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 “Dreams. Each man longs to pursue his dream. Each man is tortured by this dream, 

but the dream gives meaning to his life. Even if the dream ruins his life, man cannot allow 

himself to leave it behind. In this world, is man ever able to possess anything more solid, than 

a dream?” 

― Kentaro Miura 
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I. Thesis goal and objectives 

The goal of this thesis is a development of solid polymer electrolytes (SPE) with an 

unprecedented combination of mechanical (G’) and electrochemical (σ, ESW) properties. It is 

hypothesized that this goal can be realised through the creation of a new family of polymer materials 

termed dynamic ion gels (DIGs) via the coacervation of oppositely charged building blocks (Figure I). 

This approach involves blending complementary polycationic and polyanionic poly(ionic liquid)s 

(PIL)s and/or ionic silica nanoparticles. The gelation process occurs via the creation of dynamic ionic 

cross-links through an ion metathesis with the concomitant in situ generation of highly ion conducting 

ionic liquids (IL)s. Thus, DIGs should combine the ion-conducting properties of ionic liquids with the 

solidity and toughness of dynamic polymer networks and nanocomposites. 

To achieve these goals, the following research objectives were established: 

1) The design and synthesis of novel ionic liquid like monomers (ILM)s toward the formation 

of PILs with the highest ionic conductivity. 

2) The copolymerization of the novel ILMs and the investigation of the properties of the 

resulting copolymers. 

3) The preparation of novel PILs via chemical modification and investigation of their 

properties. 

4) The synthesis of model DIG1 through the coacervation of PIL33TFSI and PIL13, the 

optimization of synthetic conditions and the confirmation of ionic cross-links formation 

and IL generation. 

5) The combination of various building blocks to obtain the most highly conductive and 

mechanically robust DIGs, the establishment of structure/properties relationship and the 

determination of the most promising DIG candidates for further application in 

supercapacitors 

6) The application of selected DIGs in all-solid-state supercapacitors and evaluation of their 

characteristics (CSP, E, P). 

The manuscript is structured as a monograph thesis and divided into four chapters (Figure I). 

At the beginning thorough review of methods to enhance the ionic conductivity and mechanical 

properties of polyelectrolytes is presented.  

Chapter 1 provides a detailed description of the design and synthesis of two groups of ILMs, 

as well as their thermal and electrochemical properties. The first group comprises two ionic 

methacrylate-based monomers (anionic ILM1 and cationic ILM2, Figure 1.1), which were further used 
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in Reversible Addition-Fragmentation Chain Transfer (RAFT) polymerization. These monomers have 

similar structures, differing only in the ionic group attached to the spacer. The second group includes 

four dipropargyl ionic monomers intended for Cu(I)-catalyzed azide–alkyne polyaddition with neutral 

diazide. All of these monomers are cationic, but they differ in the number and nature of the cations 

included in the structure. 

Chapter 2 aligns with Objectives 2 and 3 and is dedicated to the synthesis of five novel families 

of PILs by three synthetic approaches (Figure I). The thermal, electrochemical, and rheological 

properties of all obtained polyelectrolytes are discussed in detail. The first family of PILs, obtained by 

Cu(I)-catalyzed azide–alkyne polyaddition of previously developed dipropargyl ionic monomers and 

subsequent n-alkylation reactions, consists of 9 polymers with repeat units containing one to four ion 

pairs (Scheme 2.1). The variation in the number of ion pairs in the repeat unit and the nature of cations 

involved allowed for the investigation of the influence of these structural factors on ionic conductivity 

and mechanical properties. The best polymer from this series is PIL9, containing two 1,2,3-triazolium 

cations separated by an oxyethylene spacer, which exhibited an ionic conductivity of 1.8 × 10−5 S cm−1 

at 25 °C and a storage modulus of 0.1 kPa at 25°C and 1 rad s-1. 

The second, third, and fourth families were obtained by RAFT copolymerization of various 

methacrylic neutral monomers with one commercial (ILM7) and two novel methacrylic monomers 

(ILM1 and ILM2) presented in the second chapter (Scheme 2.2). This resulted in 16 random and 8 

block copolymers with a wide range of properties. The ionic conductivity varied between 1.9 × 10−7 S 

cm−1 and 1.8 × 10−5 S cm−1 at 25 °C and reached a maximum for PIL14. The storage modulus at 25°C 

and 1 rad s-1 varied from 0.5 to 1680 kPa, reaching the maximum for block copolymer PIL25. Based 

on this series of copolymers, the influence of polymer morphology, charge delocalization, and the 

structure of cations and anions on mechanical properties and ionic conductivity is discussed. 

The last family of PILs consists of 12 polymers synthesized through the chemical modification 

of a neutral polymer. The influence of the nature and length of substituents on the imidazolium cation, 

as well as the asymmetry and charge delocalization of the counter anion, on the properties of PILs, is 

discussed in detail. PIL33BF(CN)3 exhibited a storage modulus of 22 kPa at 25°C and 1 rad s-1 and the 

highest ionic conductivity in the family (1.0 × 10−5 S cm−1 at 25 °C). 

Chapter 3 discusses the concept of DIGs in more details and is devoted to the synthesis and 

investigation of DIGs, thus addressing Objective 4 and 5.  It begins by presenting a model DIG1 which 

helps to determine the optimal synthetic conditions for preparing DIGs, including the choice of solvent 

and the order of mixing. The application of various methods confirms the occurrence of ion exchange 

between two PILs and the formation of dynamic cross-links with in-situ generation of ionic liquid. 

Following this foundation, the chapter expands by discussing and comparing a wider range of DIGs 

incorporating specific structural features, such as localized charges and block copolymers. These 
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materials are comprehensively characterized through thermal, rheological, and electrochemical 

analyses. Finally based on the obtained results the last iteration of DIG structure optimization led to the 

development of DIG14 which exhibited an ionic conductivity of 8.2 × 10⁻⁶ S cm⁻¹ at 25 °C and a storage 

modulus of 214.5 kPa at 25°C and 1 rad s⁻¹. 

The final chapter, Chapter 4, explores the application of the most promising DIG14 as an 

polyelectrolyte for supercapacitors. For comparative purposes, two additional supercapacitors utilizing 

PILs are also examined. The specific capacitance, energy and power density, and capacitance retention 

of these devices are analyzed and compared. The results demonstrate that the supercapacitor with 

DIG14 outperforms the others, exhibiting the following characteristics: CSP 19.6 F g⁻¹, E 10.9 Wh kg⁻¹, 

and P 97.7 W kg⁻¹. 

  



12 

 

 

Figure I Thesis roadmap 
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II. Literature review 

In recent decades, the landscape of electrochemical device development has undergone a 

profound and far-reaching transformation, motivated by the dual imperatives of enhancing both safety 

and performance. Electrochemical devices, such as batteries, fuel cells, and supercapacitors, play an 

indispensable role in modern society, powering everything from portable electronics to electric vehicles 

and renewable energy systems. Traditionally, these devices have relied on liquid electrolytes, which 

have been the cornerstone of electrochemical systems for many years. Liquid electrolytes have 

facilitated the efficient movement of ions between electrodes, thereby enabling the energy conversion 

and storage processes that are fundamental to the operation of these devices. However, despite their 

widespread use and effectiveness, liquid electrolytes are not without significant drawbacks1. 

One of the most pressing issues associated with liquid electrolytes is their inherent 

flammability. Most liquid electrolytes are composed of organic solvents, which, while effective at 

dissolving salts and promoting ionic conductivity, are also highly volatile and combustible. This 

flammability poses a serious safety risk, particularly in high-energy-density applications like lithium-

ion batteries, where thermal runaway can lead to catastrophic failures, including fires and explosions2. 

In addition to their flammability, liquid electrolytes are prone to leakage, which can result in the 

degradation of device components and reduced operational lifespan3. Furthermore, the chemical 

stability of liquid electrolytes is often compromised under extreme conditions, such as high 

temperatures or prolonged cycling, leading to the formation of harmful by-products that can deteriorate 

device performance4,5. 

These concerns have increasingly driven the research community to seek out safer, more 

reliable alternatives to traditional liquid electrolytes. In response to the growing demand for enhanced 

safety and performance, a significant shift in focus has occurred within the field of electrochemical 

materials research. Scientists and engineers have turned their attention to the development of both solid 

polymer electrolytes (SPEs) and polyelectrolytes. SPEs, composed of polymer matrices that are 

typically non-volatile and non-flammable, are designed to maintain structural integrity under a wide 

range of operating conditions. This makes them inherently safer and more stable, addressing many of 

the critical safety issues associated with liquid electrolytes. On the other hand, polyelectrolytes, which 

consist of polymers with ionizable groups, offer unique advantages due to their ability to form charged 

polymer backbones with mobile counterions6,7. This characteristic allows polyelectrolytes to interact 

strongly with other ions and molecules, facilitating innovative approaches to energy storage and 

conversion technologies5. 
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Both SPEs and polyelectrolytes offer compelling properties that make them highly attractive 

for use in next-generation electrochemical devices. SPEs are known for their superior safety profile and 

mechanical robustness, which are crucial for the long-term durability of devices8. The polymeric nature 

of these electrolytes allows for flexibility in material design, enabling the creation of thin, lightweight, 

and flexible devices that are well-suited for modern applications 9. Similarly, polyelectrolytes can form 

thin films or multilayer structures that are particularly useful in applications in batteries and other 

devices. The charged nature of polyelectrolytes also allows for extensive chemical modification, 

enabling the design of highly specialized systems tailored to specific functions. The versatility of 

polymers in both SPEs and polyelectrolytes allows for a wide range of chemical modifications and 

processing techniques, optimizing the performance of the electrolytes for various applications. 

As the demand for safer, more efficient, and more reliable energy storage and conversion 

technologies continues to grow, the development and optimization of both solid polymer electrolytes 

and polyelectrolytes will play an increasingly critical role. SPEs, with their ability to overcome the 

limitations of traditional liquid electrolytes, have the potential to revolutionize electrochemical devices 

by providing safer and more durable energy storage solutions. Concurrently, polyelectrolytes, with their 

unique ionic properties and structural flexibility, offer innovative possibilities for enhancing the 

performance and functionality of these devices. Together, these materials are paving the way for the 

next generation of energy storage solutions that are not only safer and more reliable but also more 

adaptable to the evolving needs of modern society. 

1. Poly(ionic liquid)s (PIL)s 

Poly(ionic liquid)s (PIL)s are a distinct subclass of polyelectrolytes, characterized by the 

incorporation of ionic liquid moieties into the polymer backbone or side chains (Figure II.1). Over the 

last 25 years these materials have garnered significant attention from various scientific communities 

due to their exceptional potential in electrochemical applications. It happened due to the fact that PILs 

uniquely combine the high ionic conductivity and electrochemical stability of ionic liquids with the 

processability and mechanical flexibility of polymers7,10. Additionally, PILs offer several other 

advantages, including extensive structural design freedom, which allows for the customization of their 

physical and chemical properties to meet specific application requirements.  

For PILs to be effectively utilized in modern electrochemical devices, they must meet several 

critical criteria. First, they should exhibit an ionic conductivity greater than 10-5 S cm-1 at 25°C, which 

is essential for efficient ion transport in electrochemical applications10,11. Second, PILs must maintain 

sufficient mechanical stability to endure mechanical stresses and preserve structural integrity during 

operation10,12. Thus, achieving a balance between mechanical strength and ionic conductivity is vital for 
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the development of high-performance PILs that can meet the stringent demands of modern 

electrochemical applications. 

 

 

Figure II.1 Illustration of the relationship between ILs and PILs7. 

However, a significant challenge in the development of PILs lies in the inverse relationship 

between these two critical properties13,14 (Figure II.2). High mechanical stability in PILs typically 

requires a high glass transition temperature (Tg) and/or a degree of crystallinity. Materials with a high 

Tg are generally more rigid and mechanically robust, which enhances structural integrity. However, this 

rigidity can restrict the segmental motion of polymer chains, which is crucial for fast ion transport and 

achieving high ionic conductivity. Conversely, to attain high ionic conductivity, PILs need a low Tg, 

which allows for greater segmental motion within the polymer matrix. This increased flexibility at lower 

Tg facilitates ion mobility, leading to improved ionic conductivity. Unfortunately, the trade-off is that 

these low Tg, amorphous polymers often lack the mechanical strength and dimensional stability required 

for certain applications.  
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Figure II.2 Visual comparison of PILs with different Tgs 

To address this challenge, classical approaches involve sophisticated polymer structure 

design10,15. By introducing specific structural scaffolds, altering charge density, and adjusting molecular 

weight, it is possible to influence the balance between ionic conductivity and Tg. One of the most 

promising design strategies involves modifying polymer architecture and forming block copolymers. 

In some cases, block copolymers exhibit phase separation, leading to the formation of ionic channels 

within the material, which facilitates faster ion movement while also creating stiff regions that 

contribute to mechanical stability16. However, it is important to note that even with these design 

strategies, the most highly conductive PILs still tend to appear as oils or cold-flowing viscous liquids 

(Table II.1). 

In addition to structural design, many methods involve adding specific additives to PILs to 

improve their properties. For instance, to enhance ionic conductivity, one common approach is the 

addition of ionic liquids, resulting in the formation of iongels17,18. Ionic liquids, acting as plasticizers, 

facilitate both chain and ion mobility and also participate directly in ion transport. This results in 

improved ionic conductivity which can reach 10-3 S cm-1 at 25°C14. However, achieving this level of 

conductivity often requires high IL loadings, which consequently leads to a significant decrease in the 

mechanical properties of the ion gels18. 

To improve the mechanical properties and processability, the mixing of PILs with other 

polymers is frequently reported in the literature19,20. Specifically, the formation of polyelectrolyte 

complexes (PECs) from two oppositely charged polyelectrolytes has proven to be an effective method 

for enhancing polymer processability. However, this method has never been used to improve the ionic 

conductivity of polyelectrolytes. 
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Thus, despite significant progress in the development of PILs, the challenge of achieving a 

balance between ionic conductivity and mechanical stability persists. The following sections will delve 

deeper into the strategies employed to optimize PILs, providing detailed insights into the methods used 

to enhance their performance in advanced electrochemical applications 

Table II.1 Overview of the most highly conductive linear PILs reported to date (updated in February, 

2024). 

Ref PIL 

Ionic 

conductivity Mn 

(kDa)3 

Physical state of PIL 

(mechanical properties) σ 
(S cm-1)1 

T 
(°C)2 

21 

 

1.2×10-4 30 8.24 
amber-colored low MM 
viscous material (n.d.)5 

22 

 

1.2×10-4 25 5.4 
cold flowing viscous liquid 

(n.d.) 

23 

 

6.7×10-5 30 30.2 
yellow viscous liquid 

(n.d.) 

24 

 

5.5×10-5 25 18304 

colorless coatings on 

metals, brittle and opaque 

self-standing films (n.d.) 

25 

 

5.0×10-5 25 2.44 

Brown oil 

(dynamic shear loss 

modulus G′′ (rheology, -

30oC): 130 MPa) 

26 

 

3.6×10-5 25 19004 cold flowing viscous mass 

(n.d.) 

27 

 

3.2×10-5 25 26.0 clear viscous oil (n.d.) 

28 

 

2.8×10–5 25 6.7 (n.d.) 
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29 

 

2.4×10-5 30 23.0 

from purple sticky soft solid 
to cross-linked soft self-

standing films (maximum 

stress and the elongation at 
break (tensile testing, 

25oC): 0.17 MPa and 170%) 

30 

 

2.5×10-5 30 26.8 yellow viscous oil (n.d.) 

31 

 

2.3×10-5 25 45.0 
viscous liquid 

(n.d.) 

32 

 

1.8×10-5 25 71.7 
brown gummy sticky solid 

(n.d.) 

33 

 

1.2×10–5 30 - brown viscous oil (n.d.) 

34 

 

1.1×10–5 30 113.6 
orange viscous material 

(n.d.) 

35 

 

1.0×10-5 25 44.0 
dark brown viscous gummy 

solid (n.d.) 

36 

 

7.7×10–6 30 2524 yellow viscous oil (n.d.) 

37 

 

6.9×10–6 25 194 
transparent cold flowing 

viscous mass (n.d.) 

38 

 

6.3×10–6 27 99.5 (n.d.) 

 1Ionic conductivity under anhydrous conditions at 25 or 30oC. 2Temperature at which σ was measured. 3Number-

average molar mass. 4Number-average molar mass measured for neutral precursor. 5n.d.=not determined. 

1.1 Design of poly(ionic liquid)s 

The design of new PILs (Figure II.3) can be based on tuning the following parameters that are 

known to influence the bulk ionic conductivity of a polyelectrolyte: the anion`s and cation`s nature (1), 
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the architecture of the polymer backbone (2), the length and the nature of the spacer (3) between 

chemically bonded ion and main polymer chain 14,39. The influence of each of these parameters on ionic 

conductivity of PILs will be discussed in detail below. 

 

Figure II.3 Schematic illustration of PILs and structural factors affecting their ionic conductivity. 

1.1.1 The type of organic cation.  

Cation`s structure, in particular its type and the substituents, showed a strong influence on ionic 

conductivity of PILs. Among the vast number of cations, polyelectrolytes with positively charged 

imidazolium heterocycles demonstrated the best performance in terms of conductivity and may be 

considered as the most promising candidates for further investigation 40,41. At the same time, the study 

of substitutes influence or side chains in imidazolium ring on PIL’s bulk ionic conductivity was mainly 

limited to the negligible variation in length 40–43 and isomerism 43 of hydrocarbon chains (Figure II.4, a-

c). In spite of the similarity in PILs structures, the results obtained by several research groups were 

contradictory. Thus, Ohno et al. 40 revealed the extremal character of ionic conductivity in TFSI based 

PILs during the transfer from methyl to n-butyl substitute in imidazolium cation (Figure II.4, a):  

σ (25 °C , S cm-1): -CH3 (4.4×10-5) < -CH2CH3 (1.4×10-4) > -(CH2)3CH3 (4.1×10-5) 

Contrary, in a very similar imidazolium PILs, the increase in the substituent`s length from 

methyl 41 to n-butyl 42 group led to the linear growth in ionic conductivity from 7.4×10-10 to 8.5×10-7 S 

cm-1 at 25 °C (Figure II.4, b). Another trend was observed in the recent publication of Ikeda et al. 43, 

where the conductivity of PILs was firstly increasing by half order of magnitude with the transfer from 

methyl to ethyl substitute and then became constant independently of the substitute`s length (Figure 

II.4, c):  

σ (30 °C, S cm-1): -CH3 (5.0×10-6) < -CH2CH3 (1.5×10-5) ≈ -(CH2)2CH3 (1.3×10-5) ≈ -

CH(CH3)2 (1.1×10
-5

) ≈ -(CH2)3CH3 (1.5×10-5) 

At this, the influence of imidazolium substituents containing heteroatoms (Si, F, O, etc.) on 

ionic conductivity of PILs practically was not studied. Although some reports discussing such PILs 



20 

 

appeared recently 44–46, they were mainly dedicated to the elaboration of the synthetic pathways for the 

preparation of imidazolium PILs with fluorinated, silyl or siloxane substituents, while the conductivity 

of resultant polymers was not measured. Only one study of Detrembleur and Drockenmuller et al. 47 

can show the indirect comparison of the influence of fluorinated substituents on the conductivity of 

imidazolium PILs (Figure II.4, d). The introduction of the side fluorinated chain along with triethylene 

glycol pendant groups in imidazolium cations resulted in higher ionic conductivity in comparison with 

homopolymer analogue bearing hydrocarbon substitute (3.0×10-7 and 2.5×10-11 S cm-1 (30°C), 

respectively)48. However, the observed increase in overall conductivity may also be related solely to the 

presence of triethylene glycol pendant groups in the third block, known to promote the conductivity of 

PILs 49. 

 
Figure II.4 Examples of PILs illustrating the influence of substituent in the cation on bulk polymer 

ionic 

1.1.2 Polymer backbone.  

Polymer backbone is another important factor to consider when designing highly conductive 

PILs 48,50–55. The direct comparison of conductivity in PILs having various backbones such as 

methacrylate, acrylate, siloxane, norbornene, etc. represents a known problem as it is quite hard to find 

the examples of PILs with similar cations, anions and spacers, although differ only by the nature of the 

main chain. However, it is possible to postulate some common trends. Firstly, the main chain of a PIL 

should be flexible as the ionic conductivity crucially depends on PIL’s glass transition temperature. As 

a rule of thumb, polyelectrolytes with lower Tg show higher ionic conductivity 48,52,55,56. It is important 

to note, that this rule is only valid if the difference between the glass transition temperature and the 

temperature at which the ionic conductivity is measured does not exceed 30-35°C10. Secondly, the 

presence of alkylene oxide fragments was found to be beneficial for conductivity of PILs as they 
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promote ion solvation and as a result increase the ion mobility and ionic conductivity49,57,58. Thus, PILs 

with flexible polyethylene oxide (Figure II.5, a-c) or poly(propylene oxide) (Figure II.5, d) backbones 

were capable to show significantly high ionic conductivities. Baker et al. 59 prepared a set of 

polyethylene oxide PILs with the molecular weights ranging from 21000 to 76000 g mol-1 via ring 

opening polymerization of epichlorhydrin and subsequent polymer quaternization. These oligomeric 

PILs demonstrated relatively high ionic conductivity being above 10-6 S cm-1 (Figure II.5, a). Further 

on, Shaplov et al.60 suggested to quaternize poly(epichlorohydrin-co-ethylene oxide) copolymer having 

high molar mass of 8.7106 g mol-1 with N-methyl imidazole (Figure II.5, b). This approach allowed to 

“dilute” the charge careers with additional enthylene oxide (EO) units, helping their dissociation and 

providing the ionic conductivity up to 8.4×10-7 S cm-1 at 25°C and simultaneously to improve the 

mechanical properties of PILs due to their high molecular weight of the precursor (Figure II.5, b). Later 

on, Baker et al. 61 proposed to copolymerize epichlorohydrin with 2-((2-(2-(2-

methoxyethoxy)ethoxy)ethoxy)methyl) oxirane in different ratios. The quaternization of obtained 

copolymers with N-butyl imidazole and subsequent ion metathesis provided PILs with ionic 

conductivities up to 1.2×10-4 S cm-1 (25°C) at equimolar ratio of comonomers (n:m = 1:1). Such an 

improvement in conductivity can be explained by introduction of EO containing side so-called 

“dangling” chains, additional “dilution” of charges with EO units and relatively low Mn (2.2×103 g mol-

1). Finally, PILs having poly(propylene oxide) backbone (Scheme 3, d) were synthesized by Matsumoto 

et al. 62,63 via ring opening polymerization of ionic monomers with four-membered cyclic ether oxetanyl 

moieties. These PILs showed only moderate ionic conductivity of 2.0×10-8 S cm-1 (25°C) that can be 

explained by analogy with the difference in conductivity between polymer electrolytes based on 

poly(ethylene oxide) and poly(propylene oxide) filled with Li salts 64,65: the presence of the ethyl groups 

prevents coordination of anions with oxygens thus disrupting the hopping mechanism of ions mobility. 

 
Figure II.5 Examples of PILs with alkylene oxide main chains. 
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1.1.3 The type of anion.  

Anion structure also shows the great impact on PILs properties: the reduction in size and 

increase in charge delocalization are the most powerful tools for the improvement of PILs ionic 

conductivity 10. Although the direct influence of anion`s structure on ionic conductivity of PILs can be 

found in a variety of published works 42,66–72 , the majority of them was dedicated to the study of only 

four anions, namely of TFSI, PF6, BF4 and CF3SO3. For example, for poly(1-[(2-

methacryloyloxy)ethyl]-3-butylimidazolium)s (Figure II.6, a) the following order of conductivity 

values with respect to chemical structure of the counter anions was found: 

σ (30°C, S cm-1): (CF3SO2)2N (4.0×10-4) >CF3SO3 (1.5×10-5) >BF4 (6.5×10-6) >PF6 (3.8×10-6) 

In the work of Buchmeiser et al 71 a series of polynorbornene derivatives with different anions 

were synthesized and investigated. Similarly, the transition from PF6 to BF4 and further to more 

delocalized TFSI anion led to the increase in ionic conductivity: 

σ (25 °C, S cm-1): (CF3SO2)2N (4.2×10-7) > BF4 (9.8×10-9) > PF6 (3.8×10-11) 

In a number of polyvinyl imidazoles the significant increase in conductivity was achieved by 

application of a small delocalized dicyanamide anion69. At the same time, PIL bearing TFSI anion 

demonstrated only moderate conductivity increase69 in comparison with BF4 and CF3SO3 anions. 

σ (25 °C, S cm-1): (CN)2N (1.4×10-5) >> (CF3SO2)2N (2.5×10-11) > CF3SO3 (4.9×10-12) > BF4 

(˂ 10-12) 

Starting from 2000s, the introduction of the asymmetry principle in anions structure has become 

a very successful approach for the synthesis of ionic liquids with lowest melting points and viscosities 

and as a result with highest known ionic conductivity 73,74. However, such novel anions were practically 

not tested with PILs and to the best of our knowledge only one report describing the comparison of 

PILs with asymmetric anions is existing to date66. In this paper Shaplov and Drockenmuller synthesized 

a series of PILs having triazolium cation and five different anions. PILs under investigation 

demonstrated nearly similar ionic conductivities with TFSI-based PILs outmatching those bearing the 

asymmetric TFSAM anion by half order of magnitude. The observed conductivity trend at 30°C can be 

represented by the raw below: 

σ (30 °C, S cm-1): (CF3SO2)2N (8.5×10-6) > (C2F5SO2)2N (6.2×10-6) > (CN)2N (5.8×10-6) > 

(FSO2)2N (3.5×10-6) > (CF3SO2)(CN)N (1.8×10-6)  
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Figure II.6 Examples of PILs illustrating the influence of the anion`s structure on bulk polymer ionic 

conductivity. 

1.1.4 Block copolymers. 

Another critical structural factor in the design of PILs is the polymer architecture, which plays 

a significant role in determining the material's physical, chemical, and mechanical properties. A 

particularly effective type of architecture for enhancing the mechanical properties of PILs without 

sacrificing ionic conductivity is block copolymers16,75,76. Block copolymers consist of two or more 

chemically distinct polymer blocks that are typically immiscible, leading to microphase separation. This 

phase separation is crucial to their functionality, as one block can be engineered to be soft and flexible, 

providing pathways for ion transport, while the other block is more rigid, enhancing the material's 

overall mechanical strength. 

Phase separation in block copolymers can result in various morphologies, including lamellar, 

cylindrical, gyroidal, and spherical structures (Figure II.7)77. The type of phase separation and the 

resulting morphology depend heavily on the specific polymer structure, including the volume fraction 

of the blocks and the degree of polymerization16,77. For instance, when the blocks are arranged to 

maximize the interfacial area between them, a lamellar structure typically forms. Conversely, when one 

block forms small, discrete domains within a continuous matrix of the other block, spherical or 

cylindrical morphologies may be observed. The gyroid morphology, a more complex bicontinuous 

structure, can also form under certain conditions, providing a three-dimensional network. 

Among the various morphologies, lamellar and gyroid structures stand out as particularly 

favorable for use in solid-state electrolytes due to their ability to balance ionic conductivity and 

mechanical strength16,78,79. The lamellar structure, characterized by alternating layers of different blocks, 

provides continuous pathways for ion transport in two directions while maintaining structural integrity 

(Figure II.7, d). In contrast, gyroid morphologies offer a three-dimensional network of interconnected 



24 

 

pathways, significantly enhancing ionic conductivity while still preserving mechanical robustness 

(Figure II.7, c). 

 
Figure II.7 Types of microphase separation: spheres (a), hexagonally packed cylinders (b), gyroids 

(c) and lamellar (d) 77. 

In one of the pioneering works by Elabd et al.80, the favourable effect of block copolymer 

formation was demonstrated by comparing random and block copolymers of methyl methacrylate and 

1-[(2-methacryloyloxy)ethyl]-3-butylimidazolium bis(trifluoromethanesulfonyl)imide (Figure II.8, a). 

The block copolymer exhibited weak microphase separation but showed two orders of magnitude higher 

ionic conductivity than the random copolymer with a similar composition. 

Later, a series of poly[(styrene)-b-(1-((2-acryloyloxy)ethyl)-3-butylimidazolium 

bis(trifluoromethanesulfonyl)imide)] block copolymers was investigated (Figure II.8, b)79. These 

copolymers exhibited a variety of self-assembled nanostructures, including hexagonally packed 

cylindrical, lamellar, and coexisting lamellar and network morphologies. The conductivities of an 

acrylate-based PIL block copolymer with strong microphase separation were approximately 1.5−2 

orders of magnitude higher than those of a methacrylate-based PIL block copolymer with weak 

microphase separation at a comparable PIL composition. It was concluded that strong microphase 

separation resulting from a higher degree of incompatibility between blocks improves ion transport 

properties in PIL block copolymers. 
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Figure II.8 An overview of PIL block copolymers (r-random copolymer; b-block copolymer). 

In contrast to cationic PIL block copolymers, anionic PIL block copolymers are less studied in 

the literature, with most examples containing Li+ as a counterion81–83. For instance, Balsara et al.84 

reported A−B type poly(ethylene oxide)-b-poly(styrenesulfonyllithium(trifluoromethylsulfonyl)imide) 

(PEO-b-PSLiTFSI) copolymers. At moderate temperatures, these copolymers exhibited lamellar phase 

separation, but the ionic conductivity was very low (10−8 S cm−1). High conductivity of 10−4 S cm−1 was 

achieved when heating above 50 °C; however, this increase in conductivity was accompanied by the 

mixing of the two blocks and the elimination of the morphology, resulting in a deterioration of 

mechanical properties. 

To improve ionic conductivity at room temperature while preserving the obtained morphology, 

a different block copolymer architecture was proposed by Lozinskaya et al85. The group investigated a 

series of [MLiTFSIn-r-PEGMm]-b-(PhEtM)k copolymers with a second high Tg block based on 2-

phenylethyl methacrylate (PhEtM). Polymers with hexagonally packed cylinders and lamellar 

morphologies were observed, with ionic conductivity reaching 3.6 × 10−7 S cm−1 at 25 °C. Additionally, 

several interesting structural factors affecting phase separation were discovered. It was found that 

lamellar morphology occurred only when high molecular weight block copolymers (Mn = 50−90 kDa) 

were targeted, with the ion-containing block being at least twice as large as the neutral block by weight, 

and with a PEGM:ILM ratio of approximately 5:1 by mole. 

2. Ion gels 

The enhancement of ionic conductivity of poly(ionic liquid)s can be further achieved through 

the development of ion gels. Ion gels, also known as ionic liquid gels are a type of materials in which 

the liquid phase, percolating through the solid polymeric matrix, is an ionic liquid (Figure II.9). Ion gels 
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represent a novel class of materials when compared to more traditional gels like hydrogels, where the 

liquid phase is water, or organogels, where the liquid phase is an organic solvent.  

 

Figure II.9 Graphical representation of ion gels 

The ionic conductivity in these materials arises from the transport of both the cations and anions 

of the IL, and  PIL counter-ions and as a result can reach  up to 10-3 S cm-1 at 25 °C. Furthermore, ion 

gels retain the unique and desirable properties of ionic liquids, including a broad electrochemical 

stability window, negligible vapor pressure, non-flammability, and high thermal stability. These 

attributes are typically preserved within ion gels, making them highly attractive and versatile materials 

for various electrochemical applications. 

