model dyes. The changes of adsorption capacities of these hydrogels on anionic 

dyes with the variation of concentration of IL cross-linkers were also 

investigated. Further the adsorption kinetics was investigated using three 

different kinetic models and pseudo second-order model best described the 

adsorption of the anionic dyes onto these hydrogels.  The adsorption mechanism 

was also analysed by intra-particle diffusion model and Boyd kinetic model. All of 

these data clearly indicate that these hydrogels can be potentially applied in 

separation technology and water treatment. 
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5.3  EXPERIMENTAL SECTION 

5.3.1  Materials.  

Acrylamide (Aam, 98%) was purchased from TCI Chemicals (India) and  

recrystallized twice from hot chloroform prior to use. 2-(Dimethylamino)ethyl 

methacrylate (DMAEMA, 98%)  1-vinylimidazole (VIm,   99%), 4-vinylbenzyl 

chloride (VBC, 90%), 2-hydroxyethyl methacrylate (HEMA,  99%), ammonium 

persulfate (APS,   98% ) and N,N,N′,N′-tetramethylethylenediamine (TEMED) 

were purchased from Sigma. DMAEMA and VBC/HEMA were purified by passing 

through basic and neutral alumina column respectively. VIm was vacuum 

distilled in the presence of catalytic amount of 2,2,6,6-Tetramethylpiperidine-1-

oxyl (TEMPO) prior to use. APS was recrystallized from lukewarm water whereas 

TEMED was used as received. Milli-Q water was used as solvent for 

polymerization and solution preparation.  

5.3.2 Synthesis of Ionic Liquid (IL) Cross-linkers [VIm-4VBC][Cl] and 

[DMAEMA-4VBC][Cl] 

Two different types of ionic liquid (IL)-based cross-linkers, [VIm-4VBC][Cl] 

(designated as ILA) and [DMAEMA-4VBC][Cl] (designated as ILB) were 

synthesized by nucleophilic substitution reaction of VBC with two different 

monomers, VIm and DMAEMA respectively in a molar ratio of 1:1 (Scheme 1).29 

Two 25 mL round-bottom (RB) flasks were separately charged with VBC (1.7mL; 

12 mmol) followed by the addition of VIm (0.91 mL; 10 mmol) in one flask and 

DMAEMA (1.68 mL; 10 mmol) in another flask. . The reaction mixtures were then 

placed in an ice bath at 0-5 C and kept for 7 h with magnetic stirring. RB flasks 

were then taken out from ice bath and continued stirring for another 15-17 h at 

25 C. After completion of the reaction, the reaction mixtures were dissolved in 

minimum amount of methanol and the products were isolated by precipitating in 

excess diethyl ether. The process was repeated twice for purification. The as-
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synthesized IL cross-linkers were colourless liquid with high viscosity and were 

stored under refrigeration to avoid polymerization. The crosslinkers were 

characterized by ESI-MS analyses (Figures 1-2). % Yield for ILA and ILB were 

found to be 79 and 81 respectively.  

 
Figure 1. ESI mass spectrum of as-synthesized ionic liquid cross-linker [VIm-

4VBC][Cl] (ILA). 

[VIm-4VBC][Cl] : MS(ESI) (35 eV) : m/z: 211.14 ( [M]+), 212.14 ( [M+H]+ ) 

 
Figure 2.  ESI mass spectrum of as-synthesized ionic liquid cross-linker 

[DMAEMA-4VBC][Cl] (ILB). 

[DMAEMA-4VBC][Cl]: MS(ESI) (35 eV) : m/z: 274.15 ( [M+] ), 275.15 ( [M+H]+ ) 
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The cross-linkers were also characterized by 1H-NMR which will be discussed 

later. 

5.3.3 Preparation of IL crosslinked Hydrogels (CPAam and CPHEMA 

Hydrogels). 

A series of crosslinked poly(acrylamide) (CPAam) and poly(2-hydroxyethyl 

methacrylate) (CPHEMA) hydrogels were prepared using the free-radical solution 

polymerization (FRSP)  technique  by reacting 14 wt. % (w/v) of each of  the Aam 

and HEMA  monomers with 1 wt. % (w/w, w.r.t monomer )  of APS as initiator 

and  TEMED as stabilizer and two different types of ionic liquid (IL), ILA and ILB as 

cross-linkers with varying concentration [ 5, 10, 15, and 20 wt. % (w/w, w.r.t 

monomer) ] (Table 1). In each case, monomer, initiator, stabilizer and IL cross-

linkers with different concentrations (wt. %) were separately made soluble in a 

total 5 ml of Milli Q water (water was purged with argon gas for 45 min prior to 

use) and quickly mixed together to form a series of homogeneous aqueous 

solutions. The mixture solutions were gently vortexed by a vortex shaker for 2-3 

min to prevent air bubbles. Afterward, the solutions were introduced into a petri 

dish having 2 cm width and kept for 12 h at ambient temperature to complete 

the polymerization. Finally the gels were sufficiently washed with Milli-Q water 

to remove unreacted components and sol parts .Finally the hydrogels were cut 

into thin rectangular slabs and freeze-dried followed by drying to constant 

weight in vacuum oven at 40 C. The appearance of the fully polymerized CPAam 

and CPHEMA hydrogels strongly depend on their cross-linker concentration: it 

turned from transparent to semi-transparent to milky-white with increasing 

proportion of cross-linkers. In this work, as we have maintained the monomer 

concentration constant and varied the IL cross-linker concentration from a 

minimum of 5 wt. % to a maximum of 20 wt.% , hence the hydrogels are given 
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code names after their IL cross-linker content  e.g. CPAam-ILA-5  to CPAam-ILA-

20, CPAam-ILB-5 to 

 

Scheme 1. Synthetic scheme and structure of IL cross-linkers ILA and ILB  and the 

corresponding  cross-linked poly(acrylamide) (CPAam) and  poly(2-hydroxyethyl 

methacrylate) (CPHEMA) hydrogels.  

CPAam-ILB-20, CPHEMA-ILA-5 to CPHEMA-ILA-20 and CPHEMA-ILB-5 to 

CPHEMA-ILB-20 throughout the manuscript. For comparative study, we have 

also synthesized CPAam and CPHEMA hydrogel using 10 wt. % of N,N'-
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methylenebisacrylamide (MBA) as cross-linker. The polymerization and 

purification procedure are same as above. These two hydrogels have been 

designated as CPAam-MBA-10 and CPHEMA-MBA-10. 

Table1. Composition of the reactants used in hydrogel synthesis 

 

All solution polymerization reactions were occurred at ambient temperature and 

pressure. 

 

5.3.4 Characterization of the IL Cross-linkers and Hydrogels. 

Spectrum Two (Perkin Elmer) Fourier transform IR (FT-IR) spectrometer 

equipped with attenuated total reflection (ATR) accessory was used to record 

FTIR spectra of all the monomers and dried aerogels.  