Typically, ion gels are composed of a substantial amount of ionic liquid (IL), usually around 

30-50 wt%. At this concentration, the ionic conductivity of the gel can achieve values between 10-4 and 

10-6 S cm-1 at 25 °C, while still retaining some of the mechanical properties inherent to neat poly(ionic 

liquid)s . However, to make these materials viable for use in electrochemical devices, higher levels of 

ionic conductivity are often required, necessitating an increase in IL content. 

When the IL content exceeds 60 wt%, the ionic conductivity can rise significantly, potentially 

reaching up to 10-3 S cm-1 at 25 °C, which is ideal for applications demanding high ionic transport 

efficiency. However, this increase in IL content also leads to considerable plasticization of the polymer 

matrix, resulting in a loss of mechanical stability. This plasticization makes ion gels more susceptible 

to issues such as IL loss, extraction, or leakage over time, especially under external conditions like the 

application of compressive forces. As a result, while higher IL loads improve conductivity, they also 

pose challenges for maintaining the material's structural integrity in practical applications. 

3. Polyelectrolyte complexes 

Another approach to enhancing the mechanical properties of PILs is the formation of 

polyelectrolyte complexes (PECs). The term “PEC” was first introduced by Bungenberg de Jong and 

Kruyt to differentiate the coacervation between two polyelectrolytes from that between a polyelectrolyte 
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and a small molecule86. Polyelectrolyte complexes are association complexes formed between 

oppositely charged polyelectrolytes, driven by electrostatic interactions between their oppositely 

charged polyions. Thus, in PECs, two polymer chains are connected by dynamic ion bonds rather than 

covalent bonds, as seen in crosslinked polymers. 

Dynamic ion bonds in PECs differ significantly from covalent bonds in several key ways. While 

covalent bonds involve the sharing of electron pairs between atoms, creating strong and permanent 

connections within a molecule, ionic bonds are based on electrostatic interactions between oppositely 

charged ions, and are weaker and reversible. This reversibility allows ion bonds to break and reform in 

response to environmental changes, providing PECs with flexibility, self-healing abilities, and 

responsiveness to stimuli87. 

PECs can exhibit a wide range of elastic behaviors, from soft and flexible to relatively stiff, 

depending on the composition and environmental conditions. For instance, PECs formed from highly 

charged polyelectrolytes may exhibit greater stiffness due to stronger electrostatic interactions between 

the oppositely charged chains, while PECs with lower interaction energy between two polymer chains 

form softer and more flexible materials. This tunability makes PECs suitable for various applications, 

including the formation of fibers88 and coatings89. Fibers produced from PECs often possess high tensile 

strength and durability, making them suitable for applications where mechanical robustness is essential, 

such as in biomedical scaffolds or filtration membranes. Similarly, PEC coatings can be engineered to 

provide strong adhesion, mechanical resilience, and flexibility, which are critical for protective 

coatings, surface modification. 

However, it should be noted that while PECs have been extensively studied, particularly in their 

hydrated state, investigations under anhydrous conditions remain limited, despite their significant 

potential in various applications. For example, Maaskant et al. studied polyester-based polyelectrolytes 

and their corresponding polyelectrolyte complexes (Figure II.10, a)90. The resulting complexes 

exhibited a glass transition temperature of approximately 50°C and demonstrated thermoplastic 

properties, with storage moduli ranging from 800 to 1800 MPa at 25°C. Similarly, Lange et al. reported 

on the thermoplastic properties of PECs based on two polystyrene-based polyelectrolytes (Figure II.10, 

b)91. This materials exhibited storage moduli around 600 MPa at room temperature (25°C), highlighting 

their potential as mechanically robust materials. However, the Tg of these complexes was not 

determined, leaving some aspects of their thermal behavior unexplored. 

One more widely known example of PEC formation is the coacervation between poly(3,4-

ethylenedioxythiophene) (PEDOT) and poly(4-styrene sulfonate) (PSS)  which results in PEDOT:PSS 

complex (Figure II.10, c). This coacervation process significantly enhances the mechanical properties 

and film-forming ability of PEDOT, which on its own tends to be brittle and insoluble. The resulting 
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PEDOT complex not only presents flexibility but also greatly enhances the material's processability, 

enabling it to form uniform, conductive films. These improvements have made PEDOT:PSS a 

cornerstone in the field of organic electronics, where it is valued for its versatility in applications ranging 

from transparent conductive films to flexible electronic devices92,93.  

 
Figure II.10 Examples of polyelectrolyte complexes. 

4. Conclusions 

Poly(ionic liquid)s show significant potential for electrochemical applications due to their 

unique combination of ionic conductivity and viscoelastic properties. However, a major challenge in 

their development lies in the inverse relationship between these two attributes. PILs with high ionic 

conductivity often appears as cold flowing viscous liquids, while mechanically stable PILs generally 

exhibit low ionic conductivity. The design of polymer structures cannot successfully address this 

challenge, making it necessary to explore alternative solutions. 

In this context, the concepts of ion gels and polyelectrolyte complexes have been explored as 

potential methods to improve the properties of PILs. Ion gels can enhance conductivity but often 

compromise mechanical stability. On the other hand, the formation of PECs can improve mechanical 

properties, but it does not inherently improve ionic conductivity. As a result, a solution that effectively 

balances high ionic conductivity with robust mechanical stability has yet to be found. 

To address this challenge, the following chapters present the development of a new family of 

polymer materials, termed dynamic ion gels (DIGs), created through complex coacervation. It is 

hypothesized that DIGs will achieve an unprecedented combination of mechanical and electrochemical 

properties due to the formation of dynamic ionic cross-links between oppositely charged building 

blocks and the in situ generation of highly conductive ionic liquid. 
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A key distinction between DIGs and PECs should be noted. In PECs, the ion exchange between 

two polyelectrolytes typically results in the formation of a low molecular weight inorganic salt (e.g., 

CsCl, NaCl), which is usually washed out before the final utilization of the material. In contrast, DIGs 

are designed so that the oppositely charged polyelectrolytes generate a highly conductive ionic liquid 

during the coacervation process. Importantly, this ionic liquid remains within the material, contributing 

to its enhanced conductivity. 
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III. Results and discussions 

1. Design and synthesis of ionic liquid like monomers (ILM)s 

Based on the first research objective, this chapter presents the development of two distinct 

groups of ionic liquid like monomers.  

The first group comprises ionic methacrylate-based monomers for Reversible Addition 

Fragmentation Chain Transfer (RAFT) polymerization. It includes two “mirrored” monomers: anionic 

ILM1 and cationic ILM2. Both monomers feature a flexible spacer and incorporate 

bis(trifluoromethylsulfonyl)imide (TFSI) and imidazolium motifs (Figure 1.1). 

The second group consists of dipropargyl ionic monomers intended for Cu(I)-catalyzed azide–

alkyne polyaddition in combination with neutral diazide to form triazole-based polymers. These 

polymers were further quaternized by methyl iodide and underwent ion metathesis with LiTFSI to 

obtain multicationic PILs. This group includes two monocationic (ILM3, ILM4) and two dicationic 

(ILM5, ILM6) varieties with ammonium and imidazolium scaffolds (Figure 1.1).  

 

Figure 1.1 Two groups of ionic liquid like monomers 

1.1 Methacrylic ionic monomers 

1.1.1 Design and selection 

The ionic conductivity of poly(ionic liquid)s is highly influenced by the structural features of 

the monomer units. Therefore, a key strategy for obtaining highly conductive PILs involves designing 

ionic liquid like monomers with specific structural frameworks. Based on the literature review presented 

in the first chapter, these frameworks should include: (1) reactive groups capable of forming flexible 
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polymer chains during the polymerization process; (2) highly delocalized and/or asymmetric ionic 

centers located at the end of the comb-like side chains; (3) flexible spacers between the main polymer 

chain and the attached ion94.  

Keeping this in mind, three structural motifs were used for the design of the first group of 

monomers (Figure 1.2). Methacrylate was selected as the reactive group due to its well-known 

advantages: ease of radical polymerization, resistance to the presence of ionic groups94,95, and its ability 

to produce high molecular weight polymers with a narrow polydispersity index. The propyl group was 

chosen as a spacer for two reasons. Firstly, ionic monomers with a propyl spacer demonstrated a sharp 

increase in ionic conductivity compared to those with an ethyl spacer 10,14,94 . Secondly, the precursors 

for its synthesis are commercially available and incorporating the propyl group into the monomer does 

not require any additional steps. To enhance ionic conductivity, highly delocalized and ion conductive 

TFSI96 and imidazolium97,98 moieties were placed at the end of the propyl spacer. According to the 

literature, monomers and polymers with these structural fragments typically exhibit the highest ionic 

conductivity. The length of the substituent on the imidazolium cation was also optimized, being set to 

four carbon atoms. Studies on polymers synthesized from similar ionic monomers have shown that 

increasing the substituent length from methyl98 to n-butyl99 results in three orders of magnitude increase 

in ionic conductivity at 25 °C (Figure 1.5). Lastly, both monomers were designed to be identical to 

facilitate the comparison of the obtained polymers after RAFT polymerization. 

 
Figure 1.2 Structures of ILMs. 

As a result, 2 “mirrored” methacrylic ILMs (Figure 1.2), cationic 3-butyl-1-(3-

(methacryloyloxy)propyl)imidazolium bis((trifluoromethyl) sulfonyl)imide (ILM2) and anionic 1-
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butyl-3-methylimidazolium 1-[3-(methacryloyloxy)propylsulfonyl]-1-(trifluoromethanesulfonyl)imide 

(ILM1) were designed and synthesized in large quantities.  

1.1.2 Synthesis and characterization 

1.1.2.1 1-butyl-3-methylimidazolium 1-[3-(methacryloyloxy)propylsulfonyl]-1-

(trifluoromethanesulfonyl)imide (ILM1) synthesis 

ILM1 was synthesized in 4 steps, as shown in Scheme 1.1. The first three steps, which produce 

lithium 1-[3-(methacryloyloxy)propylsulfonyl]-1-(trifluoromethanesulfonyl)imide, have been 

previously discussed by our group 100. The final step, involving ion metathesis with 1-metyl-3-

butylimidazolium bromide (BuMeImBr), was introduced here for the first time.  

In the initial step, reaction between potassium 3-(methacryloyloxy)propane-1-sulfonate and 

thionyl chloride was carried out in THF and was catalysed by DMF. The desired sulfonyl chloride 

derivative was isolated by pouring the resultant slurry into ice water, effectively removing all unreacted 

starting materials and solvents, and yielding the product quantitatively. 

 
Scheme 1.1 Synthetic pathway for the preparation of ILM1. 

In the second step, 3-(chlorosulfonyl)propyl methacrylate reacted with 

trifluoromethanesulfonamide in the presence of a 2.2 molar excess of triethylamine. The excess of 

triethylamine was necessary because in case of equimolar ratio, the mixture of compounds was 

obtained. The third step of the proposed synthetic pathway involved the interaction of triethyl 

ammonium 1-[3-(methacryloyloxy)propylsulfonyl]-1-(trifluoromethane-sulfonyl)imide  with an excess 

of lithium hydride in anhydrous THF at 30°C. This elevated temperature was required, as it was 

discovered that the reaction proceeded very slowly at temperatures below 30°C. 
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The desired ILM1 monomer was obtained from the lithium salt via an ion metathesis reaction 

with an excess of 1-methyl-3-butylimidazolium bromide in an aqueous medium. The driving force of 

this reaction is the hydrophobic nature of ILM1, which causes its precipitation from the water solution. 

This approach allowed to obtain the monomer with 99% purity, which was crucial for further RAFT 

polymerization. Since ILM1 contains a highly reactive methacrylic group that can lead to unwanted 

polymerization upon heating, a radical inhibitor (3-methoxyphenol) was added at each reaction step 

before solvent evaporation. Additionally, solvent removal was performed at temperatures below 30°C, 

and the obtained products were stored in the fridge to prevent premature polymerization. 

To decrease the amount of reaction steps direct ion exchange between triethyl ammonium 1-

[3-(methacryloyloxy)propylsulfonyl]-1-(trifluoromethane-sulfonyl)imide and 1-metyl-3-

butylimidazolium bromide was attempted. However, due to the more hydrophobic nature of the triethyl 

ammonium counter cation in comparison to lithium, ion metathesis was incomplete, resulting in a 

product purity of only 85%. 

1.1.2.2 3-butyl-1-(3-(methacryloyloxy)propyl)imidazolium bis((trifluoromethyl) 

sulfonyl)imide  (ILM2) synthesis 

For the synthesis of methacrylate based cationic ILMs two approaches that differ by the 

sequence of chemical reaction can be found in the literature (Scheme 1.2). The first one includes the 

formation of bromide ionic liquid with the hydroxyl group, the ion exchange to the desired anion and 

subsequent reaction of 3-butyl-1-(3-hydroxypropyl)imidazolium bis((trifluoromethyl)sulfonyl)imide  

with methacryloyl chloride98,101. The advantages of this method are quantitative yields and high purity 

of the first two reaction steps. However, the only issue is the complicated purification procedure in the 

final step due to the generation of ionic by-products during the reaction. 

The second approach introduced by Ohno group102, relies on the reverse reaction order in which 

acylation reaction happens first and resultant bromalkane methacrylate undergoes the quaternization 

with substituted cyclic amine (imidazole, pyrrolidine, …). Such approach allows to carry out the 

acylation reaction between two neutral compounds, providing more opportunities for purification. 

However, the key concern regarding this strategy is the high risk of polymerization of the two 

intermediate products containing active methacrylic groups. Consequently, there are several 

documented instances in the literature of premature polymerization of bromalkane methacrylates 

6,102,103.  

After evaluating all the proc and cons, it was decided to use the first synthetic path to decrease 

the possibility premature polymerization. Thus, 3-butyl-1-(3-(methacryloyloxy)propyl) imidazolium 

bis((trifluoromethyl)sulfonyl)amide (ILM2) was synthesized in three steps, as presented in Scheme 1.2, 

path 1. 
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Scheme 1.2 Synthetic pathway for the preparation of ILM2. 

The first step included the quaternization of 1-butylimidazole by 3-brom-1-propanol in toluene 

(PhMe). Achieving high conversion required long reaction time. The use of PhMe as a solvent 

facilitated the production of a high-purity product with nearly quantitative yield without the need for 

purification, as the neutral starting materials remained dissolved in the solvent, while the desired ionic 

liquid precipitated as a yellowish oil. Later ion metathesis with LiTFSI was performed in aqueous 

medium to obtain more hydrophobic TFSI ionic liquid with the hydroxyl group as a transparent liquid 

with quantitative yields. 

In the final step, 3-butyl-1-(3-hydroxypropyl)imidazolium bis((trifluoromethyl)sulfonyl)imide 

was reacted with methacryloyl chloride in the presence of 1.6 triethylamine equivalents in DCM. The 

triethylamine acted as a base and as HCl acceptor, facilitating the removal of dissolved HCl in the form 

of triethylammonium hydrochloride (NEt3HCl) and thus improving the reaction conversion. 

Preliminary purification, consisting in washing with Et2O, removed unreacted methacryloyl chloride 

and resulted in a product containing ~15 mol% of NEt3HCl. To further purify the product from the 

ammonium salt, three methods were applied. First, the sample was dissolved in anhydrous THF which 

resulted in precipitation and subsequent filtration of ~7 mol% of NEt3HCl. Next, the concentrated 

solution of the monomer in DCM was passed through 5 ml silica gel pad, removing ~5 mol% of 

NEt3HCl. The final step involved mixing the monomer with decolorizing charcoal in a polar solvent 

(MeOH), removing the remaining ~3 mol% of NEt3HCl. This sophisticated procedure ensured the 

attainment of ILM2 with ≥99% purity in the form of yellowish oil. Similar to ILM1, cationic ILM2 
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also contains prone to polymerization methacrylic group, thus the obtained monomer was stored in the 

refrigerator. 

1.1.2.3 Spectroscopic analysis of ILMs 

The structures and purity of ILM1 and ILM2 were confirmed by FTIR, 1H, 13C and 19F NMR 

spectroscopy and elemental analysis. The detailed signal assignments for both monomers are discussed 

below and presented in the following figures: 1H NMR in Figure 1.3 ,13C NMR in Figure 1.4, 19F NMR 

in Figure 1.5 and FTIR in Figure 1.6. 

Both monomers showed similar spectroscopical appearance with minor shifts of signal 

frequencies. For example, both FTIR spectra (Figure 1.6) had the following absorption bands: ~3130, 

2990–2930 cm-1 that were assigned to CH2 stretching; ~1710 cm-1 (C=O stretching); ~1630 cm-1 (C=C 

stretching); ~1455 cm-1 (CH bending); ~1330 cm-1 (asymmetric S=O stretching); ~1160 cm-1 (CF 

stretching); ~1110cm-1 (symmetric S=O stretching); ~1050 cm-1 (CF stretching). Moreover, the 

characteristic signal of CF3 group is seen in 13C NMR as quadruplet at ~ 120 ppm and as a singlet in 19F 

NMR spectra around -80 ppm. 

 



36 

 

 

Figure 1.3 1H NMR of ILM1 (a) and ILM2 (b) (25 °C, DMSO-d6). 
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Figure 1.4 13C NMR of ILM1 (a) and ILM2 (b) (25 °C, DMSO-d6). 
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Figure 1.5 Comparison of 19F NMR of ILM1 (red) and ILM2 (green) (25 °C, DMSO-d6). 

 

Figure 1.6 Comparison of FTIR of ILM2 (a) and ILM1 (b). 

1.1.3 Selected properties of ILMs 

Properties of ILMs are summarized in Table 1.1. Thermal properties were assessed via 

differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). Both ILMs displayed 

solely a glass-transition temperature (Tg) without any evidence of melting or crystallization processes 

even at very low (2 K min-1) heating/colling rates. ILM2 exhibited a slightly lower Tg, of -70°C, while 

ILM1 demonstrated -63°C. TGA revealed nearly identical degradation behaviour for both ILMs (Figure 

1.7), with ILM2 showing a 20°C higher Tonset. 

Table 1.1 Selected properties of ILMs 
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ILM 
d at 25oC 

(g ml-1) 

η at 25oC 

(cP) 

σ at 25oC 

(S cm-1) 

Tg
 

(oC)1 

Tonset
 

(oC)2 

ILM1 1.31 504 2.4 × 10-4 -63 225 

ILM2 1.36 213 4.1 × 10-4 -70 245 

1Obtained by DSC 2 K min-1. 2Onset loss temperature obtained by TGA. 

Interestingly, despite their very similar densities, a significant difference in viscosity was 

observed. ILM1 exhibited a viscosity of 504 cP, while ILM2 showed a viscosity more than twice as 

low, at 213 cP. This phenomenon can be explained by the varying levels of ionic interactions within the 

ion pairs. Probably, in cationic ILM2, the two bulky substituents on the imidazole ring hinder the 

approach of the anion, thereby decreasing the interaction energy between the charged units, while in 

ILM1 only one side of the cation is hindered with butyl substituent. Ionic conductivity of ILMs was 

measured over a temperature range from 20 to 100 °C using electrochemical impedance spectroscopy 

(EIS) (Figure 1.8). The conductivity increased with increasing temperature and did not follow a linear 

Arrhenius behavior. Within the whole temperature range ILM2 consistently maintained a slightly 

higher conductivity than ILM1. At 25 °C, both ILMs displayed conductivities in 10⁻⁴ S cm⁻¹ region, 

with ILM2 reaching a higher value of 4.1 × 10⁻⁴ S cm⁻¹ compared to 2.4 × 10⁻⁴ S cm⁻¹ for ILM1. This 

observation can likely be attributed to the significantly higher viscosity (504 cP) of ILM1. 

 

Figure 1.7 TGA traces of ILMs (5oC min-1, under air). 
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Figure 1.8 Ionic conductivity vs temperature dependence for ILMs. 

1.2 Dipropargyl ionic monomers 

1.2.1 Design and selection 

In addition to the structural factors discussed earlier, the repeat unit charge density plays a 

crucial role in determining the ionic conductivity of PILs. Although numerous studies have explored 

PILs with varying charge densities per unit, the relationship between structure and conductivity often 

remains inconsistent and unclear. To address this gap in knowledge, 1,2,3-triazolium-based PILs 

synthesized via copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) were identified as an ideal 

platform for the synthesis and study of a library of monocationic and heterodicationic PILs with 

adjustable repeat unit charge density. 

For this purpose, neutral 1,11-diazido-3,6,9-trioxaundecane was selected as the commercially 

available diazide monomer, while all dipropargyl ionic monomers containing varying numbers of ion 

pairs were designed and synthesized as part of this thesis (Scheme 1.3). Consequently, two 

monocationic dipropargyl monomers and two dipropargyl monomers containing two cations with a 

flexible n-hexyl spacer were developed. Both monocationic monomers incorporated ammonium cations 

with different substituents and a TFSI counter-anion. The dicationic monomers featured either 

ammonium or imidazolium cations, also paired with a TFSI counter-anion. The introduction of the n-

hexyl spacer between the two cations aimed to enhance the flexibility of the polymer chain after 

polymerization. 
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Scheme 1.3 Synthesis of dipropargyl ionic monomers. 

1.2.2 Synthesis and characterisation 

1.2.2.1 N,N-Dimethyl-N,N-dipropargylammonium Bis(trifluoromethylsulfonyl)imide 

(ILM3) and N,N-Dibutyl-N,N-dipropargylammonium 

Bis(trifluoromethylsulfonyl)imide (ILM4) 

The synthesis of ionic N,N-dipropargylammonium salts was caried out utilising a procedure 

previously developed by our group104. The first step entailed the deprotonation of the secondary amine 

with sodium ethanolate followed by alkylation with propargyl bromide. The resulting tertiary amine 

was then quaternized with propargyl bromide in chloroform. To mitigate the exothermic effect during 

both alkylation steps, the reactions were caried out in a solvent with a gradual increase in temperature. 

This approach yielded high-purity bromide-based ionic liquids as colorless solid products. Finally, the 

last step included ion exchange with LiTFSI in aqueous medium. 

1.2.2.2 N,N,N`,N`-tetramethyl-N,N`-dipropargyl-hexane-1,6-diammonium 

bis(trifluoromethylsulfonyl)imide (ILM5) 

The synthetic strategy for the preparation of diammonium based dipropargyl ionic monomer 

included N-alkylation of N,N,N`,N`-tetramethyl-1,6-hexanediamine by propargyl bromide and an ion 

exchange reaction with an excess of LiTFSI. During the initial step, it was discovered that at ambient 

temperatures the reaction was not compete and monoquaternized product was precipitating. Therefore, 

to increase the solubility and promote the alkylation of the second amine group, the temperature was 

increased to 55°C and a 3,5 equivalent excess of propargyl bromide was used. Moreover, the 

temperature was increased gradually to mitigate the exothermic effect.  The same issue of precipitation 

of the mono-exchanged product was observed during the ion metathesis step. To achieve quantitative 
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conversion, it was necessary to heat the reaction to 70°C and use a significant excess of LiTFSI. As a 

result, ILM5 was obtained as a white crystalline solid in near quantitative yields. 

1.2.2.3 1,1`-(hexane-1,6-diyl)bis(3-propargyl-imidazolium) 

bis(trifluoromethylsulfonyl)imide (ILM6) 

For the ILM6 monomer the reaction pathway contained three steps: (1) synthesis of N-

propargyl imidazole through N-alkylation of imidazole with propargyl tosylate, (2) Quaternization of 

N-propargyl imidazole by 1,6-dibromohexane and (3) ion exchange with an excess of LiTFSI. During 

the initial step, unwanted double alkylation of imidazole was possible. To minimize this, double excess 

of imidazole relative to propargyl tosylate was used. To purify the product, vacuum distillation was 

applied, however the distillate still contained 10 mol% of imidazole. The remaining impurities were 

removed by treatment with concentrated HCl solution, resulting in ≥99% pure N-propargyl imidazole 

with a yield of around 40%. To reach full conversion in the next reaction step with dibromohexane, a 

long reaction time (92 hours) and a high temperature (70°C) were required. The purification procedure 

of 1,1`-(hexane-1,6-diyl) bis(3-propargylimidazolium) bromide only involved crystallization from a 

MeCN/H2O mixture. On the last step, the desired ILM6 monomer was obtained via ion metathesis 

reaction with a small excess of LiTFSI in the aqueous medium as a slightly viscous yellow oil. 

1.2.3 Thermal properties 

The thermal properties of the obtained monomers were assessed by differential scanning 

calorimetry. The monocationic monomers (ILM3, ILM4) each showed a single transition, attributed to 

their melting temperatures. ILM3 exhibited a melting temperature of 49°C, while ILM4, with longer 

butyl substituents, had lower melting temperature of 40°C. 

For the diammonium ILM5, DSC analysis revealed two phase transitions: a glass transition 

temperature of -45°C and a melting point of 69°C. In contrast, ILM6 exhibited only Tg = –56 °C, 

confirming its glassy behavior. 

1.2.4 Spectroscopic analysis of dipropargyl ionic monomers 

The structure and purity of ILM5 and ILM6 were confirmed by 1H, 13C and 19F NMR 

spectroscopy, FTIR spectroscopy and elemental analysis (Figure 1.9 - Figure 1.11).   

The FTIR spectra of the monomers (Figure 1.11) showed absorption bands at ~3250, 2990-

2930 and 2880–2850 cm-1 that were assigned to CH2 stretching. The absorption bands at 3310– 3250 

(υCH), 2140 (υC=C) and ~615 (δCH) cm-1 were identified as characteristic bands of alkyne groups. The 

characteristic bands of the TFSI anion were observed at ~1350 (asymmetric S=O), ~1190 (CF), ~1130 

(symmetric S=O) and ~1050 (CF) cm-1. Furthermore, 19F NMR spectra showed the singlet at -78.7 ppm 

assigned to trifluoromethyl groups, while 13C NMR spectra contained characteristic trifluoromethyl 

quadruplets at ~ 120 ppm. 
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Figure 1.9 1H (a) and 13C (b) NMR of ILM5 monomer (25 °C, DMSO-d6). 
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Figure 1.10 1H (a) and 13C (b) NMR of ILM6 monomer (25 °C, DMSO-d6). 
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Figure 1.11 Comparison of FTIR spectra of ILM6 (a) and ILM5 (b). 
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2. Synthesis of poly(ionic liquid)s (PIL)s 

To fulfil the second and third objectives of this thesis and obtain highly conductive cationic and 

anionic polymeric building blocks necessary for the formation of dynamic ion gels, 5 families of 

poly(ionic liquid)s were developed (Figure 2.1): 

1) Cationic 1,2,3-triazol/triazolium PILs synthesized via Cu(I)-catalysed azide–alkyne 

cycloaddition of ILM3 - ILM6 with subsequent alkylation; 

2) Cationic methacrylic coPILs and cationic block copolymers obtained by reversible 

addition-fragmentation chain transfer (RAFT) polymerization of ILM2 and different 

methacrylic neutral monomers; 

3) Anionic methacrylic coPILs and anionic block copolymers obtained by reversible addition-

fragmentation chain transfer polymerization of ILM1 and different methacrylic neutral 

monomers; 

4) Anionic methacrylic coPILs obtained by reversible addition-fragmentation chain transfer 

polymerization of ILM7 with subsequent ion exchange. 

5) Cationic PILs prepared via modification of a neutral epichlorohydrin-derived polymer. 

 

Figure 2.1 Various families of PILs synthesized in course of PhD thesis work.    

A diverse range of PIL families with significant structural variations was synthesized to explore 

several under-researched factors affecting ionic conductivity, mechanical stability and other critical 
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properties of PILs. The influence of repeat unit charge density on the bulk ionic conductivity was 

studied using a series of 1,2,3-triazole/triazolium cationic PILs. The effect of polymer morphology and 

block copolymer formation on mechanical properties was examined in cationic and anionic methacrylic 

coPILs derived from ILM2 and ILM1. The dependence of ionic conductivity on counter cation nature 

was evaluated using a series of ILM7 methacrylic coPILs. Lastly, the impact of substituents on the 

imidazolium cation, as well as the nature of counter anions on PILs properties, was investigated using 

cationic epichlorohydrin derived PILs. 

2.1 Triazole/triazolium PILs (PIL1-PIL9) 

2.1.1 Polyaddition of ionic monomers 

All ionic dipropargyl monomers were first polymerized with 1,11-diazido-3,6,9-

trioxaundecane by AA + BB CuAAC polyaddition in DMF (Scheme 2.1). In order to obtain high molar 

mass PILs, optimal conditions, including the utilization of CuIP(OEt)3 as a catalyst and concentrated 

solutions of the monomers (20 wt.%), were applied as determined in previous studies35,105,106. In contrast 

to previously reported procedure, the utilization of CH2Cl2 was not possible due to the precipitation of 

the formed ionic polymers at the beginning of the reaction. To increase the solubility of ionic triazole 

polymers the more polar DMF was used as the reaction solvent. The application of above-mentioned 

reaction conditions to the polyaddition of ionic dipropargyl monomers (ILM3 – ILM6) with diazide 

resulted in the preparation of PILs having one (Scheme 2.1, PIL1 and PIL2) or two (Scheme 2.1, PIL3 

and PIL4) ion pairs per repeat unit. 

The molar mass of obtained polymers was estimated by size exclusion chromatography (SEC). 

It was revealed that in all cases CuAAC polyaddition resulted in the formation of high molar mass 

polymers, with number average molar masses (Mn) ranging from 50 to 120 kDa for PIL2-PIL5 (Table 

2.1). PIL4, based on bisimidazolium monomer, showed the highest Mn value.  

 

Scheme 2.1 Synthetic pathway for the preparation of 1,2,3-triazol/triazolium based cationic PILs. 
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2.1.2 Transformation of triazole polymers into triazolium PILs with charge density 

increase 

To increase repeat unit charge density the poly(1,2,3-triazole)s (PIL2-PIL5) were further 

subjected to modification and transformed into 1,2,3-triazolium analogues (PIL6-PIL9) (Scheme 2.1). 

The modification involved two steps: N-alkylation using iodomethane and ion exchange with LiTFSI. 

PIL1 was not considered further due to its limited solubility, which prevented the quantitative N-

alkylation of 1,2,3-triazole groups. It should be mentioned that the previously developed single step 

method consisting in N-alkylation of poly(1,2,3-triazole)s PIL2-PIL5 by N-methyl 

bis(trifluoromethylsulfonyl)imide35 could not be performed quantitatively even after 72 h at 90 °C. 

Probably this can be explained by steric hindrance neighbouring the 1,2,3-triazole rings due to the near 

proximity of an ammonium or imidazolium cation and a bulky TFSI anion. Optimization of the reaction 

duration (90 hours) and the amount of CH3I (10 equivalents) allowed to achieve nearly quantitative N-

alkylation of the 1,2,3-triazole groups as confirmed by 1H NMR. Further ion exchange reaction with 

excess LiTFSI in aqueous medium led to the preparation of PIL6-PIL9 having from two to four ion 

pairs per repeat unit.  