1H- NMR spectra of all the IL-based crosslinkers were acquired in a Bruker DPX 

400 MHz spectrometer at ambient temperature from their respective solvents.  

For field emission scanning electron microscopy (FESEM), water-swollen 

hydrogels were freeze dried to convert them to xerogels. The morphology of the 

formed xerogels was then observed under JEOL JSM-7500F microscope. Prior to 

the scanning microscopy, the xerogels were sputter-coated with platinum and 

FESEM images were taken at an accelerating voltage of 5-10 kV. 
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Thermogravimetric analysis (TGA) was carried out using a PerkinElmer TGA 4000 

thermogravimetric analyzer in the temperature range of 30°C–600°C. A total of 

2-3 mg of the dry aerogel was taken in an aluminium crucible and was heating at 

a rate of 10°C/min under stream of N2 purge.  

5.3.5 Swelling experiment 

Swelling kinetics was studied by conventional gravimetric method where 

a known mass (50 mg) of aerogel was immersed into 15 mL of distilled water at 

room temperature. The swollen gels were weighted at different time intervals 

after wiping out the excess water from the surface of the hydrogels. Swelling 

readings were taken at different time intervals until it reaches equilibrium 

swelling mass. Swelling percentage (%S) and equilibrium swelling percentage 

(%ES) at different time intervals were determined from these two following the 

equations:  

%Swelling (%S) = 100                                                (1)  

and % Equilibrium swelling (%ES) = 100 ,             (2) 

where and   are the weights of the swollen hydrogel at time t and 24 h 

respectively, whereas  is the weight of the dried hydrogel. For comparison of 

%S between different types of aerogels, all swelling experiments were repeated 

at least two times and the average values were plotted. 

5.3.6 Dye adsorption study 

Typically, an weighted amount of aerogel (20 1 mg) was immersed into 

aqueous solutions  of Eosin B and Alizarin Red S (ARS) with different 

concentration for 24 h. Aliquots were withdrawn from the dye solutions at 
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different time intervals for determining the kinetics adsorption of dyes by the  

hydrogels. The concentration of the non-adsorbed dye was determined by 

measuring the absorbance of Eosin B and ARS at 519 and 423 nm respectively 

using a Cary 3500 spectrophotometer (Agilent Technologies) and  quartz 

cuvettes (1 cm path length).  

To determine the unknown dye concentrations at any time, a linear 

calibration curve was established between the dye concentration and their 

absorbance, as shown in Figures 3 -4, and the molar extinction coefficient value 

() was determined using Beer–Lambert law (A = cl), where A is the absorbance, 

ε is the molar absorptivity (mol−1 L cm−1), l is the path length of the cuvette 

containing the sample (1 cm) and c is the concentration of dye solution (mol L−1). 

The obtained molar absorbance coefficient () for Eosin B and ARS was 48248 

and 4857 mol−1 L cm−1 respectively.  

 

Figure 3. (A) Concentration dependent UV-Vis spectra of Eosin B dye. (B) Linearly 

fit calibration plot to determine absorption coefficient of   Eosin B dye. 

To determine the amount of the dye adsorbed by the hydrogels (mg of 

dye adsorbed per g of gel), we have calculated adsorption capacity and  
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Figure 4.  (A) Concentration dependent UV-Vis spectra of ARS dye. (B) Linearly fit 

calibration plot to determine absorption coefficient of   ARS dye. 

equilibrium adsorption capacity using the following equations: 

= V                                                                                                          (3) 

= V                                                                                                                (4) 

where qt and qe (mg g−1 ) are the amount of dye adsorbed at a certain time t and 

at equilibrium, respectively. C0 (mg L−1) is the initial concentration of dye, Ct (mg 

L−1) is the concentration of dye at time t, Ce (mg L−1 ) is the equilibrium 

concentration of dye. V (L) is the volume of the dye solution, and W (g) is the 

mass of the dry gel. Note that Ct value for any particular time can be 

mathematically calculated from the corresponding At value,  (mol-1 L cm-1) and 

known molar mass (g mol-1) of the dye.  
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5.4. RESULTS AND DISCUSSION 

5.4.1 Synthesis and Structure Characterization of the Hydrogels. 

The synthesis of IL crosslinker, [VIm-4VBC][Cl] (ILA) was carried out by coupling 

VIm with 4-VBC following a reported protocol.29 Another IL-based crosslinker 

[DMAEMA-4VBC][Cl] (ILB) was also synthesized by coupling  DMAEMA with 4-

VBC following the similar synthetic protocol (Scheme 1). ILA and ILB were soluble 

in water. The ESI mass spectra of ILA and ILB (Figures 1 -2) showed the presence 

of sharp molecular ion peaks at m/z 211.14 and 274.15 respectively 

corresponding to the cationic part of these as-synthesized IL crosslinkers, which 

matched well with those of their theoretical values. The 1H- NMR spectrum of 

ILA (Figure 5a) showed the characteristic signals of phenyl ring protons of 4-VBC 

at  7.2-7.47 ppm, ring protons of imidazolium cation at  7.53, 7.84 and 10.57 

ppm and bridging methylene protons at  5.53 ppm. The spectrum of ILB (Figure 

5b) also showed the characteristic signals of phenyl ring protons of 4-VBC at  

7.28-7.63 ppm, methyl and methylene protons associated with the quaternized 

DMAEMA moiety at  3.30, 4.09 and 4.62 ppm along with that of bridging 

methylene protons at  5.1 ppm. 

The FT-IR spectra of Aam and HEMA monomer are shown in Figure 6 

whereas the spectra of the representative aerogels are given in Figure 7. In case 

of CPAam hydrogel, the FT-IR spectrum of CPAam-ILA-10 and   CPAam-ILB-10  

show complete disappearance of the characteristic C=C double bond stretching 

band (1610 cm-1) of the Aam monomer (Figure 6)  and exhibits the characteristic 

absorption bands at 1446 cm-1 , 1605 cm-1 ,1650 cm-1 and 3182 cm-1 

corresponding to the C–N stretching, –NH2 bending, >C=O stretching and  N-H 

symmetric stretching vibration of the amide group respectively. The broad band 

at 3326 cm‑1 may be attributed to the overlapping of bands of asymmetric N‑H 
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stretching of amide group with O-H stretching of non-freezing bound water 

molecules that remain in aerogel structure that obtain after extensive drying. 

The spectrum also showed the presence of absorption bands at 2928 cm-1 which 

can be assigned to the -CH2- groups present in the polymer main chains and 

crosslinking bridges. Similarly in the case of CPHEMA gel, the spectrum of 

CPHEMA-ILA-10 and CPHEMA-ILB-10 (Figure 7) showed complete disappearance 

of the C=C stretching band (1634 cm-1) of the HEMA monomer (Figure 6) and  

 

Figure 5.  1H NMR spectra of the as-synthesized ionic liquid a) [VIm-4VBC][Cl] ( 

ILA ) and b) [DMAEMA-4VBC][Cl] ( ILB ) acquired in CDCl3.(*Solvent impurity) 
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Figure 6.  FT-IR spectra of Aam, NIPAM and HEMA monomer 

exhibited several characteristic absorption bands at 1706 cm-1 for  >C=O 

stretching, several  characteristic signals in the region of 1020-1300 cm-1 for -C-

O-C- stretching and a broad signal around 3310 cm-1 attributed to the stretching 

of  hydrogen bonded hydroxyl group of HEMA unit. The spectra also showed 

absorption bands at 2941 cm-1 attributable to the -CH2 groups present in the 

polymer chains and crosslinking bridges. FT-IR result confirmed the formation of 

crosslinked gels. 
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Figure 7. FT-IR spectra of CPAam and CPHEMA hydrogels cross-linked by  10 wt. 

% of ILA and ILB ionic liquids. 

 

5.4.2 Thermal Degradation Study.  

The thermal degradation of aerogels with three-dimensional network structures 

is a complex process and can be understood by the help of both the TGA and 

DTG.30 The TGA and DTG curves [the plot of derivative thermogravimetric 

(dm/dT) (% C-1) against temperature] of the aerogels, CPAam-ILA-10, CPAam-

ILB-10, CPHEMA-ILA-10 and CPHEMA-ILB-10 were presented in Figure 8a and 

Figure 8b respectively. TGA curves showed several stages of decomposition of 

the dried aerogels.   DTG curves in Figure 8b revealed that the IL crosslinked 

CPAam aerogels decomposed in three stages, whereas CPHEMA aerogels 
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decomposed in two stages. The Tonset and Tendset are the temperatures at which 

thermal decomposition starts and ends for each step. Tpeak is the temperature at 

which maximal degradation occurred at any step. The mass loss in Wloss (%) and 

Residue (%) (percentage residual char) are equal to the amount of weight loss 

and the char remaining at an elevated temperature of 600C (Table 2). The 

degradation curves showed that all the selected aerogels initially started to lose 

their weights around 100C, in particular in the range of 30-145C, where the 

expected dehydration of the hydrogels usually stars.30 The weight loss was found 

to be less than 3%. The thermal degradation of the above mentioned CPAam 

hydrogels can be divided into three main stages. In the first stage, the breaking 

of the cross-linkages of the gels occurred where the weight loss were found to 

be 12.26 and 6.28 % for CPAam-ILA-10 and CPAam-ILB-10 respectively in the 

temperature region (160-245 C) with a Tpeak  226C and 227C respectively. 

The second stage showed increase in weight loss (15.25 and 18.25%) in the 

temperature region (268-350C) and (247-334C) with Tpeak  317 and 307C for 

samples CPAam-ILA-10 and CPAam-ILB-10 respectively. This region is probably 

due to the degradation of the polyacrylamide chains and eventually, the three-

dimensional network. In the final stage, in the temperature range of 357-503C 

and 340-498C, the curves showed a pronounced increase of weight loss (37.75 

and 45.37 % respectively) with a Tpeak = 410 and 415C which can be ascribed to 

the decomposition of the polymeric side and main chains (backbone) resulting in 

the formation of residual char. The char remained from the decomposition of 

CPAam-ILA-10 and CPAam-ILB-10 was found to be 28.5% and 23% respectively 

when heated above 600 °C. 
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Figure 8. A) TGA and B) DTG curves showing thermal decomposition of the 

selected IL cross-linked CPAam and CPHEMA hydrogels. 

On the other hand, CPHEMA-ILA-10 and CPHEMA-ILB-10 aerogels have two main 

weight loss regions; one in the temperature range of 160-382 C (Tpeak =348C) 

and 163-298C (Tpeak =282C) respectively (Table 2). The first loss is due to the 

degradation of the cross-linkers present in the gel network structures. The 

degradations of the poly(HEMA) backbone and side chains were occurred in the 

second region (388-492C and 300-478 C). In these cases, the char remained 

was found to be around 7.33 % for both the CPHEMA-ILA-10 and CPHEMA-ILB-10 

aerogel samples after 600 °C. Note that these were much lesser than that of 

above mentioned CPAam aerogels indicating the higher thermal stability of IL-

crosslinked CPAam than CPHEMA aerogels. 
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Table 2. Thermogravimetric analyses of CPAam and CPHEMA- hydrogels 

crosslinked by 10 wt. % of ILA and ILB. 

 

a Weight (%) measured at 600C from TGA plots.  

b Weight loss (%) calculated from TGA plots at 145C. 

 

5.4.3 Morphological Investigation.  

The equilibrium swollen hydrogels were frozen using liquid nitrogen, freeze-

dried, sputtered with Pt, and finally the surface morphology was analyzed using 

field emission scanning electron microscopy (FESEM). Figure 9 showed the 

surface features of the CPAam and CPHEMA gels crosslinked by 10 wt. % of ILA 

and ILB. The hydrogels were first swollen in water and then freeze dried for 12 h. 

The freeze-dried and vacuum dried gels showed porous structures. All the 

samples showed fishing net like integrated pore structure and interconnected 

channels31 with pore diameter of 1.2-5.3 m , 0.5-5 m, 1.4-11.2 m and 0.15-

1.2 m for CPAam-ILA-10, CPAam-ILB-10, CPHEMA-ILA-10 and CPHEMA-ILB-10 

hydrogels respectively. This type of pore size distributions are typically observed 

for macroporous networks obtained by the freeze-dried technique.32 In aqueous 
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solution, these gels with such porous structures allowed them to absorb 

extensive amounts of solvent or dye molecules within their 3D-network. The 

solvent or dye molecules would be able to interact with the 3D-matrix of the 

hydrogel by intermolecular chemical forces. It was evident from Figure 9D that 

pore sizes of CPHEMA-ILB-10 aerogels were comparatively smaller than other 

aerogels indicating lower swelling ability as suggested by other researchers 

considering the correlation between water content and pore size, which will be 

discussed later.33 Note that when cross-linker concentration was 20 wt. %, the 

pore size distribution of the aerogel was found to be much irregular and less 

well-defined. It is probably due to the fact that aerogels with high extent of 

crosslinking may have denser network meshes leading to smaller pores after 

swollen, and such smaller pores might got partially collapsed after freeze-drying.  

5.4.4 Water Swelling Abilities and Kinetics of Absorption by the Hydrogels. 

In general, when a dry aerogel sample is brought in contact with water, water 

molecules diffuse into gel matrix resulting in the expansion of polymer 

network.34 The  adsorption capacity, i.e.,  the swelling property is considered to 

be the most important for any dried gel.35 Swelling property is also dependent 

on the nature of the chemical structure of the hydrogels because of the elasticity 

of the crosslinked covalent-bonded network.36 We have examined the time 

dependent swelling behaviours of all the CPAam-ILA-x, CPAam-ILB-x, .CPHEMA-

ILA-x and CPHEMA-ILB-x aerogels where x (= 5, 10, 15 and 20) represents the wt. 

% of IL cross-linker used with respect to monomer. We have also checked the 

effect of swelling behaviour of the CPAam hydrogel cross-linked with ionic type 

([VIm-4VBC][Cl] (ILA) and other 
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Figure 9. FESEM image of freeze-dried (A) CPAam-ILA-10, (B) CPAam-ILB-10, (C) 

CPHEMA-ILA-10 and (D) CPHEMA-ILB-10 hydrogel showing well-developed 

macroporous morphology. 

 

non-ionic, N,N'-Methylenebisacrylamide (MBA). Figure 10 showed the % swelling 

in water of CPAam and CPHEMA hydrogels containing different wt. % of 

crosslinker, ILA or ILB. All the hydrogels showed similar swelling behaviour where 

the rate of water uptake increased sharply in the first 3-5 h and then started to 

level off and ultimately reached to the equilibrium state after 6 h. CPAam 

hydrogels demonstrated a bit higher swelling ability than the CPHEMA hydrogels. 