Table 2.1 Selected properties of poly(1,2,3-triazole)s and poly(1,2,3-triazolium)s  

Polymer 
Mn 

(SEC)
 

(kDa)1 

Mw/Mn 

(SEC)
1 

Tg 
(°C) 2 

Tonset 
(°C) 3 

 

at 25 ºC 

(S cm1) 

ESW 

(V) 4 

Charge 

density  

(mmol g-1) Structure PIL 

 

PIL1 50.5 2.8 13 235 9.810-10 - 5 1.55 

 

PIL2 62.8 1.9 8 220 2.810-9 4.0 1.37 

 

PIL6 19.9 1.1 15 175 4.910-10 3.3 2.27 

 

PIL3 57.4 1.8 3 270 5.810-8 4.3 1.90 

 

PIL7 56.2 1.2 8 230 8.310-9 3.3 2.43 

 

PIL4 119.0 1.8 -11 290 6.010-7 3.9 1.82 
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PIL8 121.9 1.5 -1 265 4.210-7 3.1 2.37 

 

PIL9 71.7 2.6 -32 280 1.810-5 4.8 2.06 

 

-6 - - -35 - 9.010-6 - 1.97 

1Obtained by GPC in 0.1M LiTFSI in DMF at 50 oC with polystyrene standards calibration. 2Obtained by DSC 5 

K min-1. 3Obtained by TGA. 4Obtained by cyclic voltammetry at 70 °C (stainless steel as working electrode and 

Li foil as counter and reference electrodes, scan rate 0.5 mV s-1). 5Not determined due to the very low conductivity. 

6For comparison. 

2.1.3 Spectroscopic analysis 

The structure of the polymers, their composition and purity were supported by 1H, 13C and 19F 

NMR and FTIR spectroscopy as well as by elemental analysis.  

 1H NMR (Figure 2.2) corroborated the quantitative N-alkylation of the 1,2,3-triazole groups in 

PIL6-PIL9 by: 1) the appearance of the N-3 methyl signal at 4.34 ppm; 2) the shift from 4.55 to 4.83 

ppm of the N-1 methylene signal; 3) the shift from 8.22 to 8.97 ppm for the signal of the 1,2,3-triazole 

and 1,2,3-triazolium protons, respectively. The quantitative formation of 1,2,3-triazolium rings in 

PIL6-PIL9 was also supported by elemental analysis. All 13C NMR spectra (Figure 2.3) contained 

characteristic trifluoromethyl quadruplets at ~ 120 ppm while 19F NMR spectra showed singlets at -78.7 

ppm assigned to trifluoromethyl groups. 

Finally, Figure 2.4 shows FTIR spectrum of PIL9 which contains aliphatic CH groups (3140, 

2960 cm−1) and the bands related to the TFSI anion (1346, 1328, 1175, 1131 and 1050 cm−1). 
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Figure 2.2 1H NMR of polymers PIL1 (a), PIL2 (b), PIL3 (c), PIL7 (d) and PIL9 (e) (25 °C, 

DMSO-d6). 
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Figure 2.3 13С NMR of polymers PIL1 (a), PIL2 (b), PIL3 (c), PIL7 (d) and PIL9 (e) (25 °C, 

DMSO-d6). 
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Figure 2.4 FTIR spectrum of PIL9. 

2.1.4 Thermal properties 

2.1.4.1 Glass-transition temperature 

Thermal properties of PIL1-PIL4 and PIL6-PIL9 were assessed via differential scanning 

calorimetry (DCS). By analysing the Tg values of PILs, several interconnections with their structure can 

be identified: 

1) The increase in the length of side chains in the ammonium cations affords a decrease 

in Tg (Table 2.1, PIL1 and PIL2). This tendency fully correlates with the melting point variation 

observed in ILs 107 where Tm is dependent on the length of alkyl side chain.  

2) The separation of the ammonium cations by a flexible aliphatic spacer increases the 

flexibility of the polymer backbone and thus reduces Tg (Table 2.1, polymers PIL1 and PIL3).  

3) The transition from ammonium to imidazolium cations results in the lowering of PILs 

heat resistance (Table 2.1, PIL3 and PIL4, PIL7 and PIL8), that was found to be in a full agreement 

with data reported for (meth)acrylate based PILs98,108.  

4) The correlation between repeat unit charge density and Tg can be summarized as 

follows: 

Tg (°C): PIL1 (1 charge, 13) >PIL7 (4 charges, 8) >PIL3 (2 charges, 3) 

Tg (°C): PIL6 (3 charges, 15) >PIL2 (1 charge, 8) 
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Thus, it can be concluded that with the exception of PIL1, which does not contain flexible 

spacer between ammonium and 1,2,3-triazole groups, the increase in repeat unit charge density induces 

a rise in Tg. This reduction of polymer chains mobility is most likely due to electrostatic repulsions. 

2.1.4.2 Onset temperature of weight loss 

Thermal stability of PILs under air was found to be strongly dependent on the cation’s structure 

(Figure 2.5). The overall evolution of thermal stability of PILs (Tonset values) according to the cation’s 

nature can be summarized as follows: 

Tonset (°C): PIL4 (imidazolium cations, 290) >PIL9 (1,2,3-triazolium cations, 280) >PIL3 

(ammonium cations, 270) 

As generally observed for ILs108 and methacrylate PILs98, the imidazolium PIL4 demonstrates 

higher thermal stability than PIL1-PIL3 having ammonium cations (Table 2.1). The transition to 1,2,3-

triazolium cations in PIL9 results in lowering of Tonset value in comparison with imidazolium analogue 

PIL4. Thermal stability of PILs decreased following the orders below with respect to the repeat unit 

charge density: 

Tonset (°C): PIL3 (2 charges, 270) >PIL1 (1 charge, 235) ≈PIL7 (4 charges, 230) 

Tonset (°C): PIL2 (1 charge, 220) >PIL6 (3 charge, 175) 

Tonset (°C): PIL4 (2 charges, 290) >PIL8 (4 charges, 265) 

Analysing the thermal stability data mentioned above, it is possible to summarize that the 

increase in repeat unit charge density of PILs affords a decrease in their decomposition temperatures. 

This is mainly due to the limited thermal stability of the 1,2,3-triazolium cation towards de-N-

alkylation109. 
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Figure 2.5 TGA traces of 1,2,3-triazolium/1,2,3-triazole PILs (5 K min-1, under air). Imidazolium – 

Im
+
, ammonium – Am

+
, 1,2,3-triazolium – Trz

+ 
. 

2.1.5 Electrochemical properties 

2.1.5.1 Ionic Conductivity 

Ionic conductivities of polymer electrolytes were investigated as a function of temperature by 

electrochemical impedance spectroscopy (Figure 2.6). Depending on the chemical nature of the cations 

and the repeat unit charge density the σ values determined at 25 °C under anhydrous conditions for 

synthesized PILs varied from 9.8 × 10−10 to 1.8 × 10−5 S cm−1. The influence of the cation’s chemical 

structure on ionic conductivity of monocationic PILs can be ranked as follows: 

σ (25 °C, S cm−1): PIL9 (1,2,3-triazolium, 1.6×10−5) >>PIL4 (imidazolium, 6.0×10−7) >PIL3 

(ammonium, 5.8×10−8) 

This order fully correlates with the previously reported influence of cations structure on the 

conductivity of ILs110,111. The insertion of side “dangling” chains decreases Tg and improves ionic 

conductivity as it can be concluded from the comparison of PIL1 and PIL2. Such an increase in ionic 

conductivity can be explained by the decrease in packing density of the corresponding polyelectrolyte14. 

The separation of cations by an aliphatic spacer in PIL3 increases the solvation of ions and thus triggers 

their dissociation and improves ionic conductivity (Table 2.1, PIL1 and PIL3). Finally, the influence 

of repeat unit charge density on ionic conductivity of PILs can be ranked in the following decreasing 

orders: 
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σ (25 °C, S cm−1): PIL3 (2 charges (Am+), 5.8×10−8) >PIL7 (4 charges (Trz+/Am+), 8.3×10−9) 

>PIL1 (1 charge (Am+), 9.8×10−10) 

σ (25 °C, S cm−1): PIL4 (2 charges (Im+), 6.0×10−7) >PIL8 (4 charges (Trz+/Im+), 4.2×10−7) 

σ (25 °C, S cm−1): PIL9 (2 charges (Trz+), 1.8×10−5) >REF (1 charge (Trz+), 9.6×10−6) 

Taking these data into account it is possible to conclude that the repeat unit charge density vs 

conductivity dependence is passing through the maximum at PILs carrying two ion pairs. There are 

several possible explanations of the observed phenomenon. Possibly, the initial increase in number of 

cations leads to the increase in the repeat unit charge density or in the concentration of free anions and 

results in the conductivity magnification. However, at some point in a solid polymer, only the 

surrounding atoms/groups can solvate the ions, the ratio between the number of charges and the 

solvating groups becomes too low for efficient dissociation and the conductivity starts to decrease. 

Following this assumption, the dilution of ions by incorporation of an aliphatic spacer leads to an 

immediate rise in ionic conductivity (Table 2.1, PIL1 and PIL3). Another explanation can be 

connected with the highly documented influence of the PILs structure/composition on Tg
14. As the 

increase in repeat unit charge density generally induces a rise of Tg and as ionic conductivity has an 

inverse relationship with the later14, it becomes obvious that the increase in the number of charges will 

reduce the ionic conductivity of PILs. In accordance with this assumption the transfer from 

monocationic or dicationic PILs (PIL2-4) to tricationic or tetracationic ones (PIL6-8) is accompanied 

by an increase in Tg and as a result in a decrease in ionic conductivity. Finally, it can be concluded that 

among studied cations, the 1,2,3-triazolium cation shows the highest ionic conductivity which is in a 

full agreement with the literature23. 
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Figure 2.6 Evolution of ionic conductivity with inverse temperature for 1,2,3-triazolium/1,2,3-

triazole PILs. Imidazolium – Im
+
, ammonium – Am

+
, 1,2,3-triazolium – Trz

+
. 

The conductivity of PILs as a function of inverse temperature between 10 and 110 °C is shown 

on Figure 2.6. Independently on the repeat unit charge density and the nature of the cations, the ionic 

conductivity of all studied PILs increased with increasing temperature and reached a level ranging from 

ca. 5×10−6 to 6×10−4 S cm−1 at 70 °C. The temperature dependence of conductivity did not follow linear 

Arrhenius behaviour indicating that anion diffusion results from various mechanisms: hopping of TFSI 

anions along positively charged polymer backbone and local segmental motion of polymer chains. 

2.1.5.2 Electrochemical stability 

In addition to ionic conductivity, electrochemical stability (ESW) is another crucial property to 

consider for the practical application of PILs. Thus, ESW of PILs with the highest conductivity was 

evaluated against both Ag/Ag⁺ and Li/Li⁺ reference systems. This dual analysis provides a 

comprehensive understanding of their behavior in different electrochemical environments. 

2.1.5.2.1 Ag/Ag⁺ reference system 

The electrochemical stability limits of PIL9 were initially evaluated using cyclic voltammetry, 

with an Ag mesh serving as the reference electrode. Figure 2.7 presents the anodic and cathodic scans 

of PIL9 at 25 ºC. The oxidation potential of PIL9 was determined to be 2.1 V, while the reduction 

potential was slightly lower at -1.4 V (Figure 2.7). Consequently, the total electrochemical stability 
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window was calculated to be 3.5 V. This value was slightly lower than what has been reported in the 

literature for triazole-based PILs35. 

 
Figure 2.7 Electrochemical stability window for PIL9 at 25 °C (Pt foils as the working and counter 

electrodes and Ag mesh as the reference electrode, scan rate 5 mV s-1). 

2.1.5.2.2 Li/Li⁺ reference systems 

More detailed investigation of PIL`s electrochemical stability windows was conducted versus 

Li/Li+. Figure 2.8 shows the anodic and cathodic scans at 70 °C of PIL3, PIL 4, PIL7-PIL9. For all 

PILs two reversible redox peaks at −0.45 V and between −0.05 and 0.30 V vs. Li+/Li were observed 

that are associated with the reversible lithium plating and stripping at the copper electrode surface. It 

should be noted that the intensity of the peaks was directly dependent on the ionic conductivity of 

polymers. The higher is the conductivity of PIL the better were the lithium plating and stripping 

processes. 
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Figure 2.8 Electrochemical stability windows obtained by CV for (a) PIL3 and PIL7, (b) PIL4 and 

PIL8 and (c) PIL9 at 70°C (stainless steel as a working electrode and Li foil as counter and reference 

electrodes, scan rate 0.5 mV s-1). Imidazolium – Im
+
, ammonium – Am

+
, 1,2,3-triazolium – Trz

+
. 

Figure 2.8 suggests that the cathodic limit potential is mainly determined by the reduction of 

the respective cations. The irreversible oxidation peak at 1.5 V vs. Li+/Li found for PIL9 (Figure 2.8, 

c) can be attributed to the partial degradation of the 1,2,3-triazolium cations as was observed 

previously35. The increased cathodic stability up to -0.4 V vs. Li+/Li and observation for Li stripping 

and platting in comparison with previously reported 1,2,3-triazolium-based PILs may arise from the 

presence of the oxyethylene chain that could contribute to preventing the full reduction of the 1,2,3-

triazolium cation. Similar influence of CH2CH2O groups on the cathodic limit of 1,2,3-triazolate anions 

was recently reported112. It was previously observed that 1,2,3-triazolium cations exhibit lesser cathodic 

stability than quaternary ammonium and imidazolium cations. Following these observations for ILs, 

imidazolium-based PIL4 shows better cathodic stability in comparison with PIL9 and reveals no 

oxidation peaks until Li platting at -0.41 V (Figure 2.8, b and c). Surprisingly ammonium-based PIL3 

demonstrates two oxidation peaks at ca. 1.47 and 0.68 V (Figure 2.8, a). Although in PIL the ammonium 

cations are separated from the 1,2,3-triazole ring by a methylene group, these peaks can probably be 

attributed to the cleavage of the ring by Dimroth rearrangement. Interestingly, the presence of 

ammonium and imidazolium cations in heterocationic PIL7 and PIL8 fully suppresses the reduction of 

1,2,3-triazolium cations, thus increasing the electrochemical stability of PILs (Figure 2.8, a and b). 

The anodic limit potential of cationic PILs is commonly determined by the oxidation of the 

anion. As all studied PILs contain the same TFSI anion, their anodic stability was expected to be above 

4.0 V vs. Li+/Li. Indeed, PIL3 and PIL9 demonstrate electrochemical stability windows up to 4.3 and 

4.8 V, respectively (Figure 2.8, a and c). In accordance with what was observed previously for ILs, 

imidazolium-based PIL4 shows a slightly reduced anodic limit equal to 3.9 V vs. Li+/Li (Figure 2.8, 

b). Unexpectedly, some irreversible reduction peaks at 3.6 and 3.3 V were found for PIL7 and PIL8 

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

-0.14

-0.12

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

Potential (V vs Li+/Li)

 PIL9 (Trz+) 

 

Plating

Stripping

c)

 C
u

rr
e

n
t 

d
e

n
s

it
y

 (
m

A
 c

m
-2

)



59 

 

having mixed cations (Figure 2.8, a and b). The reason for this phenomenon was unclear as usually the 

mixtures of Li salts either in EC-EMC solution or in polymer electrolyte are showing an improved 

stability in comparison with systems containing single salts.  

2.1.6 Rheological properties 

The rheological properties of 1,2,3-triazolium PILs were investigated using small amplitude 

oscillatory shear (SAOS) rheology, over a temperature range of -20 to 75C, focusing on the most 

conductive PIL9. In order to facilitate the direct comparison of viscoelastic behaviour between PILs 

from different families, master curve was built through time-temperature superposition (TTS) using T0 

= 25°C as reference temperature (Figure 2.9, a). Figure 2.9 (a) shows that PIL9 exhibits a short rubbery 

pseudo-plateau extending approximately 1-2 decades of frequency (104>ωaT>102), which is typical of 

entangled polymer chains. At 25°C and higher temperatures, PIL9 displays a terminal regime evidenced 

by the evolution of loss and storage moduli following slopes as 𝜔1 and 𝜔2, respectively. The shift 

factors 𝑎𝑇 used in the TTS were determined (Figure 2.9, b) and it was verified that they present a 

temperature dependence that follows the Williams-Landel-Ferry (WLF) equation 113 (equation 1.4). 

Furthermore, to simplify the discussions, it was decided to investigate the dependence of 

mechanical properties of PILs on their structure by comparing only the storage modulus (G’) at 25°C 

and 1 rad s-1. This temperature was selected because, as it will be discussed in Section 4.1, the 

supercapacitor performance was evaluated at 25°C, while 1 rad s-1 is the typical frequency at which the 

rheological behavior of polymers is studied114. Thus, PIL9 exhibited a storage modulus of 0.1 kPa at 

25°C and 1 rad s⁻¹, which was below average among all PILs under current investigation.  

  

Figure 2.9 Time-temperature superposition (TTS) master curve of PIL9 obtained by frequency 

sweep experiments performed from -20 to 75C and referenced at T0 = 25 °C (a), corresponding aT 

shift factors and WLF best fits at T0 = 25 °C for PIL9 (b). 
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2.2 Methacrylate based polyelectrolytes (PIL10-PIL29) prepared by Reversible Addition 

Fragmentation chain Transfer (RAFT) polymerization 

2.2.1 Synthesis and characterization 

To prepare three families of methacrylate based random and block copolymers, three ionic 

monomers were utilized (Scheme 2.2). Along with synthesized in this work ILM1 and ILM2, which 

contain the highly delocalized TFSI anion, the commercially available 3-sulfopropyl methacrylate 

potassium (ILM7), featuring a sulfonyl group was also used to evaluate the influence of charge 

delocalization on ionic conductivity and mechanical properties of PILs. For all ionic monomers 

mentioned above, poly(ethylene glycol) methyl ether methacrylate (PEGM) was used as a neutral 

comonomer. There were several reasons for this choice. Firstly, PEGM has the same methacrylate 

moiety which should provide similar to ILMs level of reactivity115. Furthermore, the introduction of the 

monomer with a long dangling chain significantly decreases the glass transition temperature of the 

resultant polymer, which beneficially affects the level of ionic conductivity11,12,116. Additionally, the 

presence of oxyethylene fragments in PEGM facilitates ion pairs dissociation and promote the mobility 

of ions. The copolymerization of selected ionic and neutral monomers was conducted using the 

Reversible Addition-Fragmentation Chain Transfer (RAFT) method, resulting in the preparation of 10 

AB type random copolymers (Scheme 2.2, Table 2.3, PIL11-PIL17, PIL19-PIL21). This approach 

allowed for controlled variation of the ratio between the ionic comonomer A and the neutral comonomer 

B, as well as the molecular weight (Mn) at a fixed comonomer ratio115,117. 

In the next step, the AB-b-C type block copolymers were prepared using previously 

synthesized random copolymers with ILM1 and ILM2 as macro-chain transfer agents (macro-CTAs) 

(Scheme 2.2). The goal for the preparation of these block copolymers was further improvement of the 

mechanical properties gained through a high Tg neutral block addition and phase separation of the 

material. To address this, two neutral monomers, 2-phenylethyl methacrylate (PhEtM, Tg 

(poly(PhEtM)) = 48°C) and (1-naphthyl)methyl methacrylate  (Napht, Tg (poly(Napht)) = 111°C) 

were selected. Except for high Tg of corresponding polymers, the selection of these monomers was based 

on several considerations: 

1) Commercial availability of these monomers; 

2) The presence of the methacrylic functional group, being similar to ILM1, ILM2, and 

PEGM;  

3) The existence of the aromatic moiety, which is known to be incompatible with ionic 

compounds, leading to a beneficial phase separation in the resulting block copolymers75,118. 
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As a result, 8 ionically conductive and mechanically robust block copolymers with AB-b-C 

type architecture (Scheme 2.2, Table 2.4, PIL22-PIL29) were successfully synthesized and 

investigated. 

 

Scheme 2.2 Synthesis of methacrylate based random and block copolymers. 

2.2.1.1 Random AB copolymers 

2.2.1.1.1 Random copolymers based on ILM1 

At first, the conditions for RAFT polymerization of ILM1 and PEGM were fine-tuned. 

Building upon previous work by our group on analogous systems12,85,116, DMF was chosen as the solvent 

due to its ability to form highly concentrated homogeneous solutions of ionic and neutral monomers 

(DMF:(ILM+PEGM) = 3:1 by weight) even at low temperatures. After determining that 60°C was the 

optimal reaction temperature for the successful polymerization, AIBN was selected as the thermal 

initiator. Dithiobenzoate-based 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPCP) was 

chosen as a suitable chain transfer agent (CTA) due to its high compatibility with ionic and neutral 

methacrylate monomers. A typical for RAFT CTA:initiator ratio of 5:1 (by mol) was used to balance 

the speed of the reaction and the livingness of the resulting polymeric chains115. Thus, the initial 
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conditions were established as follows: DMF as the solvent, AIBN as the initiator, CPCP as the CTA, 

with a CTA ratio of 5:1 (by mol), and a reaction temperature of 60°C (Scheme 2.3). It’s worth to 

mention that polymers with molecular weight up to 35kDa (PIL11, PIL14-PIL17) required 12 h of 

synthesis, while to prepare high molecular weight PIL13 (100 kDa) it was necessary to increase the 

reaction time to 72 h. The utilization of these conditions allowed for the synthesis of two groups of 

poly(ILM1n-r-PEGMm) random copolymers with high conversions (q) up to 90% (determined using 

equation 1.5) and molecular weights close to the target ones. The first group had fixed molecular weight 

(~35 kDa) and different PEGM:ILM ratios ranging from 1 to 10 (Scheme 2.3, Table 2.3, PIL11, PIL14-

PIL17) and the second group had fixed PEGM:ILM1 ≈ 1:1 ratio and variable molecular weights 

(Scheme 2.3, Table 2.3, PIL11-PIL13).  

The experimental values of n:m ratios were calculated using eqs. 1.6-1.10 and 1H NMR of 

isolated copolymers. In all cases the values proved to be close to the ratio of monomers loading. Molar 

mass of obtained copolymers was determined by size exclusion chromatography (Mn(SEC)) and by NMR 

(Mn(NMR)) using equations 1.22-1.24 for the later. While the determined Mn(NMR) values for all 

poly(ILM1n-r-PEGMm) varied in the range of 31.8−96.5 kDa and were in a good agreement with 

targeted molecular weight, the Mn(SEC) values showed deviations (Table 2.3). Higher targeted molecular 

weight led to greater deviation of Mn(SEC) from Mn(NMR), which was explained by the increase Mw/Mn 

ratio and the approach to the molecular weight limit for RAFT polymerization115. 

 

Scheme 2.3 Synthesis of poly(ILM1n-r-PEGMm). 

2.2.1.1.2 Random copolymers based on ILM2 

Contrary, copolymerization of the cationic monomer ILM2, under the aforementioned 

conditions resulted in a significantly lower conversion, which was only reaching 50%. This was 

probably attributed to the CTA’s side reactions, as during the polymerization the noticeable colour 

change of the solution (from pink to brown) was observed. Consequently, CPCP with a carboxylic end 

group was replaced with a similar CPDB without reactive groups (Scheme 2.4). Keeping all other 

parameters constant, this change of the CTA improved the conversion up to 90%. Thus, applying these 

conditions a series of cationic poly(ILM2n-r-PEGMm) was synthesized with a fixed target molecular 

weight of 50 kDa and variable PEGM:ILM2 ratio (from 1:1 to 5:1).  



63 

 

The actual n:m ratios were determined using eqs. 1.11-1.15 and 1H NMR of isolated copolymers 

and were found to be 1:1 for PIL19 and 1:4.4 for PIL20 (Scheme 2.4). In analogy with poly(ILM1n-r-

PEGMm), the molecular weight values of synthesized copolymers were determined by size exclusion 

chromatography (Mn(SEC)) and by NMR (Mn(NMR)). As a result, all synthesized cationic polymers showed 

a molecular weight of ~47 kDa and similarly to anionic PILs insignificant difference between Mn(SEC) 

and Mn(NMR) was observed. 

 

Scheme 2.4 Synthesis of poly(ILM2n-r-PEGMm). 

2.2.1.1.3 Random copolymers based on ILM7 

To enhance the mechanical properties of the system through the introduction of highly localized 

ionic groups rather than by forming block copolymers, the last family of methacrylate-based random 

copolymers containing sulfonyl-based ILM7 was synthesized. The procedure included two steps: the 

copolymerization of ILM7 and PEGM and further ion exchange from poorly conductive potassium 

counter cation to various organic counter cations.  The polymerization conditions previously developed 

for ILM1 were not applicable for ILM7 due to its low solubility in DMF. After several attempts to find 

a suitable solvent, a mixture of DMF and H2O (3:2 by volume) was determined to be effective. Thus, 

by changing the solvent, poly(ILM7128-r-PEGM128), denoted as PIL21, was synthesized with 

conversion around 90% (Scheme 2.5). The n:m ratio, determined using NMR and equations 1.16-7.21, 

was 1:1, closely matching the monomers feed ratio. Molecular weight was determined only using NMR 

(Mn(NMR)) and equations 1.22-1.24 as PIL21 was not soluble in the eluent (DMF), preventing the study 

of its molar mass by SEC. 

On the next step, poly(ILM7128-r-PEGM128) containing potassium counter cations was 

subjected to ion metathesis with four different organic salts (Scheme 2.5). These salts featured a 

delocalized imidazolium cation, localized symmetric and asymmetric ammonium cations, and a 

symmetric phosphonium cation. This series of organic salts was selected to investigate several structural 

factors affecting the properties of the PILs. Utilization of 1-butyl-3-methylimidazolium bromide 

resulted in poly(ILM7BuMeIm128-r-PEGM128) (PIL21I). This PIL is an analog of poly(ILM194-r-

PEGM103) (PIL13) but features a localized sulfonyl group (Scheme 2.3, PIL13; Scheme 2.5, PIL21I). 
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The Comparison of these two polymers allows for evaluating the effect of anion charge delocalization 

on the properties of the PILs. The application of tetrabutylammonium and trimethylpropylammonium 

bromides resulted in poly(ILM7Bu4N128-r-PEGM128) and poly(ILM7PrMe3128-r-PEGM128), 

respectively (Scheme 2.5, PIL21S, PIL21A), and allowed for investigating the influence of cation 

charge delocalization and cation symmetry. Lastly, poly(ILM7Bu4P128-r-PEGM128) (PIL21P), which 

was used to study the effect of the nature of the heteroatom on PIL properties, was obtained by ion 

metathesis with tetrabutylphosphonium bromide. 

The completion of ion exchange was confirmed by NMR (Figure 2.11, c-f). Since the parent 

PIL21 with potassium cation was not soluble in DMF, preventing the study of its molar mass by SEC, 

the imidazolium-substituted PIL21I which was readily soluble in organic solvents was investigated to 

determine Mn(SEC) and the Mw/Mn ratio (Table 2.3). 

 

Scheme 2.5 Synthetic pathway for the preparation of poly(ILM7X128-r-PEGM128). 

2.2.1.2 Block AB-b-C copolymers 

The creation of block copolymers is a well-established method in the literature for enhancing 

the mechanical properties of ionic polymers without compromising their ionic conductivity. This 

approach involves synthesizing block copolymers where one block is ionic, while the other block is 

typically neutral and possess high Tg. Due to partial incompatibility between these two blocks, a 

microphase-separated morphology emerges, forming two distinct domains: one ionic, with a high 

concentration of mobile ions and enhanced conductivity, and the other neutral, acting as stiffness ribs 

responsible for mechanical stability. Specifically, the self-assembly of block copolymers can result in 

a variety of nanostructures, such as body-centered cubic spheres, hexagonal packed cylinders, 

bicontinuous gyroid, and lamellar (Figure II.7). However, it was shown that the efficiency of charge 

transport in block copolymers increases as the morphology transitions from hexagonally packed 

cylinders to lamellar and to bicontinuous gyroid structures, thus making the last two the most 

favourable. 

Consequently, to enhance the mechanical properties of AB type random copolymers 

comprising ILM1 and ILM2, they were used as macro-chain transfer agents (macro-CTAs) for further 
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polymerization with neutral blocks to result AB-b-C type block copolymers (Scheme 2.2). To achieve 

beneficial morphology several structural factors previously discovered by our group on analogous 

polymers12,85,116 were considered.  

1) High molecular weight block copolymers (Mn = 50−90 kDa) should be obtained 

2) The ratio of molecular weight between the ion-containing block (AB) and neutral blocks 

(C) (MAB/MC) should be close to 2 

3) The ratio of PEGM:ILM within ionic block (AB) should be around 5:1 by mol 

Thus, poly(ILM218-r-PEGM78) and poly(ILM114-r-PEGM71) with PEGM:ILM ≈ 5:1 and 

molecular weight around 45 kDa were chosen as macro-chain transfer agents for further 

copolymerization. However, considering that obtained block copolymers will be used in the preparation 

of DIGs, where the amount of released ionic liquid should play a crucial role in determining the ionic 

conductivity, polymers having higher ionic monomer content (poly(ILM245-r-PEGM45) and 

poly(ILM141-r-PEGM45)) were also included. 2-phenylethyl methacrylate (PhEtM, Tg (poly(PhEtM)) 

= 48°C) and (1-naphthyl)methyl methacrylate  (Napht, Tg (poly(Napht)) = 111°C) were selected as 

neutral monomers with high Tg.  

Therefore, four cationic (PIL22-25) and four anionic (PIL26-29) block copolymers (Table 2.2) 

were synthesized applying the conditions developed earlier: DMF as the solvent, AIBN as the initiator, 

macro-CTA, with a macro-CTA:initiator ratio of 5:1 (by mol) and a reaction temperature of 60°C. The 

conversion for both PhEtM and Napht monomers determined by 1H NMR spectroscopy and eq. 1.25 

was reaching ~75%. 

Table 2.2 Characteristics of the synthesized poly[(ILMn-r-PEGMm)-b-Armk] block copolymers 

PIL Poly[AB-b-C] 
PEGM: 

ILM1 

MAB(NMR)

/ 

MC(NMR) 

Mn 

(Target) 

(kDa) 

Mn (NMR) 

(kDa)2 
Мn (SEC) 

(kDa)3 
Mw/Mn 

(SEC)
 3 

22 poly[(ILM245-r-PEGM45)-b-PhEtM99] 1.0 2.5 78.0 64.6 46.9 1.5 

23 poly[(ILM217-r-PEGM74)-b-PhEMt99] 4.4 2.4 79.5 65.0 54.7 1.4 

24 poly[(ILM245-r-PEGM45)-b-Napht90] 1.0 2.3 76.0 66.5 56.7 1.6 

25 poly[(ILM217-r-PEGM74)-b-Napht99] 4.4 2.1 77.5 68.5 48.6 1.5 

26 poly[(ILM141-r-PEGM45)-b-PhEtM94] 1.1 2.4 67.7 60.6 32.8 1.9 

27 poly[(ILM112-r-PEGM61)-b-PhEtM74] 5.1 2.6 60.8 50.6 53.5 1.7 

28 poly[(ILM141-r-PEGM45)-b-Napht77] 1.1 2.4 65.9 59.5 41.0 1.8 

29 poly[(ILM114-r-PEGM73)-b-Napht86] 5.2 2.2 60.8 62.6 46.6 1.8 

1By 1H NMR. 2Defined by eqs. 1.28 and 1.31. 3Obtained by GPC in 0.1M LiTFSI in DMF at 50 oC with PMMA 

standards calibration. 