This observation can be explained by the fact that CPAam hydrogels have more 

well-defined porous morphology than the CPHEMA hydrogels which enhanced 

the diffusion of water into the CPAam hydrogel networks. In this context, it is 

reported that the maximum swelling of HEMA-based hydrogel in water is 
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thermodynamically controlled.37As the content of the cross-linker increased 

from x = 5 to 10 to 15 to 20 wt.%, the %swelling of the hydrogels  in water 

changed significantly but %swelling can hardly be correlated with the content of 

cross- linkers.  The reason of such irregular behaviour can be attributed to two 

opposite phenomena that may occur simultaneously. The first one is the 

increase of hydrophilic character of the gels with the increase of ionic IL cross-

linker. As a result, the interactions between the hydrogel matrix and water 

molecules is increased which eventually enhances the swelling ability.38 The 

presence of mobile ions  in the hydrogel matrix can create an osmotic pressure 

difference between the matrix polymer and solvent phases, which ultimately 

leads to enhancement of  swelling capacity.39. Thus, the increase in the contents 

of ionic crosslinkers and the concentration of Cl- ion in the gel matrix increases 

capability of swelling. On the other hand, one cannot rule out a second 

phenomenon, i.e., the increase of crosslink density increases the rigidity of the 

gel due to decreases of the chain length between the cross-linking points, which 

ultimately hinders the network expansion during the swelling. This phenomenon 

could result in lowering the swelling ability of gels due the increase of crosslink 

density in the presence of high content of IL cross-linker.35, 40 This two synergistic 

effects result in the irregular trend in % Equilibrium swelling  values with 

increase of wt. % of IL cross-linkers as shown in Figure 11. Among acrylamide 

hydrogels, the highest % of equilibrium swelling (% ES) was observed for CPAam-

ILA-5 and CPAam-ILB-10 samples with values of 672 and 928 respectively. For 

acrylamide hydrogels, the second phenomenon is supposed to predominate over 

the first one. On the other hand, for CPHEMA hydrogels, the highest %ES was 

observed for CPHEMA-ILA-15 and CPHEMA-ILB-20 with values of 177 and 143 

respectively where the first phenomenon is seemed to have higher effect than 

the second one. 
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Figure 10.   Isothermal time-dependent swelling behaviour of the CPAam (A, B) 

and CPHEMA (C, D) hydrogels. 

It is to be noted that the enhanced swelling ability of CPAam-ILA-10 (%ES = 406) 

over CPAam-MBA-10 hydrogel (%ES = 392) is attributed to the effect of increase 

of hydrophilic nature of hydrogel matrix when we use ionic cross-linker (ILA) 

over non-ionic cross-linker (MBA). 
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Figure 11.  Effect  of concentration of IL cross-linker (wt. %) A) ILA and B)ILB  on 

%Equilibrium Swelling for the hydrogels. 

For studying the swelling rate, diffusion of water molecules into the 

hydrogel matrix and consequent relaxation of polymer chain networks, the time 

dependent water swelling behaviour of the hydrogels has been described by a 

power law model known as Fickian diffusion model by many groups which is as 

follows36, 41 : 

F=Mt/Ms=Ktn;                                                                                                                                                                               (5) 

and the linear form of equation (5) can be expressed as: 

lnF=lnK+ n ln t                                                                                                                                                                             (6)                

where F is called fractional sorption, K is the diffusion constant related to the 

structure of the network and permeation medium, n is the swelling exponent 

and Mt and Ms are the mass of the water uptake at time ‘t’ (min) and at 

equilibrium condition respectively. The n value (usually ranging from 0.5 to 1) 

indicates type of transport and the type of diffusion of the water into the gel 

network. Figure 12 showed the plot of ln F against ln t over a time period of 24 h 

for some of the representative hydrogels. The linear fitting plot gave the value of 

the exponent n and diffusion constant k from its slope and intercept 
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respectively. The diffusion parameters (n, k) and the corresponding linear 

regression correlation coefficient (R2) are listed in Table 3. As can be seen from 

the plots of Figures 12A-12B, that at the initial stage of diffusion (time  3 h) 

these plots followed linearity with correlation coefficient (R2) value in the range 

of 0.972-0.997 and diffusion exponent (n) lies in between 0.13-0.75. It should 

also be noted that the data points substantially deviated from linearity when the 

overall diffusion process was considered in the time span of 24 h. Table 3 

showed that the values of diffusion exponent (n) were in the range of 0.06-0.34 

with R2 values 0.638-0.813. Hence, the diffusion of water into these crosslinked 

CPAam and CPHEMA hydrogels is assumed to follow pseudo-Fickian kinetics, 

which is  similar to the Fickian diffusion curves but the final equilibrium is 

reached very slowly.42-43 

  

Figure 12. Swelling kinetics for the selected hydrogels in Milli-Q water. The 

dotted lines are the fitting lines of diffusion mechanism of the hydrogel samples. 

 



Ionic liquid cross-linked polyionic hydrogels 

IACS                                                  355                                                   JU 

Table 3. Diffusion parameter and the correlation coefficients for the selected 

hydrogels in water. 

5.4.5 Dye Uptake Study. 

In this present work, Eosin B and Alizarin Red S (ARS) were used as a model dye 

to check their uptake by these IL-crosslinked hydrogels. The hydrogels prepared 

in this study are cationic in nature because of the presence of cationic crosslinker 

in their network structure. As expected, Eosin B and ARS (Scheme 2) both will 

easily get adsorbed by the hydrogel due to electrostatic force of attraction 

because dyes were anionic in nature. The concentration of the dye in the 

solution decreased resulting in the formation of clear solution with time. The 

probable adsorption mechanism of the dye by the hydrogel will be discussed 

later in this section. However, there have some inducing factors which have 

significant effects on the adsorption capacity of the hydrogels which are 

described in this section. The dye concentrations were chosen in such a way that 

their initial absorbance values before dye adsorption were near to 1.0 and the 

change of absorbance values in a time span of 24 h could be monitored well. All 

adsorption experiments were carried out as follows: 3 mL dye solutions and 

20 1 mg hydrogel were poured into a 15 mL vial with stirring. After completion 

of adsorption at each time interval, the absorbance of the supernatant dye 

solution was measured using UV–Vis spectroscopy at the λmax values of 519 and 

423 nm for Eosin B and ARS respectively. From the measured absorbance, the 

concentration of dye in the external solution was determined. 
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Four representative IL-crosslinked CPAam and CPHEMA hydrogels namely 

CPAam-ILA-10, CPAam-ILB-10, CPHEMA-ILA-10 and CPHEMA-ILB-10 were 

selected for examining their dye uptake capacity by UV-Vis spectroscopy. In 

Figure 13, we have shown how the absorbance value of the 210-5 M Eosin B dye 

solution decreased rapidly with time due to continuous uptake of dye molecules 

by the hydrogels from their aqueous solution. A pictorial representation has also 

been made to understand the temporal change of colour intensity of the dye 

solution over a time span of 24 h. From the photographs, it is very clear that all 

the coloured Eosin B solutions became almost clear after 24 h.  