66 

 

Molar masses of the obtained copolymers were determined by NMR (Mn(NMR)) using equations 

1.28 for poly[(ILMn-r-PEGMm)-b-PhEtM] and 1.31 for poly[(ILMn-r-PEGMm)-b-Napht]. The 

determined Mn(NMR) values ranging between 50.6 and 68.5 kDa, thus the MAB/MC ratio was calculated 

to be 2.1−2.6 (Table 2.2). It should be mentioned that determined Mn(NMR) values were closely matching 

the targeted Mn. The investigation of the molar masses was repeated with SEC to provide Mn(SEC). Figure 

2.10 presents the typical SEC chromatograms for both random and block copolymers. The 

chromatograms indicate that the obtained block copolymers possess higher Mn(SEC) values and similar 

or slightly higher Mw/Mn ratios (∼1.4−1.9) compared to the parent poly(ILMn-r-PEGMm) macro-CTA, 

thus strongly supporting the successful formation of the desired block copolymers.  

 
 

Figure 2.10 SEC traces of anionic (a) and cationic (b) macro-CTAs and block copolymers (0.1 M 

LiTFSI in DMF, 50°C, PMMA standards). 

2.2.2 Spectroscopic analysis 

The structure of all random and block copolymers, their composition and purity were supported 

by 1H, 13C and 19F NMR and FTIR spectroscopy as well as by elemental analysis.  

The 1H NMR spectra of poly[(ILM245-r-PEGM45), shown in Figure 2.11(a), confirm the 

absence of methacrylic double bonds and other impurities. The comonomer ratio was determined using 

equations 1.11-1.15. The 13C NMR spectra (Figure 2.12, d) display a characteristic trifluoromethyl 

quadruplet around 120 ppm, while the 19F NMR spectra show a singlet at approximately -80.0 ppm, 

assigned to the trifluoromethyl group. 

For poly(ILM7X128-r-PEGM128), 
1H NMR (Figure 2.11, c-f) confirmed quantitative ion 

exchange, indicated by the presence of signals from organic counter cations in a 1:1 ratio to the PEGM 

CH3 end group. Elemental analysis further supported the completion of this reaction. 
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Figure 2.11(b) presents the 1H NMR spectra of poly[(ILM245-r-PEGM45)-b-PhEtM99]. The 

spectra clearly show chemical shifts corresponding to both blocks, poly[(ILM245-r-PEGM45) and 

poly(PhEtM99), and confirm the absence of double bonds from the neutral comonomer and other 

impurities. Similar to the ionic random copolymers, the 13C NMR signals (Figure 2.12, a-f) exhibit 

characteristic trifluoromethyl quadruplets, and the 19F NMR spectra show singlet at around -80.0 ppm. 

FTIR spectra (Figure 2.13) of random copolymers had the following absorption bands: ~2930 

cm-1 that was assigned to CH2 stretching; ~1730 cm-1 (C=O stretching); ~1630 cm-1 (C=C stretching); 

~1455 cm-1 (CH bending); ~1350 cm-1 (asymmetric S=O stretching); ~1160 cm-1 (CF stretching); ~1110 

cm-1 (symmetric S=O stretching); ~1055 cm-1 (CF stretching), while block copolymers also exhibited 

absorption bands attributed to aromatic rings: ~1455 cm-1 (C=C vibrations of the aromatic ring), ~775, 

745 cm-1 (CH-aromatic deformation).  
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Figure 2.11 1H NMR of polymers PIL19 (a), PIL22 (b), PIL21I (c), PIL21A (d), PIL21S (e) and 

PIL21P (f) (25 °C, DMSO-d6). 
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Figure 2.12 13С NMR of polymers PIL12 (a), PIL26 (b), PIL28 (c), PIL19 (d), PIL22 (e) and PIL24 

(f) (25 °C, DMSO-d6). 

 
Figure 2.13 FTIR spectra of PIL13 (a), PIL18 (b), PIL22 (c) and PIL24 (d). 

2.2.3 Thermal properties  

2.2.3.1 Glass-transition temperature 

2.2.3.1.1 Random copolymers poly(ILMn-r-PEGMm) 

Thermal properties of all random copolymers were investigated via DSC. All of them 

demonstrated the presence of a single glass transition on the DSC curves. 
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 It was observed that random copolymerization of ILM1 and ILM2 with PEGM in any ratios 

leads to the decrease in the Tg of polyelectrolytes in comparison with respective homopolymers (Tg 

PIL10 = -13°C and Tg PIL18 = -6°C, Table 2.3). The higher was the content of PEGM units in 

copolymers, the lower was the observed Tg (Figure 2.14, a). Consequently, the relationship between 

PEGM content in poly(ILMn-r-PEGMm) and Tg can be summarized as follows: 

Tg (°C): PIL10 (poly(ILM174), -13) >PIL11 (PEGM:ILM1 =1.1, -40) >PIL14 (PEGM:ILM1 

=3.4, -54) >PIL15 (PEGM:ILM1 =5.3, -57) >PIL16 (PEGM:ILM1 =7.0, -58) >PIL17 (PEGM:ILM1 

=10.1, -62) 

Tg (°C): PIL18 (poly(ILM251), -6) >PIL19 (PEGM:ILM2=1.0, -38) >PIL20 

(PEGM:ILM2=4.4, -57) 

In the case of anionic polymers, an increase in PEGM content resulted in a decrease in Tg, 

shifting from -13°C for the ILM1 homopolymer (PIL10) to -62°C for poly(ILM16-r-PEGM58), 

eventually reaching the Tg of neat poly(PEGM) (Figure 2.14, a). Similarly, PILs incorporating cationic 

ILM2 exhibited a comparable trend, with Tg values closely mirroring those of poly(ILM1n-r-PEGMm) 

(Figure 2.14, a). Interestingly to note that cationic homopolymer PIL18 showed slightly higher Tg than 

its anionic analogue PIL10. However, with an increase in PEGM content in the respective copolymers, 

the effect of the monomer nature became insignificant. 

  

Figure 2.14 Glass transition temperature (Tg) dependence on PEGM content for poly(ILM1n-r-

PEGMm) and poly(ILM2n-r-PEGMm) (a); Tg dependence on molecular weight (Mn(NMR)) for 

poly(ILM1n-r-PEGMm) (b). 

Furthermore, in the series of anionic poly(ILM1n-r-PEGMm) with fixed PEGM:ILM1 (PIL11-

PIL13, Table 2.3) the effect of molecular weight on Tg was evaluated. It was shown that the rise of 

molecular weight from 30 kDa to 96 kDa only resulted in minor decrease in Tg. thus, proving 

independence of glass transition temperature from molecular weight in this range (Figure 2.14, b). 
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Table 2.3 Selected properties of methacrylic random copolymers 

PIL Poly(A)/Poly(AB) 

PEGM

: 

ILM1 

Mn 

(NMR) 

(kDa)2 

Мn 

(SEC) 

(kDa)3 

Mw/Mn 

(SEC)
3 

σ 

at 25oC 

(S cm-1) 

Tg
 

(oC)4 

Tonset
 

(oC)5 

10 poly(ILM174) - - 35.5 1.5 3.6×10−7 -13 275 

11 poly(ILM131-r-PEGM34) 1.1 32.1 31.0 1.2 7.5×10−6 -40 165 

12 poly(ILM141-r-PEGM45) 1.1 42.3 35.5 1.3 5.2×10−6 -41 - 

13 poly(ILM194-r-PEGM103) 1.2 96.5 72.1 1.4 5.9×10−6 -46 - 

14 poly(ILM114-r-PEGM49) 3.4 32.0 31.3 1.2 1.2×10−5 -54 160 

15 poly(ILM110-r-PEGM54) 5.4 32.3 30.6 1.2 6.6×10−6 -57 160 

16 poly(ILM18-r-PEGM56) 7.0 31.8 31.0 1.2 5.2×10−6 -58 160 

17 poly(ILM16-r-PEGM60) 10.1 32.1 31.2 1.2 3.9×10−6 -62 160 

18 poly(ILM251) - - 27.1 1.4 4.4×10−7 -6 290 

19 poly(ILM245-r-PEGM45) 1.0 46.8 31.5 1.4 5.7×10−6 -38 160 

20 poly(ILM218-r-PEGM78) 4.4 48.9 36.4 1.3 1.2×10−5 -57 160 

21 
poly(ILM7128-r-

PEGM128) 
1.0 95.7 - - - - - 

21I 
poly(ILM7BuMeIm128-r-
PEGM128) 

1.0 - - - 1.9×10-6 -40 190 

21S 
poly(ILM7Bu4N128-r-

PEGM128) 
1.0 - - - 9.0×10-8 -36 190 

21
A 

poly(ILM7PrMe3N128-r-
PEGM128) 

1.0 - - - 4.8×10-7 -29 195 

21P 
poly(ILM7Bu4P128-r-
PEGM128) 

1.0 - - - 3.3×10-7 -52 200 

- poly(PEGM) - - 23.6 1.2 - -62 160 

- poly(PhEtM) - - 17.1 1.2 - 48 200 

- poly(Napht) - - 5.0 1.1 - 1116 225 

1By 1H NMR. 2Defined by eq 1.24. 3Obtained by GPC in 0.1M LiTFSI in DMF at 50 oC with PMMA standards 

calibration. 4Obtained by DSC (5 K min-1). 5Onset loss temperature obtained by TGA. 6Obtained by TMA. 

For the row of poly(ILM7X128-r-PEGM128) DSC investigation revealed the strong influence of 

counter-cation nature on Tg (Figure 2.15): 

Tg (°C): PIL21A (PrMe3N, -29) >PIL21S (Bu4N, -36) >PIL21I (BuMeIm, -40) >PIL21P 

(Bu4P, -52) 
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Both PILs with ammonium cations exhibited higher glass transition temperatures than PIL21I, 

which contains an imidazolium cation. This can be explained by the greater charge delocalization in the 

imidazolium cation. A similar trend is observed in ionic liquids119. PIL21P, which features a 

phosphonium cation, demonstrated the lowest Tg of -52°C. This is likely due to the larger atomic radius 

of phosphorus and the resulting weaker ion pairing compared to nitrogen. 

The influence of anion charge delocalization on Tg can be seen when comparing PIL13 and 

PIL21I, which have the same counter cation, molecular weight, and PEGM:ILM ratio but differ in their 

anionic groups: 

Tg (°C): PIL21I (SO3
-
,-40 ) > PIL13 (TFSI

-
, -46) 

The TFSI anion, with its greater extent of charge delocalization, promotes ions dissociation 

thereby lowering the glass transition temperature. 

 

Figure 2.15 Glass transition temperature dependence on counter-cation nature for poly(ILM7X128-r-

PEGM128) 

2.2.3.1.2 Block copolymers poly[(ILMn-r-PEGMm)-b-Armk] 

The DSC investigation of block copolymers revealed that samples with PEGM:ILM ratio 1:1 

(Table 2.4, PIL22, PIL24, PIL26, PIL28) exhibited 2 glass transition temperatures. The first transition 

(Tg1) was attributed to the glass transition of the ionic random block and the second transition (Tg2) 

occurring above room temperature was assigned to the Tg of neutral blocks. In contrast samples with 

PEGM:ILM ratio 1:5 (Table 2.4, PIL23, PIL25, PIL27, PIL29) presented only the Tg1 of ionic blocks. 

This phenomenon is likely connected with the higher plasticization effect in the samples with 

PEGM:ILM ratio = 1:5 and as a result lower heat response of the second phase transition. It was noticed 

that for all block copolymers Tg1 of the ionic random block closely mirrored the Tg of the corresponding 
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macro-CTAs. Similarly to macro-CTAs (poly(ILMn-r-PEGMm)) increase in PEGM content led to a 

decrease in Tg. 

To discuss the Tg of neutral blocks for all synthesized block copolymers it was decided to swich 

to thermomechanical analysis (TMA). In contrast to DCS, TMA measures the deformation of the 

samples under non-oscillating stress, offering greater sensitivity in many cases. Consequently, TMA 

revealed two glass transition temperatures for all synthesized block copolymers.  

Similarly to DSC, Tg1 coincided with Tg of the corresponding macro-CTAs and was around -

40°C for block copolymers with PEGM:ILM ratio 1:1 and around -50°C for samples with higher PEGM 

content. 

Tg2 of neutral blocks, measured by TMA, in all cases was lower compared to Tgs of 

poly(PhEtM) and poly(Napht) homopolymers. 

Tg (°C): poly(PhEtM) ( 57 ) > PIL22 (PhEtM, PEGM:ILM = 1:1, 46) > PIL23 (PhEtM, 

PEGM:ILM = 1:5, 44) 

Tg (°C): poly(Napht) ( 111 ) > PIL24 (Napht, PEGM:ILM = 1:1, 105) > PIL25 (Napht, 

PEGM:ILM = 1:5, 85) 

Tg (°C): poly(PhEtM) ( 57 ) > PIL26 (Napht, PEGM:ILM = 1:1, 45) > PIL27 (Napht, 

PEGM:ILM = 1:5, 67) 

Tg (°C): poly(Napht) ( 111 ) > PIL28 (Napht, PEGM:ILM = 1:1, 81) > PIL29 (Napht, 

PEGM:ILM = 1:5, 46) 

Except for PIL26 and PIL27, an increase in PEGM content resulted in a decrease in the Tg2 of 

the neutral block. This can be explained by the greater degree of plasticization of the neutral block by 

the ionic block with increased PEGM content.  

Moreover, TMA curves revealed the presence of the third distinct transition, attributed to the 

heat distortion temperature (THDT) at which noticeable deformation (flow) was observed. This 

temperature was detected in all block copolymers with ILM:PEGM=1:1 and only in one with 

ILM:PEGM=1:5 (PIL29), varying from 91 to 150°C. Thus, it is reasonable to conclude that THDT is 

dependent on PEGM content and, with the exception of PIL29, was not visible in block copolymers 

with ILM= 1:5.  

Overall, all three transition temperatures were found to be strongly dependent on the 

ILM:PEGM ratio. This observation can be summarized as follows: an increase in PEGM content led to 

(1) a decrease in Tg1; (2) a decrease in Tg2 (Table 2.4, with the sole exception of the pair PIL26/PIL27); 

(3) the disappearance of THDT (Table 2.4, with the sole exception of PIL29). Furthermore, the existence 

of two distinct Tg clearly demonstrated the presence of two segregated microphases in all poly[(ILMn-

r-PEGMm)-b-Armk] block copolymers. 
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Table 2.4 Selected properties of poly(ILMn-r-PEGMm) and poly[(ILMn-r-PEGMm)-b-Armk] copolymers 

PIL Polymer structure 

PEGM

: 

ILM1 

Tg1,
 

(°C)2 

Tg2,
 

(°C)2 

Tg1,
 

(°C)3 

Tg2,
 

(°C)3 

THDT, 

(°C)3 

Tonset,
 

(°C)4 

σ  

at 25oC 

(S cm-1) 

Type of 

morphology,  

domain length 
(nm)5 

19 poly(ILM245-r-PEGM45) 1.0 -38 - - - - 160 5.7×10-6 - 

22 poly[(ILM245-r-PEGM45)-b-PhEtM99] 1.0 -34 36 -33 46 91 170 5.6×10-7 L, 61.2 ± 3.0 

23 poly[(ILM217-r-PEGM74)-b-PhEMt99] 4.4 -55 - -52 44 - 165 2.2×10-6 L, 33.3 ± 0.8 

24 poly[(ILM245-r-PEGM45)-b-Napht90] 1.0 -40 109 -37 105 147 190 1.9×10-7 L, -7 

25 poly[(ILM217-r-PEGM74)-b-Napht99] 4.4 -50 - -48 85 - 180 1.2×10-6 L, 35.7 ± 0.8 

12 poly(ILM141-r-PEGM45) 1.1 -41 - - - - 165 5.2×10-6 - 

26 poly[(ILM141-r-PEGM45)-b-PhEtM94] 1.1 -40 34 -37 45 107 185 2.0×10-6 L, 45.9 ± 1.8 

27 poly[(ILM112-r-PEGM61)-b-PhEtM74] 5.1 -51 - -46 67 - 160 1.6×10-6 L, 36.8 ± 1.4 

28 poly[(ILM141-r-PEGM45)-b-Napht77] 1.1 -40 88 -35 81 119 180 1.1×10-6 L, 37.5 ± 2.0 

29 poly[(ILM114-r-PEGM73)-b-Napht86] 5.2 -45 - -42 46 150 180 4.4×10-7 Disordered 

 poly(PhEtM) 6 - - 48 - 57 110 200 - - 

 poly(Napht) 6 - - - - 111 151 225 - - 

 poly(PEGM) 6 - -62 - - - - 160 - - 

1By 1H NMR. 2Obtained by DSC (5 Kmin-1). 3Obtained by TMA. 4Onset loss temperature obtained by TGA. 5By AFM on block copolymer-coatings, L - lamellar. 6For 

comparison. 7Can not be calculated.
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2.2.3.2 Onset temperature of weight loss 

The thermal degradation behaviour of methacrylate based PILs was further studied via TGA. 

The weight loss profiles of the polymers, presented in Figure 2.16, revealed a one-step degradation 

behaviour for all studied samples, with Tonset ranging from 160°C to 290 °C.  

For random poly(ILMn-r-PEGMm) containing ILM2 and ILM1 units, the Tonset values were 

strongly influenced by the presence of PEGM in the polymer chain (Figure 2.16, a). While the 

homopolymers poly(ILM1) and poly(ILM2) showed close onset weight loss temperatures of 275°C 

and 290°C respectively , all the random copolymerization of ILM1 and ILM2 with PEGM 

irrespectively of PEGM:ILM ratio led to the formation of copolyelectrolytes with Tonset of about 160°C. 

This was attributed to the thermal degradation oxyethylene chains120. This conclusion was further 

support by the investigation of poly(PEGM) thermal behaviour. In a similar manner, the TGA curve of 

poly(PEGM) shows sharp decrease of mass at 160oC (Table 2.3). 

The variation of counter-cations in poly(ILM7X128-r-PEGM128) had a moderate impact on the 

thermal stability of the polymers. The relationship between counter-cations and Tonset can be succinctly 

summarized as follows: 

Tonset (°C): PIL21P (Bu4P, 200) > PIL21A (PrMe3N, 195) ≈ PIL21S (Bu4N, 190) = PIL21I 

(BuMeIm, 190) 

It is evident that the transition from TFSI-based PIL13 to sulfonate-based PIL21I resulted in 

an increase in thermal stability, from 165 to 190°C. Sulfonate-based PILs with ammonium cations 

(PIL21A, PIL21S) demonstrated a similar level of thermal stability. In contrast, the exchange of the 

counter-cation from imidazolium to phosphonium led to a significant increase in thermal stability, 

consistent with existing data on ILs121and PILs122. Phosphonium-based compounds generally exhibit 

higher thermal stability compared to their ammonium or imidazolium counterparts.  

On next step the thermal properties of poly[(ILMn-r-PEGMm)-b-Armk] block copolymers were 

investigated. The incorporation of neutral blocks into the block copolymer structures led to a modest 

enhancement of thermal stability by 10-30 degrees. At this, the highest thermal stability has been 

demonstrated by PIL24 with Tonset reaching 190°C (Figure 2.16, c). The overall evolution of thermal 

stability in poly[(ILMn-r-PEGMm)-b-Armk] according to the neutral block nature can be summarized 

as follows: 

Tonset (°C): PIL24 (poly[(ILM245-r-PEGM45)-b-Napht90], 190) >PIL26 (poly[(ILM141-r-

PEGM45)-b-PhEtM94], 185) >PIL25 (poly[(ILM217-r-PEGM74)-b-Napht99], 180) =PIL28 

(poly[(ILM141-r-PEGM45)-b-Napht77], 180) =PIL29 (poly[(ILM114-r-PEGM73)-b-Napht86], 180) 
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>PIL22 (poly[(ILM245-r-PEGM45)-b-PhEtM99], 170) >PIL23 (poly[(ILM217-r-PEGM74)-b-PhEMt99], 

165) >PIL27 (poly[(ILM112-r-PEGM61)-b-PhEtM74], 160) 

It is notable that, with exception of PIL26, ionic block copolymers with poly(Napht) block 

demonstrated higher thermal stability. This observation was assigned to higher thermal stability of the 

neat poly(Napht) compared to poly(PhEtM).  

 

  

 

Figure 2.16 TGA traces of poly(ILMn-r-PEGMm) (a); poly(ILM7X238-r-PEGM128) (b); poly[(ILMn-

r-PEGMm)-b-Armk] (c) (5oC min-1, under air). 

2.2.4 Morphological properties 

TMA curves of all poly[(ILMn-r-PEGMm)-b-Armk] block copolymers clearly demonstrated 

the presence of two segregated microphases (see section 2.3.3.1.2). To visualize the block copolymer 

morphologies, thin films were casted from DMF solutions, then dried at T > Tg2 to enable polymer 

reorganization and the achievement of (near-) equilibrium morphologies and later on explored by 

atomic force microscopy (AFM). Thus, the AFM phase contrast images demonstrated that all block 
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copolymers, except for poly[(ILM114-r-PEGM73)-b-Napht86] (PIL29), exhibit lamellar morphologies 

(Figure. 3.17, Table 2.4). PIL29 does not have any visible phase separation (Figure. 3.17, h), which can 

be attributed to the significant plasticization of the neutral block by the ionic block. This assumption is 

supported by the observed Tg value of the neutral poly(Napht) block in PIL29 (Tg of poly(Napht) 

=111°C, while Tg2 of poly(Napht) block in poly[(ILM114-r-PEGM73)-b-Napht86] =46°C, Table 2.4).  

Subsequently, the domain length for all block copolymers exhibiting phase separation was 

measured and found to range between 61.2 and 33.3 nm (Table 2.4). However, it was not possible to 

determine the domain length for poly[(ILM245-r-PEGM45)-b-Napht90] because, in this case, the lamellar 

phase separation occurred parallel to the surface (Figure 2.17, c). Analysing the data, it was found that, 

the ILM:PEGM ratio had a more significant impact on domain size than the nature of the ionic and 

neutral monomers. Specifically, the decrease of PEGM content from 1:5 to 1:1 in the ILM:PEGM razio 

led to an increase in domain size. For example, transitioning from poly[(ILM217-r-PEGM74)-b-

PhEMt99] to poly[(ILM245-r-PEGM45)-b-PhEtM99] increased the domain length from 33.3 to 61.2 nm. 

Similarly, in anionic block copolymers, poly[(ILM141-r-PEGM45)-b-PhEtM94] had a domain size 15 

nm larger than poly[(ILM112-r-PEGM61)-b-PhEtM74]. Additionally, as previously discussed, 

poly[(ILM114-r-PEGM73)-b-Napht86] showed no signs of phase separation, while poly[(ILM141-r-

PEGM45)-b-Napht77] exhibited a lamellar morphology with a domain size of 37.5 nm. 

In general, these results can be explained by the compatibility of the PEGM moiety with both 

ionic fragments and neutral aromatic fragments. Despite the incompatibility of ionic block with PEG 

side chains and the neutral block in block copolymers, an increase in PEGM content leads to higher 

plasticization or solubilization of the neutral block, that in its turn resulting in poorer phase separation. 
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Figure 2.17 AFM images of PIL22 (a), PIL23 (b), PIL24 (c), PIL25 (d), PIL26 (e), PIL27 (f) 

PIL28 (g) PIL29 (h) films. 

2.2.5 Electrochemical properties 

2.2.5.1 Ionic Conductivity of random copolymers 

The investigation of PILs electrochemical properties started from the study of ionic 

conductivity of random methacrylate-based copolymers. By applying electrochemical impedance 

spectroscopy (EIS), the following factors affecting ionic conductivity were discovered: 
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1) ILM:PEGM ratio in poly(ILMn-r-PEGMm) 

Using ILM1 monomer, one homopolymer and five random copolymers having the same 

molecular weight, but differing in PEGM:ILM1 ratios were prepared. It was discovered that ionic 

conductivity strongly depends on PEGM content, varying from 1.2×10−5 to 3.6×10−7 S cm−1 at 25°C 

(Figure 2.18, a). The overall evolution of ionic conductivity at 25°C according to the PEGM:ILM1 

ratio can be summarized as follows: 

σ (25°C, S cm-1): PIL14 (PEGM:ILM1=3.4, 1.2×10−5) > PIL11 (PEGM:ILM1=1.1, 7.5×10−6) 

>PIL15 (PEGM:ILM1=5.4, 6.6×10−6) >PIL16 (PEGM:ILM1=7.0, 5.2×10−6) >PIL17 

(PEGM:ILM1=10.1, 3.9×10−6) >>PIL10 (poly(ILM174), 3.6×10−7) 

Taking these data into account it is possible to conclude that PEGM content vs. conductivity 

dependence passes through the maximum at PEGM:ILM1 ratio equal to 3.4, which corresponds to 

PIL14 (Figure 2.18, a). There are two opposite factors involved in the observed phenomenon. On one 

side, an increase in PEGM content decreases the glass transition temperature (Tg of poly(PEGM) = -

62°C, while Tg of poly(ILM174) = -13°C (see Table 2.3)), thus enhancing ion mobility and ionic 

conductivity. On the other side, the excessive presence of neutral, non-conductive units reduces the 

number of conducting species, thereby decreasing overall ionic conductivity. The observed trend was 

in a full agreement with the data reported for cationic copolymers by Dutta at al123. 

Similarly to anionic PILs, the ionic conductivity is dependent on PEGM content in cationic 

PILs comprising ILM2 as well. At 25°C, it varied between 1.2×10−5 and 4.4×10−7 S cm−1. The observed 

dependence of ionic conductivity on PEGM content in cationic copolymers can be summarized below:  

σ (25°C, S cm-1): PIL20 (PEGM:ILM2=4.7, 1.2×10−5) >PIL19 (PEGM: ILM2=1.0, 5.7×10−6) 

> PIL15 (poly(ILM251), 4.4×10−7) 

For cationic PILs, an increase in PEGM content led to an increase in ionic conductivity, 

eventually reaching a maximum of 1.2×10−5 at PEGM:ILM2=4.7 in PIL20 (Figure 2.18, b). However, 

it is reasonable to suggest that further increases in PEGM content, similar to anionic PILs, will 

eventually result in a decrease in ionic conductivity due to the reduction in the number of conducting 

species.  

Overall, the ionic conductivity of both poly(ILM1n-r-PEGMm) and poly(ILM2n-r-PEGMm), 

was 1.5 orders of magnitude higher at 25°C in comparison with the respective homoPILs, thus 

highlighting the positive effect of the introduction of  PEGM moiety. 

2) Nature of ionic monomer in poly(ILMn-r-PEGMm) 
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It was found that ionic conductivity also depends on the nature of the ionic monomer. In the 

study of homopolymers, the conductivity of cationic PIL18 was higher than that of anionic PIL10:  

σ (25°C, S cm-1): PIL18 (poly(ILM251), 4.4×10−7) > PIL10 (poly(ILM174), 3.6×10−7) 

These results coincide with the data observed for the corresponding ILMs, where the cationic 

monomer ILM2 also showed slightly higher conductivity in comparison with the anionic ILM1 (σ 

(25°C, S cm-1): ILM2 (4.1 × 10-4) > ILM1 (2.4 × 10-4)), that was explained by the significant difference 

in their viscosity ( (25°C, cP): ILM1 (504) > ILM2 (213)). However, when ILM1 and ILM2 were 

copolymerized with PEGM, the influence of the nature of the ionic monomer became less prominent. 

σ (25°C, S cm-1): PIL12 (PEGM:ILM1=1.1, 5.2×10−6) > PIL19 (PEGM: ILM2=1.0, 5.7×10−6) 

  

 
Figure 2.18 Dependence of ionic conductivity at 25°C on the ILM:PEGM ratio in poly(ILM1n-r-

PEGMm) (a) and in poly(ILM2 n-r-PEGMm) (b). The evolution of ionic conductivity with inverse 

temperature for poly(ILM2n-r-PEGMm) and poly(ILM1n-r-PEGMm) (c). 
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The influence of anion charge delocalization can be observed by comparing the ionic 

conductivity of PIL13 and PIL21I, both having the same counter cation, molecular weight and 

ILM:PEGM ratio, but differing in the nature of the chemically bonded anions, namely having TFSI or 

sulfonate moieties:  

σ (25°C, S cm-1): PIL13 (poly(ILM1BuMeIm94-r-PEGM103), TFSI, 5.9×10−6) > PIL21I 

(poly(ILM7BuMeIm128-r-PEGM128), SO3, 1.9×10−6) 

It is evident that the introduction of the more delocalized TFSI group increases the ionic 

conductivity by approximately half an order of magnitude. This result aligns with data presented in the 

literature for sulfonate and TFSI-based ILs119 and anionic PILs10. 

4) Counter cation nature 

A significant effect of counter cation on ionic conductivity was observed in sulfonate-based 

poly(ILM7X138-r-PEGM128) copolymers (Figure 2.19). The overall variation of counter-cations 

improved the conductivity by 2 orders of magnitude, namely from 9.0×10−8 to 1.9×10−6 S cm−1 at 25 

°C. The results can be summarized in the following decreasing order:  

σ (25°C, S cm-1): PIL21I (BuMeIm, 1.9×10−6) > PIL21A (PrMe3N, 4.8×10−7) > PIL21P (Bu4P, 

3.3×10−7) > PIL21S (Bu4N, 9.0×10−8) 

Firstly, the transition from ammonium cation in PIL21S to phosphonium cation in PIL21P 

resulted in an improvement in ionic conductivity by half an order of magnitude thus highlighting the 

influence of the charged heteroatom in the cation. This can be explained by more diffused electron 

density of phosphorus compared to nitrogen and, as a result, lower binding energy within the ion pair. 

Secondly, the change of symmetry in the ammonium cation from symmetric 

tetrabutylammonium (PIL21S) to asymmetric trimethylpropylammonium (PIL21A) led to 1.5 orders 

of magnitude increase in ionic conductivity. This effect of the improvement of conductivity by the 

application of asymmetric anions is known in literature for ILs119,124, and appears due to the disruption 

of ions packing, decrease in viscosity and as a result increase in ions mobility.  

Lastly, the introduction of the more delocalized imidazolium cation (PIL21I) compared to 

ammonium and phosphonium cations resulted in two orders of magnitude rise in ionic conductivity. 

This striking improvement can also be explained by decreased ions interactions and respectively by 

enhanced ion mobility.   
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Figure 2.19 Evolution of ionic conductivity with inverse temperature for poly(ILM7X238-r-

PEGM128). 

5) Molecular weight 

To investigate the influence of molecular weight on ionic conductivity three anionic 

poly(ILM1n-r-PEGMm) copolymers with fixed PEGM:ILM ratio and variable molar masses were 

synthesized. The obtained results at 25°C can be summarized in the following order: 

σ (25°C, S cm-1): PIL11 (32.1 kDa, 7.5×10−6) > PIL13 (42.3 kDa, 5.9×10−6) ≈ PIL12 (96.5 

kDa, 5.2×10−6) 

Although, the slight increase in conductivity was noticed for PIL11, it can be concluded that, 

within this Mn range, the ionic conductivity is nearly independent from the molecular weight. 