During the sorption of ARS dye, the same type of rapid decrease of absorbance 

during the initial period of 6 h was observed (Figure 14) and the colour 

intensities of the ARS dye solutions were also drastically faded away. These 

observations encouraged us to study the dye adsorption kinetics and mechanism 

of adsorption by these hydrogels. The effect of concentration of cross-linker, 

initial concentration of dye solution and adsorbent dosage on the dye uptake 

ability of these hydrogels will also be discussed later in this section. 

 

Figure 13. Time dependent UV-Vis spectra and the corresponding photos of  dye 

solution showing the change of colour intensity at  different time interval up to 
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24 h during adsorption of Eosin B from aqueous medium  by CPAam-ILA-10 (A, a) 

, CPAam-ILB-10 (B, b) ,CPHEMA-ILA-10 (C, c) and CPHEMA-ILB-10 (D, d) 

hydrogels.([Eosin B] = 210-5 (M) , Hydrogel amount = 201 mg, Temperature = 

25C) .The spectra were recorded against water blank. 

5.4.6 Adsorption Kinetics. 

The adsorption kinetics for the uptake of anionic dyes by the IL cross-linked 

CPAam and CPHEMA hydrogels were studied and were explained with the help 

of theoretical models. Figure 15 and Figure 16 demonstrated the effect of 

contact time on the adsorption of Eosin B and ARS dyes respectively onto the 

series of CPAam and CPHEMA hydrogels by keeping other parameters 

(adsorbent dose, initial dye concentration and temperature) constant. It is 

evident from Figures 15-16 that the adsorption capacities (qt) of the hydrogels 

increased with the increase of contact time until it reached to the equilibrium 

value (qe) at 24h. The adsorption process for the hydrogels could be divided 

into three regions: first region where the rate of dye sorption increased rapidly 

in the initial 6 h, then in the second region it kept increasing in a slower rate up-

to 21 h and then in the third region from 21-24h, there was almost no 

significant increase in the dye uptake. This indicates that the attainment of 

equilibrium dye sorption is occurred at 24 h.  The first region where qt increases 

rapidly with contact time (up to 6 h)  during the initial stage of adsorption is 

due to the rapid attachment of dye molecules to the surface of the hydrogels, 

followed by pore diffusion into the hydrogel matrix.36, 44  In the second region (6-

21 h), qt increased at a relatively slower rate with contact time. This is because 

the adsorption takes place in the gel network, which ultimately ended up by 

reaching the equilibrium approximately in 24 h for all of these hydrogels. It was 

also very evident that the dye adsorption rate randomly changes when the 

concentration of IL-crosslinkers increased from 5 to 10, 15 and 20 wt. %.  But, 
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the nature of such change is complex and can be explained by correlating the 

swelling behaviour and adsorption ability. 

 

Figure 14.  Time dependent UV-Vis spectra and the corresponding photos of  dye 

solution showing the change of colour intensity at  different time interval up to 

24 h during adsorption of ARS from aqueous medium  by CPAam-ILA-10 (A, a) , 

CPAam-ILB-10 (B, b) ,CPHEMA-ILA-10 (C, c) and CPHEMA-ILB-10 (D, d) hydrogels.( 

[ARS] = 2510-5 (M) , Hydrogel amount = 201 mg, Temperature = 25C) .The 

spectra were recorded against water blank. 
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Figure 15.   The effect of contact time on the Eosin B dye adsorption of A) 

CPAam-ILA-x, B) CPAam-ILB-x, C) CPHEMA-ILA-x and D) CPHEMA-ILB-x hydrogels. 

[x (=5,10,15,20) represents the IL cross-linker content (wt. %)] 

As mentioned above, the increase in concentration of IL- crosslinker 

generates two opposing (synergistic) effects resulting in such abnormal trend. 

Furthermore, the equilibrium adsorption amount of dye (qe) was increased with 

the increase of crosslinker concentration, which can be attributed to the fact 

that equilibrium process is not a kinetic phenomenon, rather controlled by 

thermodynamics. That’s why qe increases because of the presence of more 

cationic adsorption sites in the hydrogel matrix when the concentration of IL 

cross-linker is increased. 
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Figure 16.   The effect of contact time on the ARS dye adsorption of A) CPAam-

ILA-x, B) CPAam-ILB-x, C) CPHEMA-ILA-x and D) CPHEMA-ILB-x hydrogels. [x 

(=5,10,15,20) represents the IL cross-linker content (wt. %)] 

 

In these cases, to investigate the kinetics of dye adsorption, the experimental 

data were fitted with the pseudo first-order and a pseudo second-order kinetic 

model to analyse the experimental data obtained. 36, 45-46 The pseudo first-order 

kinetic is observed in the polarization-based physisorption process whereas the 

pseudo second-order kinetic is observed where  chemisorption occurs.47 Note 

that, the dye adsorption experiments were carried out for 4 different series of 

hydrogels; however, the kinetic data for CPAam-ILA-10, CPAam-ILB-10, CPHEMA-
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ILA-10 and CPHEMA-ILB-10 hydrogels were used for the analysis. It is to be noted 

that, to assure the adsorption to reach equilibrium, 48 h was chosen in the 

following experiments. 

The Lagergren linear form of the pseudo-first order kinetic model can be 

expressed as: 

- ) = -k1t  ,                  (7) 

and the pseudo second-order Ho and Mckay kinetic model can be expressed as: 

= +   ,                                                                                                 (8) 

where qt (mg g-1) and qe (mg g-1)  are the adsorption capacity at time t (min) and 

at equilibrium condition respectively; k1 ( min-1), k2 (g mg-1 min-1 ) are the rate 

constant  of the pseudo first-order and the pseudo second-order adsorption 

process respectively. 

The kinetic parameters of pseudo first-order and pseudo second-order 

model are listed in Table 4. Note that the actual qe values found in this 

experiments (qe,exp) were calculated using Equation 4 at time t = 48 h to assure 

that equilibrium has been reached. The qe values derived from the models (qe,cal) 

were compared with the qe,exp values. The coefficients of determination (R2) 

values were also calculated from the best fit lines of experimental data for both 

kinetic models. The R2 values obtained from pseudo first-order kinetic model 

(Figure 17) during adsorption of Eosin B and ARS dyes by cross-linked CPAam and 

CPHEMA hydrogels were found to be in a wide range from 0.756–0.979 and 

0.919-0.968 respectively. The R2 values gave an indication that the experimental 

data points deviated from linearity for the overall process suggesting that the 
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dye adsorption processes do not fit well with pseudo first-order kinetic model. 

Moreover, the qe,cal  values were not in  good agreement with the qe,exp values for  

 

Figure 17. Pseudo first-order kinetics dur A) CPAam-ILA-10 B) CPAam-ILB-10 C) 

CPHEMA-ILA-10 D) CPHEMA-ILB-10 

 

the pseudo first order kinetics. Therefore, the data did not follow first-

order kinetics. This is expected because pseudo the first-order kinetic model 

generally does not describe the whole adsorption process rather fits well during 

the initial stage of adsorption (up to 360 min as observed from Figure 17), when 

the bulk concentration of solute particles  is comparatively high. 
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The pseudo second-order kinetics of Eosin B and ARS dye adsorption onto the 

representative hydrogels was shown in Figure 18. It can be seen from Table 4, 

that in contrast to the pseudo first-order kinetic model, the qe,cal values obtained 

from pseudo second-order kinetic model were in good agreement with the 

experimental qe,exp values. Moreover, R2 values (> 0.997) of the pseudo second-

order kinetic model were found to have good correlation with experiment 

values, suggesting that the pseudo second-order kinetic model can be used for 

explaining the whole adsorption process. This result further reveals that the 

adsorption behaviour was chemical adsorption (chemisorption).  

Along with the pseudo first-order and pseudo second-order kinetic model, the 

Elovich kinetic model21 ,which describes a chemisorption process and also 

assumes that the surface of the solid adsorbent is energetically heterogeneous, 

was also used to fit the experimental data. The linear form of the Elovich kinetic 

model can be expressed by the following equation: 

 =   ln () +   ln t                                                                                      (9) 

where qt (mg/g)  is the amount of adsorbate adsorbed at time t ;  and  are 

constants where  (mg g-1 min-1 ) is related to rate of chemisorption and  (g mg-

1) which is also termed as desorption coefficient is related to the extent of 

surface coverage of the adsorbent. Figure. 19 showed the best fit linear plots 

based on Elovich kinetic model. The constants  and  are obtained from the 

intercept and slope respectively and were given in Table 4. All the plots are linear 

with a regression coefficient in the range of 0.891-0.989. From the obtained 

values of  and , it can be concluded that in some cases adsorption and 

desorption processes compete with each other. 
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Figure 18. Pseudo second order kinetics of A)CPAam-ILA-10, B) CPAam-ILB-10 ,C) 

CPHEMA-ILA-10 and D) CPHEMA-ILB-10 

 

Altogether, Figures 17-19 and Table 4 showed that the pseudo second order 

kinetic model best fits experimental data and consistent with the high R2 values 

and the theoretical adsorption capacities (qe,cal)) calculated from the kinetic 

model were very close to the experimental values (qe,exp). This implies that the 

adsorption rate is controlled by chemisorption (slow step) which can be 

https://pubs.rsc.org/en/content/articlehtml/2019/ra/c9ra03077h#imgfig9
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attributed to the chelation between the dye molecules and amine or hydroxyl 

functional groups present in the IL- crosslinked hydrogels48-49 whereas interfacial 

adsorption of anionic dye molecules via cationic sites (cross-linking points of the 

hydrogel matrix) of the hydrogel matrices  through electrostatic force of 

attraction is the reason of fast dye uptake. 

 

Figure 19. Elovich kinetic model of A)CPAam-ILA-10, B) CPAam-ILB-10 ,C) 

CPHEMA-ILA-10 and D) CPHEMA-ILB-10. 
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 1.712 0.9684 0.11 3.69 0.9890 

  
  

A
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n
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ed
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CPAam-ILA-10 8.799 2.8310
-3

 7.384 0.9790 4.3110
-4

 9.207 0.9979 0.14 0.66 0.9438 

CPAam-ILB-10 8.586 3.2310
-3

 3.382 0.7565 3.9210
-3

 8.687 0.9995 1.16 0.75 0.9093 

CPHEMA-ILA-10 9.186 3.0810
-3

 6.489 0.9580 1.1610
-3

 9.672   0.9985 0.37 0.62 0.9771 

CPHEMA-ILB-10 8.205 2.5210
-3

 7.056 0.9684 4.2510
-4

 9.535 0.9967 0.15 0.63 0.9556 

Table 4. Kinetic parameters for the adsorption of dyes onto hydrogels. 

 

5.4.7 Adsorption Mechanism. 

In the dye adsorption processes, molecular diffusion mechanism also influences 

the overall adsorption rate on the adsorbent, which cannot be described by the 

pseudo kinetic models.47. As per the literature there are several types of 

diffusion may occur consecutively during the sorption of adsorbate molecules/ 

ions on porous adsorbent (solid/liquid phase adsorption process). There is bulk 

transport and after that, the adsorbate ions start to travel towards the exterior 

surface of the adsorbent (film diffusion). Then after attachment of small fraction 

of adsorbate particles onto the external surface of the adsorbent, adsorbate ions 

start to travel within the pores of the adsorbent (intra-particle diffusion). The 

final stage (absorption) where adsorbate ions attach themselves inside the inner 

surface of the adsorbent.47  Accordingly, a schematic representation of all these 

mechanisms is shown in Scheme 2 with respect to our case.  
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Scheme 2. Schematic representation of anionic dye adsorption onto the cationic 

hydrogels from aqueous solution. 

 

To describe the diffusion mechanism of the solute dye particles into the 

interior of the hydrogels, the experimental data were fitted with intra-particle 

diffusion and film diffusion kinetic model equations. Intra-particle diffusion 

model is generally used to check whether diffusion is the rate determining step 

in the sorption process. The intra-particle diffusion model by Weber and Morris41 

is given by the linear equation as; 

= +C                                                                                             (10) 

where Kp (mg/g min1/2) is the rate constant for intra-particle diffusion model 

where higher value of Kp indicates an enhancement in the rate of adsorption and 

C(mg/g) is a constant which gives an idea about the thickness of boundary layer 

where higher the value of C, higher the boundary layer effect.41 According to this 

model, if intra-particle diffusion occurs then qt vs. t1/2 plot will be linear. Also, if 
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the linear plot passes through the origin, which indicates that intra-particle 

diffusion is the rate-determining step or in other words it gives an indication of 

sole control of intra-particle diffusion for the whole adsorption period. 47  

Whereas the intra-particle diffusion is not the rate-determining step if the linear 

plot does not pass through the origin for the overall adsorption process. There is 

possibility of other mechanism to occur along with intra-particle diffusion. The 

plots of intra-particle diffusion model for the adsorption of Eosin B and ARS dyes 

onto the representative  as-synthesized hydrogels (Figure 20) were not linear 

but, linear plots can be constructed considering the small region as observed 

else-where.21, 41  The values of KP and C for each linear region were calculated 

from the slope and intercepts respectively of the linear fit plots of qt vs. t1/2 and 

were listed in Table 5. The linear fits over the time span of 24 h do not pass 

through origin which clearly indicate that the adsorption  processes do not 

follow single diffusion mechanism and the only rate-determining step is not 

intra-particle diffusion.21 50 Such multiple linear plots indicated the involvement 

of multi-step process in the adsorption of the dyes by the hydrogels. The first 

steeper region (Stage I), which has the highest diffusion rate, represented the 

immediate sorption or external surface sorption of the anionic dye molecules 

onto the hydrogels through the solution. The sharper slopes (KP1, Table 5) of this 

first steeper section indicates that a higher rate of ion removal was occurred in 

the beginning due to boundary layer diffusion of the anions to the immediately  

available active adsorption sites present on the surface of the hydrogels. The 

second region (stage II) described the gradual adsorption stage which is the 

intra-particle diffusion stage. The slopes for this region (KP2, Table 5) were much 

lesser than that of first stage (KP1). 41 This region can be attributed  to the 

diffusion of the surface adsorbed dye molecules within the porous matrix of the 

hydrogels.21 The third region (stage III) revealed lower slopes (KP3, Table 5), 



Ionic liquid cross-linked polyionic hydrogels 

IACS                                                  369                                                   JU 

suggesting the final equilibrium stage where intra-particle diffusion starts to slow 

down due to extremely low concentration of adsorbate particles in the solution. 