6) Temperature 

The ionic conductivity of poly(ILM1n-r-PEGMm), poly(ILM7X238-r-PEGM128) and 

poly(ILM2 n-r-PEGMm) was measured as a function of inverse temperature in the range between 0 or 

20 and 100°C (Figures 3.18, c and 3.19). For all PILs the observed conductivity increased with 

increasing temperature. At this, the temperature dependence did not follow the linear Arrhenius 

behaviour. This can be explained by the fact that the ions diffusion occurs via two different mechanisms: 

(1) hopping of the free ions between chemically bonded charges and (2) local segmental motion of 

polymer chains. 

Overall, the charge delocalization in both cations and anions, along with the presence of short 

dangling PEO chains in the (co)polymer structure, were the factors mostly contributing to the 
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improvement in ionic conductivity. Specifically, at 25°C both anionic and cationic PEGM copolymers 

showed 1.5 orders of magnitude increase in ionic conductivity in comparison with respective 

homopolymers reaching an outstanding value of 1.2×10−5 S cm-1 (PIL14, PIL20, Table 2.3). At the 

same time, the transition from localized tetrabutylammonium cation to the more delocalized 

imidazolium cation in the series of poly(ILM7X238-r-PEGM128)  copolymers resulted in a 2 orders of 

magnitude increase in ionic conductivity.  

2.2.5.2 Ionic Conductivity of block copolymers 

On the next step the ionic conductivity in methacrylic block copolymers (poly[(ILMn-r-

PEGMm)-b-Armk]) was investigated (Figure 2.20, a). The obtained values varied between 2.2×10−6 and 

1.9×10−7 S cm−1, predominantly maintaining the same order of magnitude as the parent poly(ILMn-r-

PEGMm) block. The following parameters affecting the ionic conductivity of block copolymers could 

be further highlighted:  

1) PEGM:ILM ratio in poly[(ILMn-r-PEGMm)-b-Armk] and 2) the nature of ionic monomer 

Similarly to random poly(ILMn-r-PEGMm) copolymers, the ionic conductivity of poly[((ILMn-

r-PEGMm)-b-Armk] block copolymers was found to be dependent on PEGM:ILM ratio (Figure 2.20, 

a). For anionic [poly[(ILM1n-r-PEGMm)-b-Armk] block copolymers, independently of the neutral 

block nature, the polymers with PEGM:ILM=1:1 ratio in the ionic block showed slightly higher ionic 

conductivity than those having PEGM:ILM=1:5 ratio: 

σ (25°C, S cm-1): PIL26 (poly[(ILM141-r-PEGM45)-b-PhEtM94], 2.0×10−6) > PIL27 

(poly[(ILM112-r-PEGM61)-b-PhEtM74], 1.6×10−6) 

σ (25°C, S cm-1): PIL28 (poly[(ILM141-r-PEGM45)-b-Napht77], 1.1×10−6) > PIL29 

(poly[(ILM114-r-PEGM73)-b-Napht86], 4.4×10−7) 

Unexpectedly, the cationic poly[((ILM2n-r-PEGMm)-b-Armk] block copolymers showed the 

reverse dependence: 

σ (25°C, S cm-1): PIL23 (poly[(ILM217-r-PEGM74)-b-PhEMt99], 2.2×10−6) > PIL22 

(poly[(ILM245-r-PEGM45)-b-PhEtM99], 5.6×10−7) 

σ (25°C, S cm-1): PIL25 (poly[(ILM217-r-PEGM74)-b-Napht99], 1.2×10−6) > PIL24 

(poly[(ILM245-r-PEGM45)-b-Napht90], 1.9×10−7) 

Such behaviour can be explained by the similar conductivity trend observed for corresponding 

ionic random copolymers (for clarity see Figure 2.18, a).  

3) The nature of the neutral block 
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The influence of neutral block’s nature in poly[(ILMn-r-PEGMm)-b-Armk] block copolymers 

on ionic conductivity can be summarised as follows:  

σ (25°C, S cm-1):  PIL26 (poly[(ILM141-r-PEGM45)-b-PhEtM94], 2.0×10−6) ≈ PIL28 

(poly[(ILM141-r-PEGM45)-b-Napht77], 1.1×10−6) > PIL22 (poly[(ILM245-r-PEGM45)-b-PhEtM99], 

5.6×10−7) > PIL24 (poly[(ILM245-r-PEGM45)-b-Napht90], 1.9×10−7)  

σ (25°C, S cm-1): PIL23 (poly[(ILM217-r-PEGM74)-b-PhEMt99], 2.2×10−6) ≈ PIL27 

(poly[(ILM112-r-PEGM61)-b-PhEtM74], 1.6×10−6) ≈ PIL25 (poly[(ILM217-r-PEGM74)-b-Napht99], 

1.2×10−6) > PIL29 (poly[(ILM114-r-PEGM73)-b-Napht86], 4.4×10−7) 

Based on this data it can be concluded that block copolymers with a poly(PhEtM) block exhibit 

higher ionic conductivity than those with a poly(Napht) block. This can be explained by the fact that, 

in the case of [(ILMn-r-PEGMm)-b-PhEtMk], the high plasticization of the poly(PhEtM) by the ionic 

block causes a decrease in the Tg2 of the neutral block (Tg of poly(PhEtM) =48°C, while Tg2 of 

poly(PhEtM) block in poly[(ILM141-r-PEGM45)-b-PhEtM94] =36°C, Table 2.4 ) bringing it closer to 

the measurement temperature and thus increasing ionic conductivity. Although the plasticization effect 

is also visible in [(ILMn-r-PEGMm)-b-Naphtk], the Tg2 of the poly(Napht) block still remains far from 

25°C. 

Ionic conductivity of poly[(ILMn-r-PEGMm)-b-Armk] was measured as a function of inverse 

temperature in the range between 20 and 100°C (Figure 2.20, b). Similarly to random copolymers, the 

ionic conductivity in block copolymers increased with increasing temperature and the temperature 

dependence was not following the Arrhenius behaviour. 

Overall, while the transition from random copolymers to ionic block copolymers resulted in a 

slight decrease in ionic conductivity, it significantly enhanced their mechanical properties, as will be 

discussed in section 2.2.7 
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Figure 2.20 Dependence of ionic conductivity at 25°C on the structure of poly[(ILMn-r-PEGMm)-

b-Armk] (a), evolution of ionic conductivity with inverse temperature for poly[(ILMn-r-PEGMm)-b-

Armk] (b). 

2.2.6 Electrochemical stability 

Furthermore, the electrochemical stability limits of selected methacrylate based PILs were 

assessed via cyclic voltammetry. Figure 2.21 (a, b) shows the anodic and cathodic scans of anionic 

PIL12 and cationic PIL19 at 25 ºC. The oxidation potential for PIL19 was found to be higher than that 

of PIL12 reaching the value of 2.6 V vs Ag+/Ag. Contrary, the reduction potential of PIL12 was lower 

than of PIL19: -2.1 vs -1.2 V, respectively. The overall evolution of electrochemical stability of random 

methacrylate PILs can be summarized as follows:  
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ESW (25°C, V): PIL12 (4.4) > ESW PIL19 (3.8) 

  

Figure 2.21 Electrochemical stability window for poly(ILM141-r-PEGM45) (a),  poly(ILM245-r-

PEGM45) (b) at 25 °C (Pt foils as the working and counter electrodes and Ag mesh as the reference 

electrode, scan rate 5 mV s-1). 

2.2.7 Rheological properties 

The rheological properties of methacrylate-based PILs were investigated by small amplitude 

oscillatory shear (SAOS) rheology at temperatures ranging from -30 to 75C. Master curves were built 

through time-temperature superposition (TTS) using T0 = 25C as reference temperature (Figure 2.22, 

a-c). The shift factors 𝑎𝑇 used in the TTSs were determined and it was verified that they present a 

temperature dependence that follows the WLF equation113 (Figure 2.22, d and e). 

First, the viscoelastic behavior of methacrylate-based PILs was studied. Random poly[(ILMn-

r-PEGMm) copolymers based on ILM1 and ILM2 displayed viscoelastic behavior typical of 

unentangled polymer chains with terminal regimes evidenced by the evolution of loss (G″) and storage 

(G′) moduli following ω1 and ω2 slopes, respectively (Figure 2.22, a and b). This behavior was observed 

over a range of frequencies at 25°C, confirming that poly(ILM1n-r-PEGMm) and  poly(ILM2n-r-

PEGMm) are cold flowing fluids at room temperature. 

The terminal regime was also observed for all random poly(ILM7X238-r-PEGM128) copolymers 

with sulfonate group, however it was shifted to a low frequencies region compared to poly(ILM1n-r-

PEGMm) (Figure 2.22, c). It is noteworthy that the magnitude of this shift depended on the structure of 

the counter cation and correlated with the Tg values for these copolymers. The results aligned with the 

visual appearance of poly(ILM7X238-r-PEGM128) copolymers which appeared as much more viscous 

cold flowing rubber materials in comparison to poly(ILM1n-r-PEGMm). 

In contrast, the terminal regime was not observed for poly[(ILMn-r-PEGMm)-b-Armk] block 

copolymer. Across the entire temperature range, these block copolymers predominantly remained in the 
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transition region. Additionally, some samples exhibited a plateau at elevated temperatures (>25°C) 

which was associated with phase separation or PIL auto-organization. This behavior is exemplified in 

Figure 2.22 (a, b) for PIL24 and PIL28. The viscoelastic properties of these block copolymers 

corresponded to their physical appearance, as they manifested as rubbery solid materials capable of 

withstanding a load of 10 g without deformation. 

Next, simplified investigation of PIL`s storage moduli at 25°C and 1 rad s-1 was conducted. For 

random poly[(ILMn-r-PEGMm) copolymers based on ILM1 and ILM2 the observed storage moduli 

were below 1 kPa (Figure 2.22, a-b), which was the lowest among investigated methacrylate PILs. In 

turn, random poly(ILM7MeBuIm238-r-PEGM128) copolymer, comprising localized sulfonate group, 

showed nearly six times increase of the storage modulus (from 0.5 kPa for poly[(ILM194-r-PEGM103) 

to 2.9 kPa for poly(ILM7MeBuIm238-r-PEGM128) (Figure 2.22, a-b) 

The successive investigation of the storage modulus in series of poly(ILM7X238-r-PEGM128) 

copolymers allowed to establish the following structure/mechanical properties dependencies: 

1) Storage modulus vs counter cation nature 

The storage modulus for poly(ILM7X238-r-PEGM128) was found to be  strongly dependent on 

counter-cation nature and the observed trend can be summarized as follows: 

G` (25°C; 1 rad s-1; kPa): PIL21S (Bu4N, 18.6) ≈ PIL21A (PrMe3N, 16.5) >PIL21P (Bu4P, 

3.1) >PIL21I (BuMeIm, 2.9) 

While polymers with ammonium cation showed the storage modulus around 20 kPa polymers 

with imidazolium and phosphonium cations exhibited the values around 3 kPa. This tendency correlates 

with the values of their glass transition temperatures and can be explained by the cation charge 

delocalization and its symmetry, that effect the chains packing density and the interaction between ionic 

pairs (see section 2.2.3.1.1).  

2) Storage modulus vs anion charge delocalization 

As it was mentioned above, the beneficial effect of anion charge localization on mechanical 

properties of PILs can be seen by comparing PIL13 with PIL21I, both having the same counter cation 

and ILM:PEGM ratio, but differ by charge delocalization at TFSI and sulfonate anions:  

G` (25°C; 1 rad s-1; kPa): PIL21I (SO3BuMeIm, 2.9) > PIL13 (TFSIBuMeIm, 0.5) 

The investigation of poly[(ILMn-r-PEGMm)-b-Armk] block copolymers, revealed (Figure 

2.22, a-b) that they exhibit a significantly higher storage modulus compared to random poly[(ILMn-r-

PEGMm) and poly(ILM7X238-r-PEGM128) copolymers. Overall, the observed storage modulus values 
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for poly[(ILMn-r-PEGMm)-b-Armk] block copolymers varied in the range between 82.1 and 1679.9 

kPa and the following factors affecting the storage modulus can be distinguished: 

1) PEGM:ILM ratio  

In the case of anionic poly[(ILM1n-r-PEGMm)-b-Armk] block copolymers the increase in 

PEGM:ILM ratio from 1:1 to 1:5 was leading to a decrease in mechanical properties:  

G` (25°C; 1 rad s-1; kPa): PIL28 (poly[(ILM141-r-PEGM45)-b-Napht77], 517.9) > PIL29 

(poly[(ILM114-r-PEGM73)-b-Napht86], 170.8) 

Contrary, for cationic poly[(ILM2n-r-PEGMm)-b-Armk], the opposite trend was discovered on all 

compared pairs: 

G` (25°C; 1 rad s-1; kPa): PIL23 (poly[(ILM217-r-PEGM74)-b-PhEMt99], 1615.8) > PIL22 

(poly[(ILM245-r-PEGM45)-b-PhEtM99], 512.2) 

G` (25°C; 1 rad s-1; kPa): PIL25 (poly[(ILM217-r-PEGM74)-b-Napht99], 1679.9) > PIL24 

(poly[(ILM245-r-PEGM45)-b-Napht90], 492.8) 

2) The nature of the ionic monomer 

The influence of ionic monomer nature on mechanical properties can be summarized as 

follows: 

G` (25°C; 1 rad s-1; kPa): PIL28 (poly[(ILM141-r-PEGM45)-b-Napht77], 517.9) > PIL24 

(poly[(ILM245-r-PEGM45)-b-Napht90], 492.8)  

G` (25°C; 1 rad s-1; kPa): PIL25 (poly[(ILM217-r-PEGM74)-b-Napht99], 1679.9) > PIL29 

(poly[(ILM114-r-PEGM73)-b-Napht86], 170.8) 

G` (25°C; 1 rad s-1; kPa): PIL23 (poly[(ILM217-r-PEGM74)-b-PhEtM99], 1615.8) > PIL27 

(poly[(ILM112-r-PEGM61)-b-PhEtM74], 82.1) 

3) The nature of the neutral block 

It was found that at 25°C, the nature of the neutral block was affecting the mechanical properties 

of block copolymers at a lesser extent than at elevated temperatures (≥45°C). The higher was the 

temperature the greater was the observed difference in the mechanical properties of block copolymers 

with different neutral blocks. 

At 25°C the following comparison can be done: 

G` (25°C; 1 rad s-1; kPa): PIL29 (poly[(ILM114-r-PEGM73)-b-Napht86], 170.8) > PIL27 

(poly[(ILM112-r-PEGM61)-b-PhEtM74], 82.1) 
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G` (25°C; 1 rad s-1; kPa): PIL25 (poly[(ILM217-r-PEGM74)-b-Napht99], 1679.9) > PIL23 

(poly[(ILM217-r-PEGM74)-b-PhEtM99], 1615.8) 

G` (25°C; 1 rad s-1; kPa): PIL22 (poly[(ILM245-r-PEGM45)-b-PhEtM99], 512.2) > PIL24 

(poly[(ILM245-r-PEGM45)-b-Napht90], 492.8)  

In general, block copolymers with poly(Napht) block showed higher mechanical performance 

in comparison with their poly(PhEtM) based analogues. This behavior can be explained by the fact that 

poly(PhEtM) block in poly[(ILMn-r-PEGMm)-b-PhEtMk] block copolymers shows the Tg of 36oC, that 

is very close to the temperature of storage modulus investigation (25oC) and results in its partial 

softening. While the poly(Napht) block in poly[(ILMn-r-PEGMm)-b-Naphtk] block copolymer 

demonstrates a Tg of >80oC, that being far above the examination temperature (25 oC) allows it to 

perfectly reinforce the material. 

To sum up, it is worth noting that the complex dependence of mechanical properties on the 

structure of poly[(ILMn-r-PEGMm)-b-Armk] block copolymers can be explained by the interconnected 

nature of all the aforementioned factors, which collectively influence the storage modulus. 
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Figure 2.22 TTS master curves of poly[(ILM1n-r-PEGMm) and poly[(ILM1n-r-PEGMm)-b-Armk]  

(a), TTS master curves of poly[(ILM2n-r-PEGMm) and poly[(ILM2n-r-PEGMm)-b-Armk]  (b),  TTS 

master curves of poly(ILM7X131-r-PEGM131)  (c) obtained by frequency sweep experiments 

performed from –30 to 75 °C and referenced at T0 = 25 °C. Corresponding aT shift factors and WLF 

best fits at T0 = 25 °C for PIL29 (d), and poly(ILM7X131-r-PEGM131) (e). 

2.3 Epichlorohydrin-derived PILs prepared by chemical modification of a neutral 

polymer (PIL30-PIL37) 

The last family of polymers, comprising twelve cationic PILs, was synthesized through a 

straightforward modification of a commercially available poly(epichlorohydrin-co-ethylene oxide) 

copolymer. This modification involved the incorporation of various N-substituted imidazoles, followed 

by ion metathesis reactions. The variation in substituents allowed for the investigation of the side chain's 

influence on the properties of the TFSI based PILs and the identification of the best-performing polymer 

in terms of ionic conductivity. Subsequently, the most highly conducting PIL underwent ion metathesis 

with various salts containing symmetric and asymmetric anions, enabling the exploration of the 

dependence of PIL properties on different counter-anions (Figure 2.23).  

 
Figure 2.23 Epichlorohydrin-derived PILs 
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2.3.1 Synthesis and characterization 

2.3.1.1 Synthesis of mono N-substituted imidazoles 

 
Scheme 2.6 Synthetic pathways for the preparation of N-substituted imidazoles 

The research on this family of polyelectrolytes began with the choice or design of N-substituted 

imidazoles. Firstly, a series of N-alkyl substituted imidazoles was selected to investigate the influence 

of alkyl side chain and its length on the ionic conductivity of the resultant PILs. All of the applied N-

alkyl imidazoles, namely N-methyl-, N-ethyl-, N-propyl-, N-butyl- and N-hexylimidazoles were 

obtained from commercial sources. 

Secondly, the N-(2-methyl-3-(trimethylsilyl)propyl) imidazole, N-((1,1,3,3,3-

pentamethyldisiloxaneyl)methyl) imidazole and N-(3,3,4,4,5,5,6,6,6-nonafluorohexyl) imidazole were 

chosen to study the effect of silyl-based, siloxane and perfluorinated side chains or in the other words 

the influence of the various heteroatomic chains. These N-substituted imidazoles were synthesized in 

accordance with the developed pathways depicted on Scheme 2.6 and their synthesis will be described 

in details below.   

The synthesis of N-(2-methyl-3-(trimethylsilyl)propyl) imidazole consisted in two reaction 

steps: deprotonation of imidazole with NaH in DMF and subsequent alkylation of sodium imidazol-1-

ide with (3-chloro-2-methylpropyl)-trimethylsilane (Scheme 2.6, a). The isolation of the product and 

its purification via extraction method provided a yellowish liquid in nearly quantitative yield (94%).  

The same procedure was not applicable for the synthesis of N-((1,1,3,3,3-

pentamethyldisiloxaneyl)methyl) imidazole (Scheme 2.6, b) as the siloxane fragment in the alkylating 

agent was easily undergoing alcoholysis in the presence of a strong base such as sodium imidazol-1-

ide. Switching to a less basic K2CO3 was not efficient as the nascent intermediate, namely potassium 

imidazol-1-ide, was still partially attacking both the alkylating agent and the final product. Thus, it was 

necessary to increase the rate of the main reaction and to suppress the side alcoholysis reaction. For that 

reason, firstly, a small amount of KI was added to perform in situ the exchange of chloride atom to the 
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iodide one in the alkylating agent and to enhance its reactivity. Secondly, the amount of K2CO3 was 

decreased to reduce the formation of potassium imidazol-1-ide. Simultaneous application of both 

approaches, namely the transition to 1-(iodomethyl)-1,1,3,3,3-pentamethyldisiloxane with higher 

reactivity and the decrease in the excess of the potassium imidazol-1-ide allowed for the preparation of 

targeted N-((1,1,3,3,3-pentamethyldisiloxaneyl)methyl) imidazole as a colorless liquid in 40% yield. 

Due to the commercial availability of 3,3,4,4,5,5,6,6,6-nonafluorohexan-1-ol, the N-

(3,3,4,4,5,5,6,6,6-nonafluorohexyl) imidazole was synthesized via another route (Scheme 2.6, c). On 

the first step the activated 3,3,4,4,5,5,6,6,6-nonafluorohexyl-4-methylbenzenesulfonate was obtained 

by the reaction of 4-toluenesulfonyl chloride with 3,3,4,4,5,5,6,6,6-nonafluorohexan-1-ol. Pyridine was 

used in this reaction simultaneously as a solvent, a catalyst and HCl acceptor. The second step involved 

the alkylation of imidazole with 3,3,4,4,5,5,6,6,6-nonafluorohexyl-4-methylbenzenesulfonate in 

anhydrous DMF. Imidazole was taken in excess to form the desired N-(3,3,4,4,5,5,6,6,6-

nonafluorohexyl) imidazole and to act as a scavenger of 4-methylbenzenesulfonic acid. The product 

was obtained in 70% yield as a white waxy solid.  

The structure and purity of all synthesized mono N-substituted imidazoles were confirmed by 

1H, 13C, 19FNMR and IR spectroscopy as well as by elemental analysis (see IV.2.2.3). 

2.3.1.2 Synthesis of potassium salts with asymmetric anions 

 
Scheme 2.7 Synthetic pathways for the preparation of potassium salts with asymmetric anions. 

Three potassium salts with various asymmetric anions were prepared using synthetic routes 

depicted on Scheme 2.7. The KBF(CN)3 was synthesized using the method reported by Ignatiev et al125. 

The first step involved the substitution reaction between sodium tetrafluoroborate and trimethylsilyl 

cyanide in the presence of a trimethylsilyl chloride as a catalyst (Scheme 2.7, a). Solvate-free high 

purity potassium salt was obtained by heating to 80°C under reduced pressure and subsequent treatment 

with aqueous hydrogen peroxide and K2CO3 solutions.  
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The KBF3CF3 was synthesized using improved procedure proposed by our group recently 

(Scheme 2.7, b)126. It included two steps: the formation of so-called “ate” complex, and its subsequent 

reaction with BF3*Et2O, followed by the removal of B(OCH3)3 by distillation. The main advantage of 

the suggested method is the substitution of the corrosive HF with more benign BF3*Et2O complex as a 

source of fluorine atoms. 

Finally, the KTFSAM (CF3SO2-N-CNK) salt was synthesized in accordance with the procedure 

developed by our group previously (Scheme 2.7, c)74. It consists of the two reaction steps, namely the 

reaction of the trifluorosulfoneamine with potassium tert-butoxide and further interaction of the as 

prepared CF3SO2NHK salt with BrCN in acetonitrile solution.  

All potassium salts used in this study were characterized by elemental analysis, NMR and IR 

spectroscopy. Their spectroscopic data were in a full accordance with the data reported in the literature 

74,126,125 (see IV.2.2.3). 

2.3.1.3 Synthesis of the halide PILs 

 
Scheme 2.8 Synthesis of cationic PILs via modification of poly(epichlorohydrin-co-ethylene oxide). 

Commercially available Hydrin® poly(epichlorohydrin-co-ethylene oxide) copolymer with 

high molecular weight was selected as a starting material for the synthesis of PILs as the presence of 
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additional ethylene oxide fragments in the backbone in comparison with epichlorohydrin homo-

polymer allows to reduce charge density, increase back-bone flexibility, to promote additional ion 

solvation, and thus to increase ion mobility. The general reaction pathway for the synthesis of novel 

cationic PILs consisted in two steps (Scheme 2.8): 1) the quaternization reaction of 

poly(epichlorohydrin-co-ethylene oxide) with an excess of respective mono N-substituted imidazole in 

DMF and 2) ion metathesis between the obtained chloride PIL and selected metal salt in aqueous 

medium. The quaternization degree of all PILs was determined using NMR spectroscopy (Figure IV.5) 

and equations 1.32-1.35.  

The study of the temperature effect on the completeness of the quaternization step revealed that 

80 °C is the minimum required temperature to achieve modification degree above 85%. For the short 

alkyl chains (from N-methyl to N-propyl imidazole) the performing of the reaction at 90 °C was 

sufficient to reach 93-95% degree of quaternization, while for long substitutes the temperature of 110 

°C was necessary to gain comparable modification. Next, the influence of N-substituted imidazole 

excess on quaternization degree was investigated. It was found that for the achievement of high reaction 

conversions the ten-fold excess of the respective N-substituted imidazole is required. Finally, the 

application of the determined optimized reaction conditions (ten-fold excess of N-substituted imidazole, 

80 °C for N-methyl-, N-ethyl- and N-propyl imidazoles, 110 °C for other N-substituted imidaz-oles) 

allowed to reach 93-95% quaternization degree for all synthesized chloride PILs. 

The same conditions were not applicable for the synthesis of the halide precursor of 

PIL37TFSI (Figure 2.23) with siloxane side chain as the excess of mono substituted imidazole even in 

the presence of traces of water at high temperatures was leading to the hydrolysis of siloxane bonds and 

further polymer degradation. For that reasons, the excess of N-((1,1,3,3,3-

pentamethyldisiloxaneyl)methyl) imidazole was reduced from 10 to 1.3 equivalents, the temperature 

was decreased to 80°C and more reactive poly(epiiodohydrin-co-ethylene oxide) was used. These 

precautions provided the respective iodide PIL with a degree of quaternization equal to 60%. 

2.3.1.4 Ion metathesis 

To obtain PILs with TFSI anions (Scheme 2.8, PIL30TFSI – PIL36TFSI) the ion metathesis 

with LiTFSI salt was conducted in aqueous medium. The application of a 2-equivalent excess of LiTFSI 

and the hydrophobic nature of the formed polyelectrolytes resulted in quantitative ion exchange. The 

subsequent additional precipitation from acetone solution into the excess of water provided the desired 

PIL30TFSI – PIL36TFSI in 80-90% yield with high purity. Depending on the substituents at the 

imidazolium cation the PIL30TFSI – PIL36TFSI represented yellowish cold flowing rubbers with 

various viscosity. 
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At this, the ion metathesis in aqueous medium was not applicable for the synthesis of 

PIL37TFSI with siloxane side chain (Scheme 2.8). To avoid the degradation in water the ion exchange 

with LiTFSI was conducted in the anhydrous acetone and the final product was precipitated into the 

excess of anhydrous Et2O. This allowed to obtain fully exchanged PIL37TFSI with 50% yield. 

Finally, the PIL33Cl with n-butyl substituted imidazolium cation has been selected for the ion 

exchange with potassium salts bearing various symmetric and asymmetric anions (Scheme 2.8). Such 

choice was driven by the fact that PIL33TFSI was demonstrating the highest ionic conductivity among 

the synthesized TFSI-based PILs (see section 2.3.2.1). The ion metathesis with potassium salts in 

aqueous medium resulted in the isolation of high purity PILs in the sufficient yields of 86-92%. Both 

PIL33TFSAM, PIL33BF3CF3 and PIL33BF(CN)3 were precipitated in course of the ion exchange 

reaction. It is necessary to mention that neither BF3CF3 nor BF(CN)3 anions were previously used for 

the preparation of PILs, thus making PIL33BF3CF3 and PIL33BF(CN)3 the first examples in the field. 

The absence of the chloride anions after ion metathesis was confirmed by a qualitative test with 

silver nitrate. 

2.3.2 Spectroscopic analysis 

The structure of the polymers, their composition and purity were supported by 1H, 13C and 19F 

NMR and FTIR spectroscopy as well as by elemental analysis.  

The detailed assignation of 1H NMR spectra of PILs is shown on Figure 2.24. Similar to ILs99, 

the significant change in chemical shift for protons of the imidazolium cation was observed after the 

ion exchange from the chloride anion. All PILs with delocalized anions (TFSI, TFSAM, BF4, BF3CF3 

and BF(CN)3) showed the chemical shift of the imidazolium ring protons compared to the chloride 

precursor, although this shift was nearly identical. 13C NMR spectra of TFSI and TFSAM based PILs 

(Figure 2.25, a-d) contained characteristic trifluoromethyl quadruplets at ~ 120 ppm while 

PIL33BF(CN)3 exhibited broad multiplate at ~ 120 ppm assigned to CN group (Figure 2.25, e). The 

comparison of the fluorine chemical shifts in 19F NMR spectra of synthesized PILs is shown on Figure 

2.26. As the negative inductive effect of the substituent on the boron atom increases, the chemical shift 

of the fluorine moves to the higher field reaching approximately -211 ppm for PIL33 with BF(CN)3 

anion (Figure 2.26, e). A similar dependence can be seen for PIL33TFSI and PIL33TFSAM showing 

the transition from -80.9 to -79.9 ppm for TFSI and TFSAM anions, respectively (Figure 2.26, b and 

c). 

PILs were further characterized by IR spectroscopy (Figure 2.27). Characteristic bands for 

imidazolium ring (red dashed lines) at ~740 (ν(CH2(N))), ~1337 (ν(CNring)) and ~1568 (ν(CCring)) cm-1 

as well as for ester groups (green dashed lines) at ~1165 (ν(COC)) cm-1 were found in all analysed 

samples127. Polymers PIL33BF4, PIL33BF3CF3 and PIL33BF(CN)3 with boron-based anions showed 
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the signals at ~1062 (ν(BF)) cm-1. In addition to that, PIL33BF3CF3 and PIL33BF(CN)3 demonstrated 

a signal at ~940 cm-1, attributed to the B-C bond vibration. The signal at ~2200 cm-1 assigned to the 

vibration of the C-N group was found for PIL33TFSAM and PIL33BF(CN)3
127,128. The characteristic 

bands of sulfonylimide anions were observed in PIL33TFSI at ∼1332 (asymmetric SO2), ∼1187 (CF), 

∼1136 (symmetric SO2) and ∼1056 (SNS) cm-1, correspondingly. At the same time for PIL33TFSAM 

the signal at 1060 cm-1 was absent and the CF stretching signal was shifted to 1218 cm-1
,
 in a full 

agreement with published reports 74,127. 

 
Figure 2.24 1H NMR of polymers PIL33TFSI (a), PIL36TFSI (b), PIL37TFSI (c) (25 °C, 

DMSO-d6). 
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Figure 2.25 13C NMR of polymers PIL37TFSI (a), PIL36TFSI (b), PIL33TFSI (c), 

PIL33TFSAM (d), PIL33BF(CN)3 (e) and PIL33CF3BF3 (f) (25 °C, DMSO-d6). 



98 

 

 

 
Figure 2.26 19F NMR of polymers PIL36TFSI (a), PIL33TFSI (b), PIL33TFSAM (c), PIL33BF4 

(d), PIL33BF(CN)3 (e) and PIL33CF3BF3 (f) (25 °C, DMSO-d6). 
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Figure 2.27 FTIR spectra of PIL33Cl (a), PIL33BF4 (b), PIL33CF3BF3 (c), PIL33BF(CN)3 (d), 

PIL33TFSAM (e) and PIL33TFSI (f). 