Note that during the adsorption of Eosin B and ARS dyes by the CPHEMA-ILA-10 

(Figure 20B) and CPHEMA-ILB-10 hydrogels (Figure 20D)  and ARS adsorption by 

CPAam-ILA-10 hydrogel (Figure 20C, purple  dotted line), the second linear 

region got associated with the third linear region final stage, and in these cases 

the intra-particle diffusion process controls the rate of the process.41 These 

observations justified the co-existence of bulk, film and pore/intra-particle 

diffusions for all the dyes onto the hydrogels.51 Similar adsorption mechanism 

has been reported for other cationic hydrogels during dye adsorption 

processes.21, 52  

Table 5. Kinetic parameters for intra-particle diffusion model. 

Dye  Hydrogel Intra-Particle Diffusion Model 

  Kinetic parameters 

  
  
  

  
  
 E

o
si

n
 B

 

 KP1 C1 R2 KP2 C2 R2 KP3 C3 R2 

 (mg/g min1/2) (mg/g)  (mg/g min1/2)   (mg/g min1/2) (mg/g)  

CPAam-ILA-10 0.189 0.303 0.9672 0.029 1.161 0.9822 0.005 1.534 0.9823 

CPAam-ILB-10 0.148 0.481 0.9283 0.035 1.085 0.9695 0.004 1.559 0.8978 

CPHEMA-ILA-10 0.072 -0.061 0.9967 0.021 0.883 0.9744 -- -- -- 

CPHEMA-ILB-10 0.075 0.157 0.9554 0.015 1.094 0.9805 -- -- -- 

A
R

S
 

CPAam-ILA-10 0.319 -0.634 0.9973 0.135 2.861 0.9953 -- -- -- 

CPAam-ILB-10 0.652 0.174 0.9714 0.093 6.429 0.9794 0.020 7.745 0.6510 

CPHEMA-ILA-10 0.414 0.251 0.9947 0.072 0.251 0.9947 -- -- -- 

CPHEMA-ILB-10 0.367 -0.852 0.9980 0.111 3.980 0.9955 -- -- -- 
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. 

Figure 20.   Intra-particle diffusion plots for adsorption of Eosin B (A,B) and ARS 

(C,D) dye on the selected hydrogels at ambient temperature. (Initial 

concentration of Eosin B and ARS are 12.5 and 85 mg/L respectively) 
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Thus, it is clear that the adsorption of Eosin B and ARS dyes onto the selected 

CPAam and CPHEMA hydrogels is a complex and multi-step process. But among 

particle diffusion and film diffusion, which process actually controls the overall 

adsorption process still remained unknown. Therefore to identify the actual rate 

controlling step, the experimental data were also  fitted to the Boyd kinetic 

model47 as follows: 

Bt = -0.4977- ln(1-F) ,                                                                                                 (11) 

where F = qt/qe represents the fraction of dye adsorbed at any time t and Bt , 

mathematical function of F, is called Boyd parameter. Bt values have been 

plotted against corresponding t (min) values to depict the film diffusion model 

(Figure 21). According to this model, if the kinetic plot ‘Bt vs. t’ takes a linear 

form passing through the origin, then it indicates that particle diffusion is the 

actual rate controlling step in the adsorption process. However in case if the plot 

is linear but do not pass through the origin then external mass transfer (film 

diffusion) determines the overall rate of the adsorption process.53 As shown in 

Figure 21, the values of correlation coefficient (R2 ) related to the  Boyd kinetic 

plots for our experimental system are in the region of (0.873-991) and (0.756-

0.968) for Eosin B and ARS adsorption respectively. Hence all the plots may 

broadly be considered as linear but none of the plots passed through the origin 

indicating that the adsorption of Eosin B and ARS dyes onto the IL cross-linked 

CPAam and CPHEMA hydrogels was majorly controlled by film diffusion or 

chemisorption which was later taken over by the intra-particle diffusion at 

subsequent stages. 
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Figure 21. Boyd fitting plot for the adsorption of A) Eosin B and B) ARS dye on 

the selected hydrogels. 

 

5.5 CONCLUSIONS 

Acrylamide and 2-hydroxyethyl methacrylate based hydrogels were prepared 

using newly synthesized ionic liquid as cross-linkers. The structure of the 

hydrogels was characterized by different techniques including FTIR and SEM 

analysis. Thermal stability of the hydrogels was investigated by TGA and DTG 

analyses. The introduction of ionic liquid into the hydrogel matrix as cross-

linkages resulted in the incorporation of cationic binding sites for which further 

led to electrostatic interaction with anionic dyes. Swelling performance and 

diffusion mechanism of water within the hydrogels were investigated and 

pseudo Fickian mechanism is observed to be operated during transportation of 

water molecules into the hydrogel network. The dye adsorption by these 

hydrogels was investigated using Eosin B and Alizarin Red S as model dyes. The 

dye adsorption data of representative hydrogels were fitted with three kinetic 

models : pseudo first-order, pseudo-second-order and Elovich kinetic models 
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where pseudo second-order kinetic model gave the best fitting result indicating 

the adsorption as chemisorption . Further to investigate the dye adsorption 

mechanism, intra-particle diffusion model used which showed multi-linearity 

behaviour confirming that the adsorption occurred through different steps. 

Again the intercepts of the intra-particle diffusion plots did not pass through 

origin indicating intra-particle diffusion was not only the rate controlling step. 

Further fitting the experimental data to Boyd kinetic model indicated that film 

diffusion was  rate controlling for a period a time  which was taken over by intra-

particle diffusion after a certain stage.   
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SUMMARY 

The scientific content of this thesis work covers the development of new 

types of ionic liquids (ILs) and/or poly (ionic liquids) (PILs), their stimuli-

responsive behaviours and explores the role of macromolecular engineering in 

the development of polymer materials with the desired combination of 

properties for advanced applications. In particular, a series of new stimuli-

responsive ionic liquid-based random copolymers of different architectures were 

achieved via RAFT polymerization of an ILM with a variety of hydrophilic or 

hydrophobic monomers. This was accompanied by the investigation of these PILs 

with regards to their stimuli-responsiveness, particularly in solution under 

different external stimuli such as temperature and ionic strength. This was 

followed by the polymerization of an ionic liquid monomer into nonionic-ionic 

type random copolymers and their ionic conductivities were investigated as a 

function of different parameters. Development of new photoinitiating ILs and PIL 

along with the detailed study of the photoinitiation mechanism and comparative 

photoinitiating abilities in aqueous medium were described. Exploration of PIL as 

macromolecular photoinitiator towards the development of different types of 

thermoresponsive graft copolymers was further described. New cross-linkable 

ILMs and their successive use to fabricate hydrogel adsorbents for the removal 

of dyes were described.   

The introduction section has been described a brief overview on the general 

aspects of ILs and PILs. A broad overview on the design and synthetic strategies 

for different types of ILs, ionic liquid monomers (ILMs) in particular, the synthesis 

of PILs via conventional free radical or controlled/living radical polymerization 

technique (e.g., RAFT) have also been described. Ionic conductivity and stimuli-

responsive properties of PILs have been reviewed in detail. Recent developments 

on water-soluble photoinitiators and polymeric hydrogels have been reviewed in 
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a systematic way. Finally, the chapter described the various possible applications 

of ILs/PILs. 