2.3.1 Thermal properties 

2.3.1.1 Glass-transition temperature 

DSC was used to determine the glass transition temperature of PILs (Table 2.5). The Tg values 

of TFSI-based PILs with alkyl side chains are shown on Figure 2.28 (a). The observed trend displays a 

minimum, with the Tg of the PILs first decreasing with increasing alkyl side chain length up to n = 4 (Tg 

= -25°C) for PIL33TFSI, then increasing at n = 6 (Figure 2.28, a). The same trend was observed 

previously for hexafluorophosphate imidazolium ionic liquids129, with Tg decreasing until n = 6, at 

which point an increase was observed. This may be explained by improved chain packing and an 

associated increase in interchain interactions once the alkyl substituents are sufficiently long. The glass 

transition temperatures of all PILs with TFSI anions can be arranged in the following order: 

Tg (°C): PIL36TFSI (CF3, 6) > PIL37TFSI (SiOSi, -2) > PIL35TFSI (Si(CH3)3, -6) > 

PIL30TFSI (C1, -10) > PIL31TFSI  (C2, -16) > PIL32TFSI (C3, -20) > PIL34TFSI (C6, -21) > 

PIL33TFSI (C4, -25) 

PIL35TFSI, PIL36TFSI and PIL37TFSI with heteroatoms in the side chain demonstrated Tg 

values of -6°C, 6°C and -2°C respectively. Thus, all PILs with side chains containing heteroatoms 

showed higher Tgs in comparison with analogous PILs having alkyl substituents. Finally, among studied 

TFSI-based PILs the PIL36TFSI with fluorinated chain possesses the highest overall Tg.  
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Table 2.5 Selected properties of epichlorohydrin derived PILs 

Polymer Tonset 

(°C)1 
Tg 

(°C)2 

σ 

(S cm-1) 

Sample 

 

at 25 °C at 70 °C 

R- X 

PIL30TFSI -СH3 (CF3SO2)2N 290 -10 8.4×10-7 2.2×10-4 

PIL31TFSI -C2H5 (CF3SO2)2N 290 -16 3.3×10-6 2.8×10-4 

PIL32TFSI -C3H7 (CF3SO2)2N 290 -20 2.6×10-6 1.9×10-4 

PIL33TFSI -C4H9 (CF3SO2)2N 310 -25 4.7×10-6 2.5×10-4 

PIL34TFSI -C6H13 (CF3SO2)2N 320 -21 2.4×10-6 2.0×10-4 

PIL35TFSI 
CH2CH(CH3)CH2Si(

CH3)3 
(CF3SO2)2N 285 -6 2.0×10-7 4.5×10-5 

PIL36TFSI -СH2CH2C4F9 (CF3SO2)2N 280 6 1.6×10-8 9.7×10-6 

PIL37TFSI 
-

CH2Si(CH3)2OSi(CH

3)3 

(CF3SO2)2N 185 -2 8.0×10-8 3.8×10-5 

PIL33BF4 -C4H9 BF4 270 -4 1.2×10-8 6.4×10-6 

PIL33TFSAM -C4H9 CF3SO2-N-CN 260 -30 4.3×10-6 2.1×10-4 

PIL33BF(CN)3 -C4H9 BF(CN)3 250 -31 1.0×10-5 4.5×10-4 

PIL33BF3CF3 -C4H9 BF3CF3 185 -16 3.9×10-7 4.7×10-5 

1Onset mass loss temperature by TGA in air at a heating rate of 5oC min-1. 2By DSC in N2 at a heating rate of 5oC 

min-1. 

The influence of the anion structure on PILs glass transition temperature is represented below 

by the following order: 

Tg (°C): PIL33BF4 (-4) > PIL33BF3CF3 (-16) > PIL33TFSI (-25) > PIL33TFSAM (-30) ≈ 

PIL33BF(CN)3 (-31) 

As stated before in the literature review (see section II.1.1.3), the symmetry of the anion and 

the charge delocalization have a great impact on PILs Tg. The transition from symmetric BF4 to 

asymmetric BF3CF3 and then to BF(CN)3 with higher delocalization led to the decrease in Tg from -4 to 

-16 and further down to -31°C, respectively. Similar decrease of Tg can be seen by replacing symmetric 

TFSI anion with the asymmetric TFSAM one. Thus, both the asymmetry and the charge delocalization 

of the anion are effecting the Tg of PILs, imparting the lowest values to PIL33TFSI (-25oC) and  

PIL33BF(CN)3 (-31oC) among investigated polymers. 
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Figure 2.28 Glass transition temperature dependence on the structure for TFSI PILs with different 

alkyl substituents (a) and for n-butyl substituted PILs with various anions (b). 

2.3.1.2 Onset temperature of weight loss 

Thermal degradation behavior of PILs was investigated by thermo-gravimetric analysis in air 

(Figure 2.29 and Table 2.5). For the TFSI-based PILs the decomposition temperatures with respect to 

the chemical structure of the side chains are represented below by the following order: 

Tonset (°C): PIL34TFSI (C6, 320) > PIL33TFSI (C4, 310) > PIL32TFSI (C3, 290) ≈ 

PIL31TFSI  (C2, 290) ≈ PIL30TFSI (C1, 290) > PIL35TFSI (Si(CH3)3, 285) > PIL36TFSI (CF3, 280) 

> PIL37TFSI (SiOSi, 185) 

Among TFSI PILs, all samples with alkyl side chains showed satisfactory thermal stability with 

onset thermal degradation ranging from 290 to 320 °C (Table 2.5). In contrast, polymers with 

heteroatoms in the side chains demonstrated slightly decreased thermal stability with the lowest one 

Tonset = 185°C for PIL37TFSI having siloxane side chain (Table 2.5). The later is in a full agreement 

with the thermal behavior of liner or branched polydimethylsiloxanes, that commonly possess Tonset of 

around 150°C130. The transfer from TFSI to BF4 anion in PIL33 was accompanied by a decrease in the 

onset weight loss temperature from 310 to 270°C, that was in agreement with the data published for 

PILs previously99. The introduction of the CN group into the anions structure resulted in further decrease 

of PILs thermal stability from 310 to 260°C for TFSI and TFSAM representatives and from 270 to 

250°C for BF4 and BF(CN)3 based PILs (Table 2.5). Finally, PIL33BF3CF3 showed the lowest thermal 

stability possibly due to a high tendency of BF3CF3 anion towards elimination of the CF2 moiety and 

formation of BF4 anion along with other byproducts131. The decomposition temperatures of PILs with 

respect to the chemical structure of their anions can be represented by the following order: 

Tonset (°C): PIL33TFSI (310) > PIL33BF4 (270) > PIL33TFSAM (260) > PIL33BF(CN)3 

(250) > PIL33BF3CF3 (185) 
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Figure 2.29 Comparison of TGA traces TFSI PILs with different alkyl substituents (a) and for n-

butyl substituted PILs with various anions (b) (5oC min-1, under air). 

2.3.2 Electrochemical properties 

2.3.2.1 Ionic conductivity 

Ionic conductivity of PILs was measured over a wide temperature range (Figure 2.30). For all 

PILs the ionic conductivity increased with increasing temperature, however, the temperature 

dependence did not follow the linear Arrhenius behavior. This can be explained by the fact that the 

anions diffusion occurs via two different mechanisms: (1) hopping of the anions between chemically 

bonded cations and (2) local segmental motion of polymer chains with coordinative oxyethylene 

fragments. The determination of ionic conductivity at 25 °C revealed 3 orders of magnitude difference 

in σ of PILs (Figure 2.30 and Table 2.5). This difference was levelled out with the rise in temperature. 

For TFSI-based PILs the conductivity values increased from 8.0×10-8 to 4.7×10-6 S cm-1 and 

can be ranked in the following decreasing order: 

σ (25°C, S cm-1): PIL33TFSI (C4, 4.7×10-6) > PIL31TFSI  (C2, 3.3×10-6) > PIL32TFSI (C3, 

2.6×10-6) > PIL34TFSI (C6, 2.4×10-6) > PIL30TFSI (C1, 8.4×10-7) > PIL35TFSI (Si(CH3)3, 2.0×10-7) 

> PIL37TFSI (SiOSi, 8.0×10-8) > PIL36TFSI (CF3, 1.6×10-8) 

Within the whole temperature range PIL33TFSI with n-butyl side chain showed the highest 

conductivity values, while PIL36TFSI with fluorinated chain demonstrated the lowest conductivity 

(Figure 2.30, a). For polymers with alkyl substituents, the general trend of increasing conductivity with 

decreasing Tg is observed, with one exception – PIL31TFSI shows a higher than expected conductivity 

given its Tg.  Otherwise, PIL33TFSI with the lowest Tg exhibited the highest conductivity, while 

PIL30TFSI, with highest Tg showed the lowest conductivity. Moreover, PILs with heteroatoms in the 

side chain (PIL35TFSI – PIL37TFSI) possessed one order of magnitude lower ionic conductivity in 

comparison with analogous PILs having alkyl substituents, that was found to be in correlation with their 

higher glass transition temperatures. 
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Figure 2.30 Temperature dependence of bulk ionic conductivity for TFSI PILs with different side 

chains (a) and for n-butyl substituted PILs with various anions (b). 

The effect of the counter anion’s structure on PILs ionic conductivity was even higher and 

resulted in three orders of magnitude difference (Figure 2.30, b). The conductivity trend for PILs with 

different anions at 25°C is represented below:  

σ (25°C, S cm-1): PIL33BF(CN)3 (1.0×10-5) > PIL33TFSI (4.7×10-6) ≈ PIL33TFSAM 

(4.3×10-6) > PIL33BF3CF3 (3.9×10-7) > PIL33BF4 (1.2×10-8) 

The transfer from symmetric BF4 anion to asymmetric BF3CF3 and BF(CN)3 anion resulted in 

nearly three orders of magnitude increase in ionic conductivity from 1.2×10-8 to 1.0×10-5 S cm-1 (25°C). 

Contrary, the introduction of smaller and asymmetric TFSAM anion was practically not affecting ionic 
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conductivity of PIL33TFSAM in comparison with PIL33TFSI, that was in agreement with the work 

published previously by Drockemuller et al.66 It can be concluded that among PILs synthesized in the 

current study the PIL33TFSI and PIL33BF(CN)3 demonstrated the highest ionic conductivities. It is 

worth noting that, the value of 1.0×10-5 S cm-1 found for PIL33BF(CN)3 at 25°C can be ranked among 

TOP15 PILs with highest conductivities published to date. 

2.3.2.2 Electrochemical stability 

Lastly, the electrochemical stability limits of PILs with highest ionic conductivity were 

assessed via cyclic voltammetry. Figure 2.31 shows the anodic and cathodic scans of PIL33TFSI and 

PIL33BF(CN)3 at 25 ºC. The oxidation potential for PIL33TFSI against the platinum electrode was 

found to be higher than that of PIL33BF(CN)3 reaching the value of 2.7 V vs Ag+/Ag. Contrary, the 

reduction potential of PIL33TFSI was lower than of PIL33BF(CN)3: -1.5 vs -2.0 V, respectively 

(Figure 2.31). For PIL33BF(CN)3 an additional irreversible peak was found at -2.4 V, which can be 

attributed to the oxidation processes of carbon atoms in the anion. The overall evolution of 

electrochemical stability of PILs can be summarized as follows:  

ESW (25°C, V): PIL33TFSI (4.2) > ESW PIL33BF(CN)3 (3.2). 
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Figure 2.31 Electrochemical stability window for PIL33TFSI (a) and PIL33BF(CN)3 (b) at 25 °C 

(Pt foils as the working and counter electrodes and Ag mesh as the reference electrode, scan rate 5 

mV s-1). 

2.3.3 Rheological properties 

The viscoelastic properties of epichlorohydrin derived PILs were investigated by examples of 

PIL33TFSI and PIL33BF(CN)3 via small amplitude oscillatory shear (SAOS) rheology in a 

temperature range from -20 to 100C. As shown in Figure 2.32, both polymers exhibit a rubbery pseudo-

plateau spanning approximately 2-3 decades of frequency, which is typical of entangled polymer chains. 

This region includes the data measured at 25°C, demonstrating that both polymers exhibit solid-like 
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behavior at room temperature. At higher temperatures, PIL33BF(CN)3 transitions to a liquid state, as 

evidenced by the presence of a terminal regime where the loss (G″) and storage (G′) moduli follow ω1 

and ω2 slopes, respectively. The shift factors used in the TTS of PIL33TFSI and PIL33BF(CN)3 obey 

a WLF law (Figure 2.32, b, Equation 1.4). 

To evaluate the mechanical properties of PILs, their storage modulus values at 25°C; 1 rad s-1 

were compared: 

G’ (25°C; 1 rad s-1; kPa): PIL33TFSI (46.9)> PIL33BF(CN)3 (22.0) 

PIL33TFSI shows two times higher storage modulus which can be explained by higher Tg in 

comparison to PIL33BF(CN)3. 

 
 

Figure 2.32 TTS master curves of PIL33TFSI and PIL33BF(CN)3 obtained by frequency sweep 

experiments performed from –20 to 100 °C and referenced at T0 = 25 °C (a). Corresponding aT shift 

factors and WLF best fits at T0 = 25 °C for PIL33TFSI and PIL33BF(CN)3 (b). 
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3. Development of dynamic ion gels (DIG)s 

“Dynamic ion gels” (DIG)s – a new term introduced by us, relate to a new generation of highly 

conductive and at the same time mechanically stable solid polymer electrolytes obtained via 

coacervation of oppositely charged building blocks. These building blocks can either be oppositely 

charged poly(ionic liquid)s, which leads to organic/organic materials, or a combination of oppositely 

charged poly(ionic liquid) and ionic silica nanoparticles, resulting in hybrid organic/inorganic materials 

(Figure 3.1). The dynamic gelation process between the complimentary building blocks proceeds via 

the creation of dynamic ionic crosslinks through ion metathesis with the concomitant in situ 

generation of highly ion conducting ionic liquid (Figure 3.1). Thus, this approach enables the creation 

of materials combining high ionic conductivity with the solidity and toughness of polymer networks or 

nano-composites. Additionally, the ability to mix-and-match various building blocks enables an 

unprecedented level of compositional freedom, providing the means to produce materials highly 

optimized for a variety of applications. 

It also can be said that DIGs are an advanced materials that builds on the strengths of ion gels 

and of polyelectrolyte complexes, achieving a synergistic combination of their beneficial features. DIGs 

have dynamic ionic cross-links, like those in polyelectrolyte complexes, to enhance mechanical 

strength. Simultaneously, they possess in-situ generated ionic liquid, significantly boosting their ionic 

conductivity. 
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Figure 3.1 Concept of Dynamic Ion Gels (DIG)s 

3.1 Model Dynamic Ion Gel DIG1 (proof-of-concept) 

3.1.1 Synthesis and characterization 

The choice of the PILs for the preparation of the model DIG1 was governed by the following 

factors: 

1) overall high ionic conductivity at 25oC; 

2) the presence of highly delocalized and ion conductive 1-butyl-3-methylimidazolium and 

bis-(trifluomethylsulfonyl)imide (TFSI) moieties in the structure of PILs (to form one of 

the most conductive IL, namely BuMeImTFSI, as a result of ion metathesis between 

oppositely charged PILs);  

3) the easiness of PIL’s synthesis and possibility to prepare them in large quantities.  

Taking into account the above-mentioned requirements PIL33TFSI (4.7 × 10–6 S cm-1) and 

PIL13 (5.9 × 10–6 S cm-1) were used to prepare DIG1 (Scheme 3.1, a) through complex coacervation 

in acetone, which was in its turn selected for its low boiling point and the ability to dissolve both PILs 

and BuMeImTFSI. The coacervation was carried out by gradually adding a solution of PIL33TFSI in 

acetone to a solution of PIL13 in acetone targeting the stoichiometry between ion pairs from each PIL. 

The formation of a hazy precipitate was immediate, with further vortexing yielding, depending on the 

solid content, either a single phase translucent gel-like coacervate (for a concentration of 20% wt./vol.) 

or a phase-separated mixture of a translucent elastic solid and a clear liquid (for a concentration of 3.4% 

wt./vol.) (Figure 3.2). Acetone was further evaporated under reduced pressure and the subsequent 

annealing for 24 h at 70 C under vacuum yielded a DIG1 through the formation of dynamic ionic 

cross-links and the release of 1-butyl-3-methylimidazolium and bis-(trifluomethylsulfonyl)imide 
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(Scheme 3.1, a). Despite containing 67 wt% of the unentangled PIL13, model DIG1 appeared as a 

rubbery solid, visually similar to PIL33TFSI (Figure 3.2). 

Notably, DIGs with identical Tg and σ values (see sections 3.1.3 and 3.1.4) were obtained 

regardless of whether anionic PIL13 was added to cationic PIL33TFSI or PIL33TFSI was added to 

PIL13 during the coacervation step. The same results were also observed when polymer concentrations 

were varied from 1% to 20% (wt./vol.), and when acetone (εr = 20.7, bp = 56°C)132–136 was substituted 

with higher dielectric constant solvents such as methanol (εr = 32.6, bp = 65°C) or acetonitrile (εr = 

36.0, bp = 82°C). Although coacervates with different visual appearances (solid-like precipitates, 

liquid-like, colloidal, etc.) and colloidal properties (diameter of particles from several nanometers to 

several micrometers) were formed under the aforementioned conditions, the thermal annealing steps 

erased the processing history, thus yielding DIGs with identical physical, thermal and ion conducting 

properties in the end. 

 
Scheme 3.1 Formation of model DIG1 DIG1IL and DIG1ext. 



109 

 

 
Figure 3.2 Optical images of PIL33TFSI (a, elastic solid), PIL13 (b, viscous liquid), solid like 

coacervate (c to g) and the resulting DIG1 (h and i, elastic solid). 

3.1.2 Proof of dynamic ion exchange 

The effective formation of ionic cross-links in model DIG1 was then corroborated by the 

quantification of the amount of BuMeImTFSI released both by solvent extraction (ex-situ 

measurement) and quantitative 19F NMR spectroscopy (in-situ measurement). For that reason, two 

additional DIG samples were prepared (Scheme 3.1, b and c). One sample, doped with extra IL and 

containing 33 wt% of IL in total (DIG1IL), was synthesized by adding the supplementary amount of 

BuMeImTFSI to PIL13 acetone solution before complex coacervation with PIL33TFSI solution 

(Scheme 3.1, b). The second sample (DIG1ext) was obtained by the extensive extraction of the as formed 

DIG1 with acetone and further drying under vacuum, thus yielding a coacervate-rich solid fraction 

(Scheme 3.1, c). While the obtained coacervate-rich solid fraction (DIG1ext) amounted to 75.4 wt% of 

the initial PIL mixture, the extracted liquid fraction comprised 24.6 wt%.  

The investigation of the extracted liquid phase from the formation of DIG1ext by 1H NMR 

spectroscopy confirmed that it consists exclusively of the released BuMeImTFSI and that no signals 

characteristic of PIL33TFSI or PIL13 could be detected. This represents a first indication of the 

occurrence of an interchain ion exchange reaction between PIL33TFSI and PIL13 leading to the 

a) b) c)

d) e) f)

g) h) i)
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formation of ionic crosslinks and concomitant release of free IL. Moreover, the amount of extracted 

BuMeImTFSI was very close (i.e. 93.9%) to the theoretical amount of ion pairs that can be provided 

by PIL33TFSI and PIL13, thus again proving the completeness of the interchain ion exchange 

reactions. 

 In order to confirm that such efficient release of IL is not a consequence of the extraction 

process itself, the quantitative 19F NMR spectroscopy was carried out in-situ on a DIG1 prepared 

directly inside an NMR tube by mixing acetone-d6 solutions of PIL33TFSI and PIL13 while targeting 

a 1:1 stoichiometry between complementary ion pairs and using 1,4-bis(trifluoromethyl)benzene 

(TFM2B) as an internal standard (Figure 3.3). At a concentration of 3.4 wt./vol., the coacervation led 

to phase separation and precipitation of the polymer-rich complex coacervate at the bottom of the NMR 

tube, allowing for analysis of the supernatant solution alone. The comparison of 19F NMR spectra for 

PIL33TFSI, and PIL13, BuMeImTFSI and DIG1 corroborates the exclusive presence of 

BuMeImTFSI in the supernatant and the absence of any signal corresponding to PIL33TFSI or PIL13. 

The integration of 19F signals of the released BuMeImTFSI and the TFM2B internal standard (at –78.8 

and –62.7 ppm, respectively) suggests that ca. 90.8% of ion pairs of PIL33TFSI and PIL13 have gone 

through interchain ion metathesis (i.e., corresponding to ca. 23.8 wt% of released IL) to form the DIG1 

through complex coacervation. This result is in a good agreement with the value determined by solvent 

extraction (i.e., 24.6 wt%, see vide supra). Besides experimental error, this rather small difference might 

also result from the fact that quantifications by 19F NMR and solvent extraction were carried out before 

and after the annealing step of the coacervate, respectively. 
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Figure 3.3 Stack of 19F NMR spectra (acetone-d6) of PIL33TFSI, PIL13, BuMeImTFSI and the 

soluble fraction of the DIG1 coacervate; digital image of the NMR tube showing the analysis zone of 

the DIG1 soluble fraction (a) and the phase-separated coacervate (b). 

3.1.3 Thermal properties 

3.1.3.1 Glass-transition temperature 

The investigation of DIG1 thermal properties started with the study of its glass transition 

temperature and the comparison with the thermal properties of the parent PILs (Table 3.1). The Tg of 

DIG1 (Tg = –39 °C) falls between the Tgs of PIL33TFSI and PIL13 (Tg = –25 and –46 C, respectively), 

aligning well with the value predicted by the Fox equation (Tg = –40 C). Although this result might 

suggest a simple mixing behavior between the two polymers, the earlier findings (see section 3.1.2) 

strongly indicate that ion exchange between PIL13 and PIL33TFSI leads to the formation of transient 

ionic crosslinks and the release of BuMeImTFSI. Thus, this intermediate Tg value can be explained by 

two opposing effects: an increase in Tg due to ionic crosslinks formation via ion metathesis, and a 

decrease in Tg due to the plasticizing effect of the released IL on the ionic network. The plasticizing 

effect of BuMeImTFSI becomes more pronounced when comparing the Tg values of DIGs with varying 

IL content: 

Tg (IL content (wt%)): DIG1ext (–30°C, 0 wt%) > DIG1 (–39°C, 24 wt%) > DIG1IL (–49°C, 

33 wt%) 

As the IL content in the DIG increases, the glass transition temperature progressively decreases. 

Table 3.1 Selected properties of PILs, IL and DIGs 

Sample 
IL content  

(wt%) 

Tg
 

(°C)1 

Tonset
 

(°C)2 

σ at 25oC 

(S cm-1)3 

G` at 25oC, 1 

rad s-1 (kPa) 

PIL33TFSI 0 –25 310 4.7 × 10–6 46.9 

PIL13 0 –46 165 5.9 × 10–6 0.5 

DIG1 23.85/24.66 –39 250 7.2 × 10–6 26.4 

DIG1IL 335 –49 250 2.9 × 10–5 3.7 

DIG1ext 0 –30 220 4.8 × 10–8 157.3 

BuMeImTFSI 100 –874 330 3.3 × 10–3 - 

1Determined by DSC. 2Determined by TGA. 3Determined by BDS. 4Reported by MacFarlane and Forsyth137. 

5Determined by quantitative 19F NMR. 6Determined by gravimetry after solvent extraction. 

3.1.3.2 Onset temperature of weight loss 

The thermal degradation behavior of model DIGs and parent PILs was examined using TGA in 

air (Figure 3.4 and Table 3.1). PIL13 exhibits the lowest thermal stability with Tonset of 165 °C due to 

the presence of mobile oligoether side chains. PIL33TFSI with polyether backbone demonstrates a 
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higher Tonset value of 310 °C. Being a mixture of both PILs,  DIG1 shows thermal stability in between 

that of PIL13 and PIL33TFSI (Table 3.1).   

BuMeImTFSI composed of the same ion pairs as PIL33TFSI, but devoid of aliphatic ether 

fragments, exhibits the highest thermal stability with Tonset of 330 °C. The positive effect of IL presence 

on thermal stability of DIGs can be revealed through comparison of Tonset values for DIG1ext, DIG1 and 

DIG1IL. The Tonset for DIG1ext was found to be 30 °C lower than that of DIGs containing IL (DIG1 and 

DIG1IL). 

 
Figure 3.4 TGA curves of PILs, IL and DIGs (5oC min-1, under air). 

3.1.4 Ionic conductivity 

The bulk anhydrous ionic conductivity of model DIGs was evaluated as a function of 

temperature using BDS (Figure 3.5, a). Similar to the parent PILs, the conductivity-temperature 

relationship did not exhibit linear Arrhenius behavior but could be accurately modelled using the 

Vogel−Fulcher−Tammann (VFT) equation. At 25 °C, the ionic conductivity of DIG1 (σ = 7.2 × 10–6 S 

cm–1) exceeds that of both PIL13 (67 wt%, σ = 5.9 × 10–6 S cm–1) and PIL33TFSI (33 wt%, σ = 4.7 × 

10–6 S cm–1). Further on, DIG1 also demonstrates conductivities that surpass those of PIL13 and 

PIL33TFSI at all but the highest temperatures (Figure 3.5, a).  

To investigate the role of IL content on the ionic conductivity of DIGs, conductivity values for 

doped and extracted DIGs were compared: 

σ (25°C, S cm-1): DIG1IL (2.9 × 10–5) > DIG1 (7.2 × 10–6) > DIG1ext (4.8 × 10–8) 

The results at 25 °C show that the ionic conductivity of DIG1ext is more than two orders of 

magnitude lower than that of DIG1, highlighting that the ionic conductivity is primarily dominated by 

the release of free IL. Respectively, a significant 4-fold increase in conductivity is observed from DIG1 

to DIG1IL, while adding extra amount of IL. While the resultant conductivity of DIG1IL is still below 
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that of the neat BuMeImTFSI (3.3 × 10–3 S cm–1), it is significantly higher than that of both neat PIL13 

and PIL33TFSI. The attempts to produce a DIGIL having an overall IL content of 50 wt% yielded 

partial exudation of the IL from the DIG network, revealing the limits of this approach for DIG1 system. 

 

 
Figure 3.5 Bulk ionic conductivity for DIGs, PILs and IL as a function of reciprocal temperature (a) 

and IL content (b). 

3.1.5 Rheological properties 

The viscoelastic properties of DIG1, DIG1ext and DIG1IL were measured between -15 and 75 

°C and master curves were built through time-temperature superposition using a reference temperature 

of T0 = 25 °C. While DIG1 has a macroscopic (visual) appearance comparable to PIL33TFSI (Figure 

3.2), it exhibits specific rheological features distinct from PIL33TFSI (Figure 2.32, a) and PIL13 

(Figure 2.22, a). At high frequencies (100 < ω.aT < 103), the storage (G′) and loss (G″) moduli of DIG1 

nearly overlap, with a ω0.5 dependence in a range of frequencies spanning over seven decades. At lower 

frequencies (10-5 < ω.aT < 100), they follow the typical disentanglement behavior already seen for 

PIL13, with the exception that the plateau moduli (DIG1: GN ≈80 kPa) become significantly higher for 

DIG1ext (GN ≈ 100 kPa) and lower for DIG1IL (GN ≈ 36 kPa). These results are consistent with the 
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plasticization and dilution of entanglements caused by the presence of BuMeImTFSI. The ω0.5 

dependence is typical of a near-critical gel in the vicinity of the sol−gel transition138,139, and indicates 

that the formation of ion pairs across the backbones of PILs results in the transient crosslinks with a 

large distribution of lifetimes in the range from 1 ms to 1 s at the reference temperature. Similar near-

critical gel behavior was previously observed for complex coacervates resulting from inorganic anionic 

polytungstate {W12}(Li6H2W12O34) and zwitterionic poly(sulfobetainemethacrylamide) (PSBMA) in 

aqueous solutions of LiCl with concentrations ranging between 0.2 and 0.5 M138,140,141. The significant 

left-shift of the TTS for lower amounts of IL may not be due to the plasticization effect of 

BuMeImTFSI alone, as the master curves are already referenced at T0 = 25°C. The presence of IL also 

strongly decreases the lifetime of transient ionic crosslinks, as evidenced by the increase in crossover 

frequency (by a factor ca. 60 from DIG1IL to DIG1ext). Although the presence of extra IL in DIG1IL 

enhanced the ion conducting properties ( = 2.9 × 10-5 S cm-1 at 25 °C) compared to DIG1 (  = 7.2 × 

10-6 S cm-1 at 25 °C), it also leads to the decrease in stiffness (G′ for DIG1IL at 25 °C and 1 rad s-1 ~ 4 

kPa is six times lower than for DIG1) (Figure 3.6, c). 
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Figure 3.6 TTS master curves referenced at T0 = 25 °C for DIGs obtained by SAOS rheology at 

temperatures ranging from –15 to 75 °C (a), corresponding aT shift factors and WLF best fits at T0 = 

25 °C for DIGs (b), ionic conductivity at 25 C as a function of the storage modulus (G’) obtained at 

25 °C and 1 rad s-1 (c). 

3.2 Approaches for further improvement of DIGs properties 

Although the model DIG1 has demonstrated an increase in ionic conductivity in comparison 

with parent PILs (see section 3.1.4) that can serve as a proof-of-concept for the realization of the aim 

of the work, the mechanical properties of DIG1 (see section 3.1.5) were lower than expected. Thus, two 

new approaches for the improvement of the viscoelastic properties of DIGs have been further suggested 

(Figure 3.7). 

The first proposed approach involves the introduction of the PIL building blocks with sulfonate 

(SO3
-
) anions differ from TFSI analogue by the small size of the ion and charge localization (Figure 

3.7). Respectively, the sulfonate anion has significantly stronger ion interaction with counter cations 

compared to the TFSI moiety142. Therefore, the incorporation of PILs with SO3 anions into DIGs should 

result in the formation of much stronger dynamic ionic cross-links and should lead to the enhancement 

of the viscoelastic properties. Following this approach, four DIGs (DIG2-DIG5) containing PILs with 

sulfonate anion and different counter cations were prepared and investigated (see section 3.3. and 

Scheme 3.2). 

The second suggested approach is based on the utilization of ionic AB-b-C type block 

copolymers as building blocks in the preparation of DIGs (Figure 3.7). At this, the AB-block was 

formed by random copolymerization of highly conductive anionic or cationic monomers with 

poly(ethylene glycol) methyl ether methacrylate, while the C-block was obtained by post 

polymerization of 2-phenylethyl methacrylate or (1-naphthyl)methyl methacrylate (see Scheme 3.3). 

The partial incompatibility between ionic and neutral blocks in suggested ionic AB-b-C type block 

copolymers should result in a microphase-separated morphology, where the neutral high Tg domains 

will be responsible for the mechanical properties, while the soft ionic domains with low Tg will possess 

elevated concentration of mobile ions and will enhance the ionic conductivity of the system. Similar to 

parent ionic block copolymers, the prepared DIGs are also expected to show the microphase segregation 

as well as the enhcnaced stiffness. Consequently, seven DIGs (DIG6-DIG13) composed of ionic block 

copolymers were synthesized and studied (see section 3.4. and Scheme 3.3). 
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Figure 3.7 Suggested approaches for the improvement of DIGs viscoelastic properties.   