A series of PIL, P[VBTP][Cl]- based random copolymers containing 

conventional polymer segments namely, P[VBTP][Cl]-ran-PMMA, P[VBTP][Cl]-

ran-PS, P[VBTP][Cl]-ran-PHEMA and P[VBTP][Cl]-ran-PNIPAM of varying 

compositions have been synthesized via RAFT polymerization technique. The 

incorporation of only a very small percentage of ionic P[VBTP][Cl] segment into 

these copolymers enabled the solubilization of hydrophobic polymer PMMA/PS 

segments in MeOH/water and hydrophilic PHEMA segment in water regardless 

of their molecular weights. Further, the copolymeric solutions underwent 

aggregation resulting in turbidity in the presence of externally added halide ions 

and experienced phase transitions from turbid suspension to transparent 

solution upon heating, which revealed the appearance of UCST-type phase 

behaviours due to the insertion of PIL (P[VBTP][Cl]) segment. The cloud point of 

UCST transitions in these copolymers were tunable with respect to various 

parameters such as content of ionic segment (copolymer composition) as well as 

concentrations of added halide anions. On the other hand, P[VBTP][Cl]-ran-

PNIPAM copolymers showed a composition dependent dual thermo- and ion-

responsive phase behaviour. The copolymers with low ionic PIL contents showed 

only inherent LCST behaviour of PNIPAM with tunable cloud points by the 

addition of varying amount of Cl- anion. However, the copolymer with 

moderately high ionic PIL content exhibited both LCST-type behaviour, inherent 

to PNIPAM segment as well as UCST-type behaviour arising from PIL 

(P[VBTP][Cl]) segment in the presence of halide anion. Overall, a large variety of 

dual ion- and thermo-responsive copolymers with tunable cloud point and 

thermosensitivity were developed by introducing the PIL segment with easily 

available and cheaper conventional polymer segments, which opens up the 
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possibility of making varieties of new smart materials towards sensor, drug 

delivery and other useful applications.  

An ionic liquid monomer [VBTP][Cl] has been copolymerized into a series of 

ionic-nonionic type random copolymers (namely P[VBTP][Cl]-ran-PMMA) 

comprising of ionic PIL, P[VBTP][Cl] segment and non-ionic PMMA segments by 

using both free radical polymerization as well as reversible addition-

fragmentation chain-transfer (RAFT) polymerization methods. The influence of 

copolymer compositions, counter anions (Cl- and TFSI-) and molecular weight as 

well as physical mixing of copolymer segments on ion transport and relaxation 

were investigated using broadband dielectric spectroscopy followed by analyzing 

the data using several theoretical models. The free ion diffusivity and ion 

number density of these random copolymers were obtained by analyzing the 

contribution of electrode polarization. The temperature dependence of ionic 

conductivity, relaxation time and ion diffusivity exhibited Vogel-Tammann-

Fulcher behavior in these copolymers indicating ion transport controlled by 

segmental motion of polymer chains. With increasing ionic content of PIL, the 

ionic conductivity increased in the random copolymers. P[VBTP][Cl]80-ran-

PMMA20 copolymer showed the ionic conductivity of 1.9510-7 S cm-1 while the 

neat P[VBTP][Cl] exhibited the high ionic conductivity of 1.9610-6 S cm-1 at room 

temperature. In spite of low ionic conductivity, the applicability of PIL 

copolymers as energy storage materials is higher because of their less moisture 

sensitivity due to incorporation of hydrophobic PMMA segment. The ionic 

conductivity decreased due to the introduction of larger counter anion TFSI- in 

the place of Cl- ion in copolymer. Ionic conductivity increased with decreasing 

molecular weight. The random PIL copolymers showed a better thermal stability 

and a faster ion diffusion compared to physically mixing of two homopolymers. 

In comparison with other reported systems, these PIL copolymers with good 
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thermal stability, less moisture sensitivity and good ionic conductivity open new 

opportunities for making advanced materials for energy storage applications. 

A series of phosphonium and imidazolium ionic liquids (ILs) with high water-

solubility have been synthesized and those have been utilized as efficient 

photoinitiators (PIs) for the polymerization of vinyl monomers such as N-

isopropylacrylamide (NIPAM) and 2-(dimethylamino)ethyl methacrylate 

(DMAEMA) upon UV irradiation (max = 310 nm) in aqueous medium at ambient 

temperature and pressure. The photopolymerization proceeds through a free 

radical pathway which has been established by EPR and 1H-NMR spectroscopy, 

MALDI-TOF-MS, SEC analysis, and other control experiments. The kinetic study 

demonstrates that this photopolymerization is fast enough to produce high-

molecular-weight polymers with 70% yield even after 30 mins of UV irradiation. 

Control experiments showed that these IL-based PIs have high water solubility 

and capability of producing high-molecular-weight polymers compared to other 

commercially available aqueous PIs. Additionally, poly(NIPAM)  and 

poly(DMAEMA) are grafted from the photoactive pendent IL moiety of the 

poly(ionic liquid), poly(triphenyl-4-vinylbenzylphosphonium chloride) 

(P[VBTP][Cl]) backbone by the grafting-from copolymerization. The presence of 

either poly(NIPAM) or poly(DMAEMA) graft segment induced 

thermoresponsiveness to their P[VBTP][Cl]-based copolymers. 

Two different types of cross-linkable ionic liquid monomers (ILMs) have been 

successfully synthesized and utilized for the fabrication of acrylamide and 2-

hydroxyethyl methacrylate-based hydrogels. The structures of the hydrogels 

were characterized by different techniques including FTIR and FESEM analyses. 

Thermal stabilities of the hydrogels were investigated by TGA and DTG analyses. 

Swelling performance and diffusion mechanism of water within the hydrogels 

were investigated and pseudo Fickian mechanism was observed to be operated 
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during transportation of water molecules into the hydrogel network. The 

introduction of ionic liquid into the hydrogel matrix as cross-linkages resulted in 

the incorporation of cationic binding sites which further utilized to remove 

hazardous anionic dyes from water through electrostatic interaction. The dye 

adsorption abilities of these hydrogels were investigated using Eosin B and 

Alizarin Red S as model dyes. The dye adsorption data of representative 

hydrogels were fitted with three kinetic models: pseudo first-order, pseudo-

second-order and Elovich kinetic models where pseudo second-order kinetic 

model gave the best fitting result indicating chemisorption to be the rate 

controlling step. Further to investigate the dye adsorption mechanism, intra-

particle diffusion model was used which showed multi-linearity behaviour 

confirming that the adsorption occurred through different steps. It was observed 

that the intercepts of the intra-particle diffusion plots did not pass through origin 

indicating intra-particle diffusion was not only the rate controlling step. Further 

fitting the experimental data to Boyd kinetic model showed straight lines which 

did not pass through the origin, meaning that boundary layer diffusion was 

involved in the adsorption process and the adsorption system was not solely 

controlled by intra-particle diffusion. Therefore, neither intra-particle diffusion 

nor liquid film diffusion was the sole rate-determining step. This indicated that 

both liquid film diffusion and intra-particle diffusion jointly controlled the 

removal of anionic dyes from aqueous solution by the macroporous cationic 

hydrogels. 
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