3.3 1st
 approach for the improvement of DIGs - introduction of one localized charge 

(DIG2-DIG5) 

3.3.1 Synthesis and characterization 

Similarly to DIG1, the dynamic ion gels DIG2-DIG5 were synthesized in acetone by complex 

coacervation of oppositely charge PILs (Scheme 3.2). PIL33TFSI was used as cationic building block, 

while one of the four sulfonate PILs (PIL21I, PIL21S, PIL21A, and PIL21P) having the same 

structure of the main chain, identical molecular weight, but differ in the nature of the counter cation 

were used as the anionic building block. Thus, the four obtained DIGs (DIG2-DIG5) differed by the 

structure of the in-situ generated TFSI ILs (Table 3.3). In its turn, this allowed for the investigation of 

two factors affecting the DIGs properties: 1) the strength level of ion pairing between oppositely 

charged polymer chains when chemically bonded TFSI anion in PIL13 was substituted by SO3 anion 

in PIL21I, PIL21S, PIL21A, and PIL21P; 2) the influence of the released IL structure. The effective 

formation of ionic cross-links in DIG2-DIG5 was further confirmed by quantitative 19F NMR 

spectroscopy similar to DIG1.  The analysis revealed that coacervation of various PIL21 with 

PIL33TFSI results in the release of 75-90% of respective IL. Such difference within a series of DIG2-

DIG5 and between these DIGs and DIG1 can be explained by the influence of the following factors: 

1) the dissociation of the ion pairs in solution (for example, the level of dissociation between chemically 

bonded SO3 anion and bulky asymmetric BuMeIm cation in PIL21I will be higher in comparison with 
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PIL21A possessing small ammonium cation with localized charge); 2) the solubility of the polymer-

rich complex coacervate in acetone-d6 and its degree of precipitation. 

 
Scheme 3.2 Synthetic route for the preparation of DIG2-DIG5. 

3.3.2 Thermal properties 

3.3.2.1 Glass-transition temperature 

The DSC investigation of DIGs revealed that DIG2 and DIG3 exhibited only one transition 

temperature, while DIG4 and DIG5 showed two distinct transitions (Table 3.3). The first transition 

observed at negative temperatures for all DIGs was associated with their glass transition temperature 

and was strongly dependent on the nature of the in-situ generated IL. This dependence can be 

summarized as follows: 

Tg (°C): DIG3 (PrMe3NTFSI, -22) >DIG4 (Bu4NTFSI, -37) >DIG2 (BuMeImTFSI, -43) 

>DIG5 (Bu4PTFSI, -49) 

A comparison of these results with the Tg values of parent PILs provides further insights. First, 

this trend is consistent with the Tgs observed for the parent anionic PILs PIL21A-PIL21P (Table 3.2): 

the highest Tg was found for PILs with ammonium counter cations, followed by PIL21A with 

imidazolium cation, and PIL21P with phosphonium cation finishing the row. Second, DIG2 and DIG4 

exhibited Tg values lower than both parent materials, while DIG5 had a Tg in between the parent PILs, 

similar to the model DIG1. Finally, DIG3 displayed a Tg higher than that of both parent PILs. As 

discussed in Section 3.1.3.1, the observed Tg values result from the interplay of two opposing factors. 

The first factor is the effective formation of ionic crosslinks between the two oppositely charged 

building blocks, which tends to increase the overall Tg of the material by the formation of the double-

stranded or ladder-type polymer. The second factor is the plasticizing effect of the in-situ generated ILs, 

which which has the exact opposite effect, i.e. decreasing of polymer glass transition temperature. A 

more detailed analysis of these factors would require the measurement of the Tg for the generated ILs, 

as well as for the neat polymer coacervate. Without such investigation, the observed trend can also be 
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attributed to the increase in the ionic radius of the cations in the respective ILs. As the ionic radius 

increases from small, asymmetric ammonium to bulkier tetrabutylammonium and imidazolium cations, 

and eventually to tetrabutylphosphonium one, there is a reduction in oppositely charged polymer chains 

interactions and an increase in polymer free volume143, that in its turn contributes to the decrease in 

Tg.
144 

Table 3.2 Comparison of Tgs for DIG3-DIG5 and their parent PILs. 

Tg (oC) PIL21A PIL21S PIL21I PIL21P 

-29 -36 -40 -52 

PIL33TFSI -25 
-22 

DIG3 

-37 

DIG4 

-43 

DIG2 

-49 

DIG5 

The second transition, which occurs above room temperature at 92 and 61oC in DIG4 and DIG5 

respectively, was attributed to the melting process of the in-situ formed ILs. Thus, the melting 

temperature observed for DIG4 at 92°C aligns precisely with that reported for the neat Bu₄NTFSI 145. 

Similarly, the melting temperature of 61°C observed in DIG5 is perfectly matching the melting point 

of neat Bu₄PTFSI (65°C) reported previously146. 

Table 3.3 Selected properties of DIGs with sulfonate group 

DIG DIG properties 

Sample IL generated in situ 

G` at 29oC, 

1 rad s-1 

(kPa) 

σ 

at 25oC 

(S cm-1) 

Tg, 

(°C)1 

Tm, 

(°C)1 

Tonset,
 

(oC) 2 

DIG2 
 

61.9 5.7×10−6 -43 - 205 

DIG3 
 

34.6 2.4×10−6 -22 - 205 

DIG4 
 

295.2 1.4×10−7 -37 90 210 

DIG5 
 

142.3 5.6×10−7 -49 61 210 

1Determined by DSC (5 K min-1). 2Determined by TGA (5 K min-1). 

3.3.2.2 Onset temperature of weight loss 

The thermal degradation behaviour of DIG2-DIG5 was studied via TGA. The Tonset values for 

DIG3-DIG5 were falling within a narrow range of 205 to 210°C and were practically independent of 

the nature of the in situ formed ILs: 

Tonset (°C): DIG5 (Bu4PTFSI, 210) ≈ DIG4 (Bu4NTFSI, 210) >DIG2 (BuMeImTFSI, 205) ≈ 

DIG3 (PrMe3NTFSI, 205) 

This trend was found to coincide with the behavior observed in parent anionic PILs, where Tonset 

was only moderately influenced by the nature of the counter cation (see section 2.2.3). Although, it is 

noteworthy that DIGs demonstrated a small improvement in thermal stability compared to their parent 

anionic PILs. 
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Figure 3.8 TGA traces of DIG2-DIG5 (5oC min-1, under air).                         

3.3.3 Ionic conductivity 

The ionic conductivity of DIGs was investigated as a function of temperature (Table 3.3 and 

Figure 3.9). The observed values varied from 5.7×10−6 to 1.4×10−7 S cm-1 at 25°C and were influenced 

by the nature of the in situ formed IL:  

σ (25°C, S cm-1): DIG2 (BuMeImTFSI, 5.7×10−6) > DIG3 (PrMe3NTFSI, 2.4×10−6) > DIG5 

(Bu4PTFSI, 5.6×10−7) > DIG4 (Bu4NTFSI, 1.4×10−7) 

DIG2 and DIG3 showed one order of magnitude higher ionic conductivity than DIG4 and 

DIG5. This difference can be attributed to the physical state of the  in situ formed IL at the temperature 

of ionic conductivity measurement (25°C): the Bu4NTFSI and Bu4PTFSI ILs are crystalline (that can 

also be seen from the DSC traces of DIG5 and DIG4), whereas BuMeImTFSI and PrMe3NTFSI ILs 

remain liquid. The order of DIG2 – DIG4 conductivity is fully consistent with previously reported data 

on the conductivity of the respective neat ionic liquids137,145–147. As in the case of model DIG1, it was 

of high importance to further compare the conductivity of DIG2 – DIG4 with that of their parent PILs 

(Table 3.4). It can be concluded that the conductivity trend observed in these DIGs is coinciding with 

the that identified for the parent anionic PILs (Table 3.4). In contrast to DIG1, the conductivity of 

DIG3, DIG4 and DIG5 was not exciding the conductivity of both parent PILs. While their conductivity 

was higher than that of anionic PILs component, it was still inferior to the conductivity of the cationic 

PIL33TFSI. Only DIG2 was capable to deliver the ionic conductivity which was higher in comparison 

with ionic conductivities of both parent PILs (Table 3.4). This result can be explained by the physical 

state (see vide supra) and the conductivity of the in situ formed IL. 
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σ (25°C, S cm-1): BuMeImTFSI (8.9×10−3) > PrMe3NTFSI (3.3×10−3) > Bu4PTFSI (not 

measured, solid) > Bu4NTFSI (not measured, solid) 

This finding suggests that by special design of the PILs building blocks it is possible to generate 

highly conductive ionic liquids during complex coacervation, and thus to create materials with ionic 

conductivity exceeding both parent polyelectrolytes. 

Table 3.4 Comparison of ionic conductivity for DIG2-DIG5 and parent PILs at 25oC. 

σ 

at 25oC (S cm-1) 

PIL21I PIL21A PIL21P PIL21S 

1.9×10−6 4.8×10−7 3.3×10−7 9.0×10−8 

PIL33TFSI 4.7×10-6 
5.7×10

−6
 

DIG2 

2.4×10−6 

DIG3 

5.6×10−7 

DIG5 

1.4×10−7 

DIG4 

The influence of the ionic crosslinks strength on ionic conductivity was evaluated by 

comparison of DIG1 and DIG2. The transition from DIG1 to DIG2, both having the same 

BuMeImTFSI IL inside, but differ in the nature of the chemically bonded ion (TFSI and SO3 anions in 

DIG1 and DIG2, respectively) in the anionic building block, resulted only in a minor decrease in ionic 

conductivity from 7.2 × 10–6 to 5.7×10−6 S cm-1 at 25°C. Thus, it can be concluded that the nature of the 

in situ formed IL plays a more significant role in ionic conductivity of a DIG than the type of the ions 

chemically bonded to the polymer main chain. 

Further, the ionic conductivity of DIG2 – DIG4 was measured across a temperature range of 0 

to 110°C (Figure 3.9). The ionic conductivity of all studied DIGs was increasing with the rise in 

temperature. It is noteworthy that while DIG2 and DIG3 followed a Vogel-Fulcher-Tammann (VFT) 

dependence, DIG4 and DIG5, which contain crystalline ILs, did not obey the VFT equation. This 

deviation is evidenced by the inflections in their conductivity curves in the 60-70°C region. 
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Figure 3.9 Ionic conductivity measured by BDS as a function of reciprocal temperature for DIG2-

DIG5.  

3.3.4 Rheological properties 

The rheological behaviour of DIG2-DIG5 was investigated between 25 and 100°C via analysis 

of TTS master curves referenced at T0 = 29 °C (Figure 3.10, a). Examining TTS plots, the ω0.5 

dependence was observed for all four synthesized DIGs, thus confirming the successful gel formation. 

DIG4 and DIG5 with crystalline ILs, exhibited ω0.5 dependence on the whole range of applied 

frequencies (10-5 < ω.aT < 103). Contrary, DIGs with liquid ILs (DIG2 and DIG3) had similar behaviour 

only at high frequencies (100 < ω.aT < 103). In the lower frequency region (10-5 < ω.aT < 100), they 

followed the typical disentanglement behavior already seen and discussed for DIG1 (see section 3.1.5). 

The shift factors (aT) used in the TTSs for all DIGs obeyed the WLF law (Figure 3.10, b). 

To simplify the comparison of DIGs mechanical properties it was decided to compare the values 

of their storage modulus (G’) at 29C and a frequency of 1 rad s-1. The correlation of G’ for DIG2-

DIG5 revealed that all sulfonate-based DIGs exhibited higher mechanical properties than model DIG1 

(Figure 3.10, a). This result can be attributed to the stronger dynamic crosslinks in DIG2-DIG5 in 

comparison with DIG1 due to the substitution of the chemically bonded and highly delocalized TFSI 

anion by the small SO3 anion with localized charge. As in the case of DIG2-DIG5 and DIG1 the 

generated ILs are different, the influence of interaction between the two oppositely charged polymer 

chains on the viscoelastic  properties of DIGs can be isolated by comparing DIG1 and DIG2, in which 

the same BuMeImTFSI ILis formed in situ during complex coacervation. It can be concluded that the 

more intense is the interaction between the two oppositely charged PILs the higher is the observed 

storage modulus (G’ = 26.4 and 61.9 Pa for DIG1 and DIG2, respectively).   
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It was found that the mechanical properties of DIG, and particularly the storage modulus, are 

influenced by the nature of the released IL as well. This relationship can be summarized as follows: 

G` (kPa, 29C, 1 rad s-1): DIG4 (Bu4NTFSI, 295.2) > DIG5 (Bu4PTFSI, 142.3) >DIG2 

(BuMeImTFSI, 61.9) >DIG3 (PrMe3NTFSI, 34.6) >DIG1 (BuMeImTFSI, 26.4) 

In the case of DIG4 and DIG5, the enhancement of G’ can be explained by the generation of 

solid ionic liquids during complex coacervation. From one hand, due to the interaction with polymer 

chains such crystalline compounds can reinforce the material. From another, ILs being in the solid state 

stop plasticizing the polymer matrix.  

According to the thesis goals both the viscoelastic properties and the ionic conductivity of DIGs 

are the crucial factors for their application in supercapacitors (see section I). Thus, the comparison of 

DIGs was further continued by plotting the the ionic conductivity at 25°C as a function of the storage 

modulus (G') for DIG2-DIG5 and their respective parent PILs (Figure 3.10, c). Notably, DIG2 

exhibited both enhanced ionic conductivity and improved stiffness relative to its parent PILs, 

underscoring the advantageous effect of DIG formation and establishing a record among studied DIGs. 
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Figure 3.10 TTS master curves of DIGs obtained by frequency sweep experiments performed from 

25 to 100 °C and referenced at T0 = 29 °C (a), corresponding aT shift factors and WLF best fits at T0 

= 29 °C for DIGs (b). Ionic conductivity at 25 C as a function of the storage modulus (G’) obtained 

at 29 °C and 1 rad s-1 (c). 

3.4 2nd
 approach for the improvement of DIGs - introduction of block copolymers (DIG6-

DIG13) 

3.4.1 Synthesis and characterization 

DIGs with block copolymers were obtained using the same procedure described previously for 

DIG1-DIG5 (Scheme 3.3). PIL19, PIL22-PIL25 were used as the cationic building blocks, while 

PIL12, PIL26-PIL29 having similar structures, but oppositely charged were applied as anionic 

building blocks. Their solution mixing in stoichiometric ratios resulted in the formation of seven DIGs 

entirely composed of block copolymers (DIG7-DIG13) and one DIG (DIG6) derived from mixing of 

random copolymers, which later served as a reference (Scheme 3.3, Table 3.5). The effective formation 

of ionic cross-links in DIG6-DIG13 was again confirmed by quantitative 19F NMR spectroscopy (in-

situ measurement). It was found that the coacervation of oppositely charged block copolymers provides 

the release of 85-92% of respective IL. This result is in agreement with what was observed for the model 

DIG1 and may be a consequence of the facts that the same anionic monomer ILM1 was used for the 

preparation of the block copolymers PIL12, PIL26-PIL29 as well as that the cationic monomer ILM2 

produced copolymers with a structure close to PIL33TFSI. 
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Scheme 3.3 Synthetic route for the preparation of DIG6-DIG13 
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Table 3.5 Selected properties of DIG6-DIG13 

DIG 

PEGM 

: 

ILM 

Anionic  

PIL 

Cationic  

PIL 

G` at 

25oC, 1 

rad s-1 

(kPa) 

σ 

at 25oC 

(S cm-1) 

Tg1,
 

(°C) 1 

Tg2,
 

(°C) 1 

Tonset, 

(oC) 2 

Domain length 

(nm)3 

DIG6 

1
:1

 

poly(ILM141-r-PEGM45) poly(ILM245-r-PEGM45) 0.9 1.0×10−5 -48 - 160 - 

DIG7 poly(ILM141-r-PEGM45) 
poly[(ILM245-r-PEGM45)-

b-PhEtM99] 
7.9 5.8×10−7 -49 31 185 HPC, 59.0±9.8 

DIG8 poly(ILM141-r-PEGM45) 
poly[(ILM245-r-PEGM45)-

b-Napht90] 
21.5 2.7×10−7 -47 83 160 HPC, 55.6±3.1 

DIG9 
poly[(ILM141-r-PEGM45)-

b-Napht77] 
poly(ILM245-r-PEGM45) 18.4 1.1×10−6 -45 77 200 Disordered 

DIG10 
poly[(ILM141-r-PEGM45)-

b-Napht77] 

poly[(ILM245-r-PEGM45)-

b-Napht90] 
160.3 6.5×10−7 -43 78 180 L, 68.0±13.0 

DIG11 

1
:5

 

poly[(ILM112-r-PEGM61)-
b-PhEt74] 

poly[(ILM217-r-PEGM74)-
b-PhEtM99] 

90.6 2.1×10−6 -55 - 170 L, 33.9±1.0 

DIG12 poly(ILM141-r-PEGM45) 
poly[(ILM217-r-PEGM74)-

b-Napht99] 
49.9 2.0×10−6 -49 - 190 L, 42.3±3.6 

DIG13 
poly[(ILM114-r-PEGM73)-

b-Napht86] 
poly[(ILM217-r-PEGM74)-

b-Napht99] 
1826.8 7.5×10−7 -54 - 185 L/HPC, 40.0±4.1 

1Determined by DSC (5 K min-1). 2Tonset determined by TGA (5 K min-1). 3By AFM on block copolymer-coatings, L – lamellar, HPC - hexagonally packed cylinders. 
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3.4.2 Thermal properties 

3.4.2.1 Glass-transition temperature 

Through DSC analysis, it was determined that all DIGs based on block copolymers with a 

PEGM:ILM ratio = 1:1 exhibited two distinct transition temperatures, while DIGs with PEGM:ILM 

ratio = 5:1 demonstrated only one transition (Table 3.5). This behavior was similar to that observed in 

the parent block copolymers and can be identically explained by plasticization of hard segments with 

side oligomeric PEG chains, when the concentration of the later was significantly increased (see section 

2.3.3.1.2). The observed low-temperature transition was associated with the glass transition temperature 

of the soft ionic segment (Tg1). Three key insights can be drawn from the obtained data (Table 3.5): 

1. The presence of only one transition in this temperature region confirms the successful 

coacervation of the two oppositely charged ionic copolymers. 

2. All Tg1 values observed in DIGs were lower than or equal to those of the parent random or block 

copolymers, which can be attributed to the plasticizing effect of the in situ formed IL. For 

example, DIG10 exhibited a Tg1 of -43°C, while the parent poly[(ILM141-r-PEGM45)-b-

Napht77] and poly[(ILM245-r-PEGM45)-b-Napht90] both showed Tg1 attributed to the ionic 

segments at -40°C. 

3. DIGs derived from copolymers with PEGM:ILM ratio = 5:1 showed lower Tg1 in comparison 

to those composed of copolymers with PEGM:ILM ratio = 1:1 (Table 3.5, DIG6-DIG10 and 

DIG11-DIG13). 

The second transition was associated with the glass transition temperature of the neutral 

segment (Tg2). Similarly to Tg1, the presence of only one Tg2 confirmed the successful coacervation of 

the two block copolymers. Several dependences can be pointed out: 

1. DIGs derived from block copolymers showed lower Tg2 in comparison with parent PILs that 

can also be explained by plasticization of polymer chains by the in situ formed IL. 

2. DIGs based on block copolymers with poly(PhEtM) blocks commonly demonstrated lower 

Tg2 than those obtained by coacervation of block copolymers with poly(Napht) blocks (Table 3.5,  DIG7 

and DIG8-DIG10). 

3.4.2.2 Onset temperature of weight loss 

Figure 3.10 illustrates the thermal degradation behavior of DIGs with block copolymers. The 

onset degradation temperatures can be summarized as follows: 

Tonset (°C): DIG9 (200) > DIG12 (190) > DIG13 (185) = DIG7(185) > DIG10 (180) > DIG11 

(170) > DIG8 (160) = DIG6 (160) 
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Overall, DIGs with block copolymers demonstrated a thermal stability comparable to that of 

their parent materials, with Tonset values ranging from 160°C to 200°C. This suggests that, even after the 

formation of DIGs, the thermal stability remains primarily limited to the degradation of the side 

oxyethylene chains in ionic segments. 

 
Figure 3.10 TGA traces of DIG5-DIG13 (5K min-1, under air). 

3.4.3 Morphological properties 

To visualize DIG morphologies and to support the results observed by DSC, thin films were 

casted from DMF solutions and examined by AFM. The AFM phase contrast images (Figure 3.11) 

demonstrated that all DIGs with block copolymers exhibited lamellar or hexagonally packed cylinder 

(HPC) morphologies, except for DIG9, which did not show any phase separation. Specifically, DIG10-

DIG12 presented lamellar morphologies, DIG7 and DIG8 exhibited HPC phase separation, and DIG13 

showed regions with both types of morphologies. 

The domain lengths for all DIGs exhibiting phase separation were measured and found to range 

between 68.0 and 33.9 nm (Table 3.5). Analysing the obtained results, it can be concluded that the 

domain length depends on a number of interrelated parameters, making it impossible to identify a single 

factor with the most significant contribution. 
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Figure 3.11 AFM images of DIG7 (a), DIG8 (b), DIG9 (c), DIG10 (d), DIG11 (e), DIG12 (f), 

DIG13 (g) films. 
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3.4.4 Ionic conductivity 

The observed values of DIGs ionic conductivity varied from 1.0×10−5 to 2.7×10−7 S cm-1 at 

25°C (Table 3.5 and Figure 3.12). Analysis of the data suggests that the ionic conductivity is governed 

by a complex set of interconnected factors, making it challenging to isolate each one individually. 

However, it is possible to draw several conclusions from the data by comparing DIGs comprising the 

identical blocks. For example, DIG6-DIG8, DIG12 were prepared from the same anionic building 

block ((poly(ILM141-r-PEGM45)) and different cationic partners. The dependence of ionic conductivity 

at 25°C on the structure of the cationic block can be summarized as follows: 

σ (25°C, S cm-1): DIG6 (poly(ILM245-r-PEGM45), 1.0×10−5) > DIG12 (poly[(ILM217-r-

PEGM74)-b-Napht99], 2.0×10−6) > DIG7 (poly[(ILM245-r-PEGM45)-b-PhEtM99], 5.8×10−7) > DIG8 

(poly[(ILM245-r-PEGM45)-b-Napht90], 2.7×10−7) 

These results clearly indicate that the choice of cationic building block significantly impacts 

the ionic conductivity of DIGs. Notably, the introduction of block copolymers, as compared to random 

copolymers, leads to a decrease in ionic conductivity from 1.0×10⁻⁵ to 2.0×10⁻⁶ S cm⁻¹. The observed 

trend among block copolymers is likely attributable to the type of morphology exhibited by these 

samples, rather than solely to the specific structural factors (PEGM:ILM ratio, the nature of neutral high 

Tg block, overall molecular weight of block copolymer and the molar masses of each segment, etc.).  

The influence of morphology on ionic conductivity of DIG will depend on several factors: 1) Which 

phase is continuous (ionic or neutral); 2) Whether the morphology has long-range order or possesses 

morphological defects and so-called "dead-ends"; 3) What is the direction of the ionic phase (parallel 

or perpendicular to the plane of conductivity measurement). For example, DIG12 with lamellar 

morphology was showing higher ionic conductivity than DIG7 and DIG8 with cylindrical phase 

separation. Thus, it can be speculated that the formation of the long-range-ordered lamellae separation 

is more beneficial for reaching high ionic conductivity, due to the creation of continuous ion-conducting 

pathways with high concentration of ions and ethylene oxide solvating groups, that in its turn facilitates 

the ion transport. In contrast, in HPC morphology there can be a lower degree of long-range order and 

the decrease in in-plane ionic conductivity likely results by numerous morphological defects and large 

numbers of grain boundaries that serve as “dead ends” for conductive channels. Lastly, it is worth 

mentioning that DIG7-DIG13 exhibited conductivity values in between those of their parent 

copolymers, while DIG6 showed conductivity values higher than those of both parent polymers (Table 

3.6).  

The ionic conductivity of DIGs was measured across a temperature range of 0 to 110°C (Figure 

3.12). The observed values for all studied DIGs increased with rising temperature and followed the 

Vogel-Fulcher-Tammann dependence.  
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Figure 3.12 Ionic conductivity measured by BDS as a function of reciprocal temperature for DIG6-

DIG13. 

2.6 2.8 3.0 3.2 3.4 3.6

1E-8

1E-7

1E-6

1E-5

1E-4

 DIG6 (PIL12/PIL19)

 DIG11 (PIL27/PIL23)

 DIG12 (PIL12/PIL25)

 DIG9 (PIL28/PIL19)

 DIG13 (PIL29/PIL25)

 DIG10 (PIL28/PIL24)

 DIG7 (PIL12/PIL22)

 DIG8 (PIL12/PIL24)

 

C
o

n
d

u
c

ti
v

it
y

 (
S

 c
m

-1
)

1000/T (K
-1

)

100 80 60 40 20 0

Temperature (
o

C)



131 

 

Table 3.6 Comparison of ionic conductivity for DIGs and parent PILs at 25oC 

σ 

at 25oC (S cm-1) 

poly(ILM245-r-

PEGM45) 

poly[(ILM217-r-

PEGM74)-b-PhEtM99] 

poly[(ILM217-r-

PEGM74)-b-Napht99] 

poly[(ILM245-r-

PEGM45)-b-PhEtM99] 

poly[(ILM245-r-

PEGM45)-b-Napht90] 

5.7×10−6 2.2×10−6 1.2×10−6 5.6×10−7 1.9×10−7 

poly(ILM141-r-

PEGM45) 
5.2×10−6 

1.0×10−5 

DIG6 
- 

2.0×10−6 

DIG12 

5.8×10−7 

DIG7 

2.7×10−7 

DIG8 

poly[(ILM141-r-
PEGM45)-b-PhEtM94] 

2.0×10−6 - - - - - 

poly[(ILM112-r-

PEGM61)-b-PhEtM74] 
1.6×10−6 - 

2.1×10−6 

DIG11 
- - - 

poly[(ILM141-r-

PEGM45)-b-Napht77] 
1.1×10−6 

1.1×10−6 

DIG9 
- - - 

6.5×10−7 

DIG10 

poly[(ILM114-r-

PEGM73)-b-Napht86] 
4.4×10−7 - - 

7.5×10−7 

DIG13 
- - 

 

Table 3.7 Comparison of storage moduli (G`) for DIGs and parent PILs at 25oC, 1 rad s-1 

G` at 25oC, 1 rad s-1 (kPa) 

poly(ILM245-r-
PEGM45) 

poly[(ILM217-r-
PEGM74)-b-PhEtM99] 

poly[(ILM217-r-
PEGM74)-b-Napht99] 

poly[(ILM245-r-
PEGM45)-b-PhEtM99] 

poly[(ILM245-r-
PEGM45)-b-Napht90] 

0.1 1615.8 1679.9 512.2 492.8 

poly(ILM141-r-

PEGM45) 
0.1 

0.9 

DIG6 
- 

49.9 

DIG12 

5.4 

DIG7 

18.5 

DIG8 

poly[(ILM141-r-
PEGM45)-b-PhEtM94] 

- - - - - - 

poly[(ILM112-r-

PEGM61)-b-PhEtM74] 
82.1 - 

90.6 

DIG11 
- - - 

poly[(ILM141-r-
PEGM45)-b-Napht77] 

517.9 
18.4 

DIG9 
- - - 

160.3 

DIG10 

poly[(ILM114-r-

PEGM73)-b-Napht86] 
170.8 - - 

1826.8 

DIG13 
- - 
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3.4.5 Rheological properties 

The rheological behaviour of DIG6-DIG13 was investigated between -20°C and 120°C and 

analysed through TTS master curves referenced at T0 = 25 °C (Figure 3.13, a and b). Inspecting the TTS 

plots of DIGs, several conclusions can be made: 

1. No terminal regime was observed for all analysed DIGs except for DIG6, thus confirming 

rubbery solid appearance of DIGs in all range of temperatures. Contrary, DIG6, similarly to DIG1, 

followed the typical disentanglement behavior at lower frequencies 10-3 < ω.aT < 101. 

2. DIG9-DIG12 exhibited a plateau in the higher temperature region, which can be associated 

with DIG's microphase separation.  

3. The shift factors (aT) used in the TTS plots for all DIGs obeyed the WLF law (Figure 3.13, 

c). 

A simplified investigation of the storage modulus at 25°C and 1 rad s⁻¹ revealed that most DIGs 

with block copolymers exhibited higher stiffness than the model DIG1. The observed G' values ranged 

between 7.9 and 1826.8 kPa. This dependence can be summarized as follows: 

G` (kPa, 25C, 1 rad s-1): DIG13 (2 block copolymers, 1826.8) > DIG10 (2 block copolymers, 

160.3) >DIG11 (2 block copolymers, 90.6) >DIG12 (1 block, 1 random copolymer, 49.9) > DIG8 (1 

block, 1 random copolymers, 21.5) >DIG9 (1 block, 1 random copolymers, 18.4) >DIG7 (1 block, 1 

random copolymers, 7.9) >DIG6 (2 random copolymers, 0.9) 

All DIGs synthesized from two block copolymers exhibited a storage modulus above 90.6 kPa, 

with DIG13 reaching an impressive 1827 kPa. DIGs composed of one block copolymer and one random 

copolymer demonstrate lower G' values ranging from 49.9 to 7.9 kPa. DIG6 obtained from two random 

copolymers showed the lowest G' of only 0.9 kPa. Thus, it can be concluded that the storage modulus 

strongly depends on the number of block copolymers involved in the formation of DIG. 

A comparison of the storage modulus values for DIGs and their corresponding parent PILs 

showed that majority of DIGs demonstrates storage moduli between those of their parent polymers 

(Table 3.7). Notably, DIG6 and DIG13 exhibited higher storage moduli than both of their parent PILs. 

For example, DIG6 demonstrated both enhanced ionic conductivity and improved mechanical 

properties compared to their parent PILs (Table 3.6, Table 3.7). 
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Figure 3.13 TTS master curves of DIG6-DIG13 obtained by frequency sweep experiments 

performed from -20 to 120 °C and referenced at T0 = 25 °C (a, b), corresponding aT shift factors and 

WLF best fits at T0 = 25 °C for DIGs (c). 

3.5 Optimization of DIG structure 

The application of the two synthetic strategies in this work led to the synthesis of 13 DIGs. In 

both cases, improvements in either mechanical properties or ionic conductivity were achieved compared 

to the parent PILs and model DIG1. At the same time, the certain combinations of building blocks 

resulted in materials that surpassed their individual components in both parameters (DIG2 and DIG6). 

Figure 3.14 was suggested to illustrate the relationship between ionic conductivity and storage modulus 

at 25°C for all synthesized DIGs. The highest conductivity was observed for DIG1IL, where an 

additional percentage of ionic liquid was incorporated into the sample. DIG6, composed of two random 

methacrylate copolymers, exhibited the second-highest conductivity of 1.0×10⁻5 S cm⁻¹ at 25°C. 

Storage modulus values across all synthesized DIGs ranged from 0.9 to impressive 1827 kPa, with 

DIG13, consisting of two block copolymers, having the highest stiffness.  After DIG1IL and DIG6, the 

sulfonate-based DIG2 demonstrated both promising mechanical stability (61.9 kPa at 29°C, 1 rad s-1) 

and notable ionic conductivity (5.7×10−6 S cm-1 at 25oC). This combination of properties made it an 

excellent candidate for the final iteration of DIG structure optimization. As discussed in Section 3.3.3, 
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the ionic conductivity of sulfonate-based DIGs is primarily determined by the nature of the generated 

ionic liquid. Therefore, to enhance the ionic conductivity of sulfonate-based DIGs, the choice of 

building blocks was focused on the in situ formation of the IL with the highest ionic conductivity. 

Consequently, PIL33BF(CN)₃ was selected as the cationic building block, while PIL21I served as the 

anionic building block, leading to the formation of DIG14 with BuMeImBF(CN)₃ ionic liquid (Scheme 

3.4, Table 3.8). 

 
Scheme 3.4 Synthetic route for the preparation of DIG14. 
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Figure 3.14 Ionic conductivity at 25 C as a function of the storage modulus (G’) obtained at 25 °C 

and 1 rad s-1 for all synthesized DIGs (for DIG2-DIG5, G’ was obtained at 29 °C and 1 rad s-1 ). 
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3.5.1 Thermal properties of DIG14 

DSC analysis of DIG14 revealed a single transition, corresponding to the glass transition 

temperature, which was observed at -45°C. This Tg was slightly lower compared to that of DIG2. The 

onset mass loss temperature was found to reach 200°C, consistent with the values recorded for all 

sulfonate-based DIGs. 

Table 3.8 Selected properties of DIG2 and DIG14. 

DIG DIG properties 

Sample IL generated in situ 

G` at 25oC, 

1 rad s-1 

(kPa) 

σ 

at 25°C 

(S cm-1) 

Tg, 

(°C)1 

Tonset
 

(°C) 2 

DIG2 
 

61.93 5.7×10−6 -43 205 

DIG14 
   

214.5 8.2×10−6 -45 200 

1Determined by DSC (5K min-1). 2Tonset determined by TGA (5K min-1). 3At 29oC, 1 rad s-1 

3.5.2 Ionic conductivity of DIG14 

Transition from DIG2 with 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide to 

DIG14 with 1-butyl-3-methylimidazolium tricyanofluoroborate resulted in the increase in ionic 

conductivity from 5.7×10−6 to 8.2×10−6 S cm-1 at 25oC (Table 3.8 and Figure 3.15). In the whole 

temperature range the observed values increased with temperature, following the Vogel-Fulcher-

Tammann dependence (Figure 3.15). 

 
Figure 3.15 Ionic conductivity measured by BDS as a function of reciprocal temperature for DIGs. 
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3.5.3 Rheological properties of DIG14 

The rheological behavior of DIG14 across the temperature range of -20°C to 100°C is presented 

in Figure 3.16 (a). Similar to DIG2, DIG14 exhibits a ω0.5 dependence in the frequency range from 10-

2 < ω.aT < 103, with a typical disentanglement behavior at lower frequencies. Due to the broader 

temperature range analyzed for DIG14, the presence of a glassy region can also be observed at higher 

frequencies, where the material exhibits predominantly elastic behavior. Furthermore, the shift factors 

obtained from the analysis obey the WLF equation, as shown in Figure 3.16 (b). This indicates a 

consistent relationship between temperature and viscoelastic behavior, further supporting the material's 

stability over the studied temperature range. 

A comparative investigation of the mechanical properties highlights a significant improvement 

in DIG14 compared to DIG2. The transition from DIG2, which contains BuMeImTFSI, to DIG14, 

containing BuMeImBF(CN)₃, results in a remarkable increase in the storage modulus  from 61.9 kPa to 

214.5 kPa (at 25°C and 1 rad s-1).  

As it can be seen from Figure 3.14, the final step of DIGs structure optimization led to an 

outstanding enhancement in both the ionic conductivity, reaching 8.2×10−6 S cm-1 at 25oC, and the 

mechanical stability, with a storage modulus of 214.5 kPa (at 25°C and 1 rad s-1). These advancements 

make DIG14 the most promising candidate for future applications in supercapacitors. 

  

Figure 3.16 TTS master curves of DIG14 and DIG2 obtained by frequency sweep experiments 

performed from -20 to 100 °C and referenced at T0 = 25 °C (a), corresponding aT shift factors and 

WLF best fits at T0 = 25 °C for DIG14 (b). 
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4. Application of PILs and DIGs in all-solid-state supercapacitors 

To fulfil the final objective of this thesis, DIG14 was used as the electrolyte for an all-solid-

state supercapacitor. This choice is justified by the promising combination of properties observed in 

DIG14. It demonstrated a high ionic conductivity of 8.2×10−6 S cm⁻¹ at 25°C, along with a rubbery 

solid consistency, exhibiting a storage modulus of 214.5 kPa at room temperature. Additionally, DIG14 

maintained its solid-like behavior up to 75°C, allowing the investigation of the supercapacitor's 

performance not only at room temperature but also at elevated temperatures without the risk of leakage 

or shortcut. 

For the supercapacitor assembly named SC1, the stainless steel (SST) was chosen as the current 

collector. This decision was based on SST's widespread use in electrochemistry and its suitability for 

creating flexible or bendable devices148,149. Furthermore, to evaluate and compare the performance of 

supercapacitors based on DIG14, the two additional supercapacitors SC2 and SC3 with parent PILs 

(PIL21I and PIL33BF(CN)3, respectively) were assembled and tested (Table 4.1). 

 
Figure 4.1 Polyelectrolytes used in supercapacitors. 

4.1 Preparation of electrodes and supercapacitor assembly 

For the preparation of the electrodes, a combination of reduced graphene oxide (rGO), carbon 

nanotubes (CNTs), and polymer electrolyte (either DIG or PIL) was utilized. The CNTs and rGO served 

as the active material, while polyelectrolyte is functioned both as a binder and as a source of mobile 

ions. The coatings were casted from DMF suspensions on a hot SST surface. This allowed for the 

formation of thin, homogeneous layers of active materials on SST current collector (Figure 4.2). 
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Figure 4.2 Schematic illustration of electrode preparation and supercapacitors assembly. 

Subsequently, a solution of polyelectrolyte (either DIG or PIL) in acetonitrile was spray-coated 

onto the electrode surfaces. This enabled the creation of a thin polyelectrolyte layers on both electrodes 

without disturbing the active material layer. To prevent short circuits, a flexible polyamide grid was 

placed on one of the electrodes, and both electrodes were thoroughly dried. Finally, the two prepared 

electrodes were sandwiched together to form the following symmetrical capacitors: 

SC1: SST/rGO+CNT+DIG14/DIG14/rGO+CNT+DIG14/SST 

SC2: SST/rGO+CNT+PIL21I/ PIL21I /rGO+CNT+PIL21I /SST 

SC3: SST/rGO+CNT+PIL33BF(CN)3/PIL33BF(CN)3/rGO+CNT+ PIL33BF(CN)3 /SST 

4.2 Supercapacitors testing 

The performance of the supercapacitors was evaluated using a two-electrode system 

configuration, with the results reported as electrodes characteristics relative to the mass of active 

materials (Table 4.1).  

Table 4.1 Selected properties of supercapacitor at a scan rate of 5mV s-1 and a potential window of 2V. 

  25°C 80°C 

SC Electrolyte 
CSP, 

(F g-1)1 

E, 

(Wh kg-1)2 

P, 

(W kg-1)3 

CSP, 

(F g-1) 1 

E, 

(Wh kg-1) 2 

P, 

(W kg-1)3 

1 DIG14 19.6 10.9 97.7 43.9 24.4 218.9 

2 PIL21I -4 -4 -4 -4 -4 -4 

3 PIL33BF(CN)3 8.1 4.5 40.5 16.9 9.4 85.7 
1Specific capacitance. 2Energy density. 3Power density. 4Resistive CV curves. 
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Initially, SC1 with DIG14 was tested using cyclic voltammetry at 25°C, with a voltage range 

from 1.0 to 2.0V (Figure 4.3, a). The cyclic voltammograms exhibited nearly rectangular shapes across 

all tested voltages, indicating good capacitive behavior with no evidence of any degradation. Increasing 

the voltage from 1.0 to 2.0V resulted in a significant rise in capacitance, from 7.5 to 19.6 F g⁻¹. Based 

on these observations, it was decided to conduct further experiments with a potential window set at 

2.0V. Figure 4.3 (b) displays the CV curves of SC1 at various temperatures. The cyclic voltammograms 

maintained nearly rectangular shapes, suggesting consistent capacitive performance with some internal 

resistance. The capacitance was increasing from 19.6 to 43.9 F g⁻¹ with increase in temperature from at 

25 to 80°C. Figure 4.3 (c) illustrates the capacitance evolution of SC1 as a function of scan rate during 

CV measurements. At a scan rate of 1 mV s⁻¹, SC1 exhibited a capacitance of 30.1 F g⁻¹. However, as 

the scan rate increased, the capacitance gradually declined. At 25°C and a scan rate of 5 mV s⁻¹, the cell 

experienced a 35% reduction in capacitance, eventually decreasing to 19.6 F g⁻¹. Finally, Figure 4.3 (d) 

presents the Ragone plot for SC1. The energy and power densities at various scan rates (from 10 to 1 

mV s⁻¹) were calculated using equations 1.38 and 1.39 applying the voltage of 2V. At 25°C and 5 mV 

s⁻¹, the energy density and power density were found to be 10.9 Wh kg⁻¹ and 97.7 W kg⁻¹, respectively. 
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Figure 4.3 CV curves of SC1 with DIG14 obtained at 5 mV s-1 at 25 °C at different potential windows 

(a), 5 mV s-1 from 0 V to 2 V, at different temperatures (b). Capacitance retention as a function of 

the scan rates at a potential window from 0 to 2 V (c). Ragone plot (d). 

Similar tests were performed on SC2 and SC3 comprising PIL-based electrolytes under 

identical conditions. SC2 with PIL21I, exhibited purely resistive behavior, preventing the calculation 

of its capacitance (Figure 4.4, a). This behavior was attributed to the low ionic conductivity of PIL21I. 

In contrast, SC3, displayed nearly rectangular CV profiles typical of electric double-layer capacitors, 

maintaining this characteristic up to 2V (Figure 4.4, b). Additionally, SC3’s performance was assessed 

at varying temperatures. As shown in Figure 4.4 (c), an increase in temperature from 25°C to 80°C 

resulted in a capacitance rise from 8.1 to 16.9 F g⁻¹. Moreover, a comparison of capacitance at different 

scan rates at 25°C revealed that increasing the scan rate from 1 mV s⁻¹ to 5 mV s⁻¹ led to a reduction in 

capacitance by more than 50%. 

  

 

Figure 4.4 CV curves obtained at 5 mV s-1 at 25 °C at different potential windows for SC2 (a) and 

SC3 (b). CV curves of SC3 obtained at 5 mV s-1 from 0 V to 2 V, at different temperatures (c). 

To sum up, SC1 demonstrated the following characteristics at room temperature: CSP 19.6 F 
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with DIG14 outperformed those with PIL-based electrolytes. The capacitance of SC1 at 25°C was 

higher than that of SC3 even at 80°C, and SC1 exhibited 1.5 times better capacitance retention 

compared to SC3. 

While SC1’s performance does not yet match that of modern industrial devices 150,151, it offers 

several compelling features that position it as a promising candidate for advanced energy storage 

applications. These advantages stem primarily from the viscoelastic properties of DIGs and their ability 

to maintain mechanical stability at elevated temperatures. Notably, this leads to several potential 

benefits: no need for supercapacitor sealing, no loss of electrolyte, supercapacitor flexibility, and 

reliable operation over a wide temperature range. As a result, DIGs represent a promising material for 

the future development of safe and flexible electrochemical devices. 
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IV. Experimental part 

1. Methods 

1.1 NMR spectroscopy 

NMR spectra were recorded on AMX-600 and Bruker Avance 500 spectrometers (Bruker, 

Germany) at 25 °C in the indicated deuterated solvents and are listed in part per million (δ, ppm).  

The structure of synthesized ILM, PILs and DIGs were verified on AMX-600 spectrometer at 

25 °C in DMSO-d6. The signals corresponding to the residual protons (1H: δ = 2.50 ppm) and carbons 

(13C: δ = 39.52 ppm) of the DMSO-d6 were used as internal standards for 1H and 13C NMR, respectively. 

The C6F6 (
19F: δ = -164.9 ppm) and F3B·OEt2 were used as an external standard for 19F and 11B NMR, 

respectively.  

The characterization of DIGs and IL release was done by recording of 1H and 19F NMR spectra 

on a Bruker Avance 500 spectrometer in acetone-d6 at 25 °C using a Bruker BBFO 1H / 109Ag-19F 5mm 

gradient Z probe. Chemical shifts are reported relative to the acetone-d6 residual proton peaks (1H: δ = 

2.05 ppm) for 1H NMR or relative to an external reference for 19F NMR (19F: δ = 0.00 ppm, CFCl3). 

Abbreviations for peak multiplicity are given as follows: s for singlet, d for doublet, t for triplet, q for 

quartet, p for pentet, dt for doublet of triplets, sext for sextet, m for multiplet and br.s for broad. 

1.2 IR spectroscopy 

IR spectra were acquired on a Magna-750 (Nicolet Instrument Corporation, USA) or on 

INVENIO R (Brucker, Germany) Fourier IR-spectrometer using KBr pellets or ATR technology (128 

scans, resolution is 4 cm-1) 

1.3 Kinematic and dynamic viscosities 

Kinematic viscosities (𝑣) of ILMs were measured using a calibrated CUSMC-300 Cannon 

Ubbelohde semi-microcapillary viscometer at 25 °C. The dynamic viscosity (η) was calculated using 

the equation: 

𝜂 = 𝑣 ∗ 𝑑      (eq 1.1) 

where d is the density of ILMs determined at 25 °C using a calibrated pycnometer. 

1.4 Differential scanning calorimetry (DSC) 

Differential scanning calorimetry of PILs was performed on a DSC 300 Caliris® Select 

(Netzsch, Germany) differential calorimeter in the range of −80 to 150 °C at a heating rate of 5 °C min−1 
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under an nitrogen atmosphere. When studying the ILMs, a special low heating rate of 2 °C min−1 was 

applied as recommended for the investigation of viscous ionic liquids152. Two heating−cooling cycles 

were carried out for each sample. Glass transition temperatures (Tg) were calculated from the second 

heating curve. 

Differential scanning calorimetry measurements for DIGs were done using a DSC Q200 (TA 

Instrument) calibrated with an indium standard. The samples were prepared in aluminium hermetic pans 

and the experiments were conducted under a nitrogen purge of 25 mL min–1 on ca. 5-10 mg samples. 

The sample was first heated to 100 °C at a rate of 10 °C min–1 and isothermally annealed for 1 min. 

Then, the temperature was decreased to –70 °C at a rate of 10 °C min–1 followed by a second heating 

to 100 °C at a rate of 10 °C min–1. The glass transition temperatures were measured at the mid-point of 

the transition (on the second heating cycle) using the TA Thermal Analysis software. 

1.5 Thermal mechanical analysis (TMA) 

Thermal mechanical analysis (TMA) of PILs was performed under inert atmosphere (N2) using 

a DIL 402 select Expedis dilatometer (NETZSCH, Germany) with a constant load of 0.3 N at a heating 

rate of 5 °C min–1
 in the range of −100 to 150 °C. The heat distortion temperature (THDT) was determined 

as a temperature at which a noticeable deformation under applied load and scanning/ heating rate was 

observed. 

1.6 Thermogravimetric analysis (TGA) 

Thermal gravimetric analysis (TGA) for ILMs and PILs was carried out in air on a TGA2 

STARe System (Mettler Toledo, Switzerland) applying a heating rate of 5 °C min-1. The onset weight 

loss temperature (Tonset) was determined as the point in the TGA curve at which a significant deviation 

from the horizontal was observed. The resulting temperature was then rounded to the nearest 5°C. 

Thermogravimetric analysis for DIGs was performed using a TGA Q500 (TA Instruments). A 

heating ramp from 30 to 700 °C was applied at 10 °C min–1 under a helium purge of 60 mL min–1 to ca. 

5-15 mg samples. Tonset was determined as the point in the TGA curve at which a significant deviation 

from the horizontal was observed. The resulting temperature was then rounded to the nearest 5°C. 

1.7 Electrochemical impedance spectroscopy (EIS) 

Ionic conductivity of ILMs and PILs was measured by electrochemical impedance 

spectroscopy (EIS) with a VSP potentiostat/galvanostat (Bio-Logic Science Instruments, France). To 

avoid any influence of moisture/ humidity on the conductivity of electrolytes, the latter were 

preliminary dried at 80 °C/0.1 mbar for 12 h in the B-585 oven (Buchi Glass Drying Oven, Switzerland) 

filled with P2O5 and were transferred under vacuum inside an argon-filled glovebox (MBRAUN MB-

Labstar, H2O and O2 content<0.5 ppm). ILM samples were placed in TSC 70 closed cell (RHD 
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instruments, Germany, cell constant was calculated using the solution of conductivity standard) and 

afterwards was taken out from the glovebox. PIL samples were sandwiched between two stainless steel 

electrodes. The distance between the electrodes was kept equal to 250 μm using a Teflon spacer ring 

with an inner area of 0.50 cm2. Symmetrical stainless steel/PIL/stainless steel assembly was clamped 

into the 2032-coin cell and afterwards was taken out from the glovebox. EIS experiments were carried 

by applying a 10 mV perturbation in the frequency range from 10−2 to 2×105 Hz and in a temperature 

range from 20 to 100 °C. Temperature was controlled using the programmed M-53 oven (Binder, 

Germany), where cells were allowed to reach thermal equilibrium for at least 45 min before each test.  

1.8 Broadband dielectric spectroscopy (BDS) 

Broadband dielectric spectroscopy (BDS) was employed to measure the effect of temperature 

on the ionic conductivity for DIGs and PILs. The measurements were carried out using a high resolution 

Alpha–Analyzer (Novocontrol GmbH). The sample temperature was controlled under a flow of pure 

nitrogen gas (Quatro temperature controller) so that any presence of oxygen and moisture in the 

measuring chamber can be excluded. The thermal stability was better than 0.1 K, with relative variations 

less than 0.2 K min−1. For PILs, a solution of 100 mg in acetone (1.5 mL) was deposited drop wise onto 

a platinum electrode (2 cm in diameter) and the solvent was slowly evaporated under ambient 

conditions. For DIGs, ca. 100 mg of previously dried samples at 70 C under vacuum for at least 24 h 

were directly placed in the platinum electrode with a stainless steel spatula. In order to remove any 

traces of solvent or water in the samples, a thermal annealing at 70 °C under vacuum for 18 h was 

carried-out. After the thermal treatment, a second platinum electrode (3 cm in diameter) was placed on 

top of the sample to build up a measurement cell as a parallel plate capacitor. The sample thickness was 

controlled by employing 100 m thick Teflon spacers. A further annealing was performed inside the 

cryostat of the dielectric spectrometer under a flow of pure nitrogen during 3 h at 110 °C. The electrical 

and dielectric properties were continuously monitored until the equilibrium was reached. Once this 

equilibration procedure was done, the ionic conductivity measurements were started by measuring the 

complex conductivity function which is defined by equation 1.2: 

*(w,T) = (w,T) + i(w,T)    (eq 1.2) 

The conductivity measurements were carried-out from 10 MHz to 0.1 Hz under isothermal 

frequency sweeps from 110 to −50 °C in temperature steps of 10 °C The applied voltage was 0.1 V to 

exclude any possible non–linear effects. Once the measurements were finished the samples were re-

measured at a reference temperature chosen as 30 C to validate that the experimental results were 

reproducible and stable. The DC-conductivity values (DC) of the anhydrous PILs and DIGs were 

obtained by the value of the plateau observed in the frequency dependence of σ′. Above Tg, the 
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dependence of DC on the inverse temperature follows a typical Vogel–Fulcher–Tammann (VFT) 

behavior for all studied samples. The experimental results were thus fitted with the VFT equation 1.3:  

𝜎𝐷𝐶 = 𝜎∞  ×  𝑒𝑥𝑝 (−
𝐵

(𝑇−𝑇𝑉𝐹𝑇)
)     (eq 1.3) 

with DC the ionic conductivity in the high temperature limit, B a fitting parameter related to 

the activation energy of the ionic conduction, and TVFT the Vogel temperature.  

1.9 Cyclic voltammetry (CV) 

Cyclic voltammetry (CV) was used to determine the electrochemical stability window (ESW) 

of PILs at 25°C. The ESW was studied under an argon atmosphere in a glovebox (MBRAUN MB-

Labstar, H2O and O2 content <0.5 ppm) at room temperature using a VSP potentiostat/galvanostat (Bio-

Logic Science Instruments, France). The three-electrode cells were assembled by sandwiching the 

polymer sample between two Pt flat electrodes (used as working and counter electrodes) and silver 

mesh (used as pseudo-reference electrode) to form the following architecture: Pt/PIL/Ag mesh/PIL/Pt. 

The ESW test was performed by scanning at 5 mV s-1 rate from the open circuit potential (OCV) toward 

positive or negative potentials. 

CV was also used to test supercapacitors. Cyclic voltammetry experiments were performed at 

different scan rates of 1, 2, 5, 8, 10 mV s-1 in a voltage range of 0 – 2.0 V and at 25, 40 and 80 C.  

1.10 Size exclusion chromatography (SEC). 

A 1200 Infinity gel permeation – size exclusion chromatograph (SEC, Agilent Technologies) 

was used to determine number average molar masses (Mn), weight average molar masses (Mw) and 

chain dispersities (Ð = Mw/Mn) of PILs. The chromatograph was equipped with an integrated IR 

detector, 0.1 М solution of Li(CF3SO2)2N in DMF was used as an eluent at 50 °C and the flow rate was 

set as 1.0 mL min-1. A set of PL PolarGel-M column and a PL PolarGel-M guard column (Agilent 

Technologies) was applied for analysis of anionic PILs, while another set of TSKgel G5000-HHR 

column and TSKgel HHR-H guard column (Tosoh Bioscience) was used to study cationic PILs. 

Polymer solutions (4 mg mL-1) in 0.1 М solution of Li(CF3SO2)2N in DMF were filtered through 0.20 

μm pore size polytetrafluoroethylene (PTFE) filters prior to the measurements. Polymethylmethacrylate 

standards (EasiVial PMMA, Agilent Technologies, Mp = 550–1568000 g mol-1) were used to perform 

calibration. 

1.11 Rheological measurements 

Rheological measurements were performed using a strain-controlled ARES-G2 rheometer (TA 

Instruments) equipped with an ACS-3 chiller (TA Instruments). Plate-plate disposable aluminum 

geometries with a diameter of 25 mm were adopted for neat and previously dried PILs. In the case of 

the dried DIGs, smaller disposable aluminum plates with a diameter of 8 mm were used. Aiming to 
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eliminate the effect of moisture on the viscoelastic properties of the ionic samples, both PILs and DIGs 

were dried inside a vacuum oven for at least 24 h at 70 C before the measurements. To guarantee a 

maximum contact between the sample and the geometry, a sufficiently thick layer of 0.4–1.5 mm and 

an initial positive axial force was applied. Frequency sweep tests were conducted at temperatures 

ranging from -20 °C to 120 °C from 628 rad s–1 to 0.1 rad s-1. To determine the linear viscoelastic region 

of each sample preliminary strain sweep tests were carried out at a fixed frequency of 1 rad s–1 in a 

range of deformation between 0.01 and 100%. The master curves were built through time-temperature 

superposition and were referenced at T0 = 25 or 29 °C. The corresponding shift factors aT were 

determined and it was verified that they present a temperature dependence that follows the WLF 

(Williams-Landel-Ferry) equation 1.4. 

log(𝑎𝑇) = −
𝐶1(𝑇−𝑇0)

𝐶2+(𝑇−𝑇0)
      (eq 1.4) 

1.12 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) images were recorded with an MFP-3D Infinity microscope 

(Asylum Instruments/Oxford Instruments, United Kingdom) in tapping mode (30−35 °C, in air). 

AC160TS-R3 (Olympus, Japan) cantilevers were applied with a stiffness of 26 N m-1
 and resonance 

frequency of 300 KHz. The images were recorded in the so-called “soft tapping mode,” to avoid 

deformation and indentation of the polymer surface by the tip. The domain periodicity was evaluated 

on an averaged power density spectrum (PSD) generated from a phase shift channel on three different 

2 × 2 μm2
 images. All of the images were collected with the maximum available number of pixels (512) 

in each direction. On each image, two profiles were taken, and for each, the distance over ten 

consecutive periods was recorded. The general procedure for the preparation of the samples for AFM 

was as follows: borosilicate glass coverslips (22 × 22 mm2, thickness no. 1 (0.13−0.16 mm), free from 

streaks, bubbles, and striations (Epredia, Netherlands)) from hydrolytic class I were rinsed with acetone, 

then with dichloromethane, and dried with air flow. The solution of PILs or DIGs in anhydrous DMF 

with a concentration of 100 mg/mL was prepared at RT under an inert atmosphere. The solution was 

filtered through a 0.22 μm syringe filter and cast at 22 °C onto a glass coverslip placed on a levelled 

hotplate, whereupon the surface of the hotplate was heated to 80 °C. An inverted glass funnel with the 

neck filled with cotton was then placed over the top of the glass slide to ensure gradual evaporation 

(over the course of hours), thus enabling reorganization of the films to achieve (near-)equilibrium 

morphologies. Finally, the obtained films on the glass coverslips were transferred into the vacuum bell 
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and dried at 80 °C/1 mbar for 24 h. Prior to AFM analysis, the sample surface was quickly rinsed with 

anhydrous ethanol for a few seconds and was then dried under a nitrogen flux.  

2. Synthesis  

2.1 Ionic liquid like monomers (ILMs) 

2.1.1 Methacrylic ionic monomers 

1-Butyl-3-methylimidazolium 1-[3-(methacryloyloxy)propylsulfonyl]-1-

(trifluoromethanesulfonyl)imide (ILM1).  

ILM1 was synthesized from lithium 1-[3-(methacryloyloxy)propylsulfonyl]-1-

(trifluoromethanesulfonyl)imide12,100 via ion metathesis reaction with an excess of 1-metyl-3-

butylimidazolium bromide in the aqueous medium. 

The solution of lithium 1-[3-(methacryloyloxy)propylsulfonyl]-1-

(trifluoromethanesulfonyl)imide (32.50 g, 94.0 mmol) in 150 ml of deionized water was added dropwise 

to the aqueous solution (60 mL) of 1-metyl-3-butylimidazolium bromide (21.10 g, 96.2 mmol) at room 

temperature. The formation of an emulsion was observed immediately and the stirring was continued 

for 2 h at RT. The organic oil was extracted from reaction mixture with DCM. The DCM layer was 

washed with water (4 × 30 mL), dried over anhydrous magnesium sulfate. MgSO4 was filtered off, a 

catalytic amount of 4-methoxyphenol (as an inhibitor) was added and dichloromethane was removed 

under reduced pressure at RT. Resultant light yellow transparent oil was dried at 25 °C/0.1 mbar for 8 

h. Yield: 27.40 g (77 %). Tg = -63 °C (DSC); Tonset =  225°C (TGA); 1H NMR (600.2 MHz, DMSO-d6): 

δ = 9.09 (s, 1H), 7.76 (s, 1H), 7.69 (s, 1H), 6.03 (s, 1H), 5.67 (s, 1H), 4.17 (dt, J = 13.4, 6.8 Hz, 4H), 

3.85 (s, 3H), 3.10 – 3.04 (m, 2H), 2.06–1.97 (m, 2H), 1.88 (s, 3H), 1.79–1.74 (m, 2H), 1.29–1.23 (m, 

2H), 0.90 (t, J = 7.4 Hz, 3H); 13C NMR (150.9 MHz, DMSO-d6): δ = 166.4, 136.5, 135.8, 125.6, 123.6, 

122.2, 120.1 (q, JCF = 324.5 Hz), 62.8, 51.3, 48.5, 35.7, 31.3, 23.5, 18.7, 17.9, 13.1; 19F NMR (564.7 

MHz, DMSO-d6) : δ = -79.8 (s); IR (ATR-mode): 3151 (m), 3114 (m), 2963 (m, νCH), 2938 (m, νCH), 

2877 (w, νCH), 1716 (s, νC=O), 1637 (m, νC=C), 1572 (m), 1466 (m, νCH), 1410 (w), 1321(vs, νasSO2), 1298 

(s), 1222 (m, νCF), 1178 (vs, νsSO2), 1123 (s), 1052 (s, νCF), 1023 (m), 945 (w), 817 (m), 754 (m), 712 

(w), 649 (m), 622 (s) cm-1; Calc. for C16H26F3N3O6S2 (477.5): C, 40.25%; H, 5.49%; N, 8.80%; Found: 

C, 40.11%; H, 5.40%; N, 8.92%. 

3-butyl-1-(3-(methacryloyloxy)propyl) imidazolium bis((trifluoromethyl)sulfonyl)amide 

(ILM2) 

Monomer ILM2 was prepared via a three steps reaction: 1) synthesis of 3-butyl-1-(3-

hydroxypropyl)imidazolium bromide, 2) ion exchange reaction with an excess of LiTFSI and acylation 

reaction with methacryloyl cloride. 
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1-Butylimidazole (15.96 g, 128.7 mmol), 3-bromo-1-propanol (21.50 g, 154.0 mmol) and 70 

mL of anhydrous toluene were added to a single-neck flask equipped with a magnetic stirrer and a 

condenser. The resulting mixture was stirred at 50 °C for 72 hours. During the reaction, the mixture 

separated into two layers. The toluene layer was decanted and the transparent viscous residue was 

washed with toluene (3 × 50 mL) and dried at 50 °C/0.1 mbar for 3 hours. Yield: 33.10 g (98%). 

The solution of lithium bis((trifluoromethyl)sulfonyl)imide (40.70 g, 141.9 mmol) in 30 ml of 

deionized water was added dropwise to the aqueous solution (70 mL) of 3-butyl-1-(3-

hydroxypropyl)imidazolium bromide (31.10 g, 118.2 mmol) at room temperature. The formation of an 

emulsion was observed immediately and the stirring was continued for 2 h at RT. The organic oil was 

extracted from reaction mixture with DCM. The DCM layer was washed with water (4 × 30 mL), dried 

over anhydrous magnesium sulfate and decolorizing charcoal (Cact). MgSO4 with Cact was filtered off 

and dichloromethane was removed under reduced pressure at 50°C. Resultant colorless transparent oil 

was dried at 50 °C/0.1 mbar for 8 h. Yield: 47.50 g (87 %). 1H NMR (600.2 MHz, DMSO-d6): δ = 9.17 

(s, 1H), 7.76 (d, J = 1.7 Hz, 2H), 4.60 (s, 1H), 4.24 (t, J = 7.1 Hz, 2H), 4.16 (t, J = 7.2 Hz, 2H), 3.42 (t, 

J = 5.9 Hz, 2H), 1.99 – 1.92 (m, 2H), 1.78 (p, J = 7.5 Hz, 2H), 1.31 – 1.22 (m, 2H), 0.90 (t, J = 7.4 Hz, 

3H). 

Freshly distilled methacryloyl chloride (13.65 g, 130.6 mmol) was dissolved in 7 mL of 

dichloromethane and cooled to -10 °C under an inert atmosphere in a three-neck flask equipped with a 

dropping funnel. In a separate flask, a solution of 3-butyl-1-(3-hydroxypropyl)imidazolium 

bis((trifluoromethyl)sulfonyl)imide (43.20 g, 93.0 mmol) and triethylamine (15.02 g, 148.8 mmol) in 7 

mL of dichloromethane was prepared and transferred to the dropping funnel. This alcohol amine 

solution was added dropwise to the methacryloyl chloride, maintaining the temperature at -10 °C. A 

white precipitate formed after the first drops were added, and the solution turned red. After the complete 

addition, the reaction mixture was stirred at 25 °C for 12 hours. The white precipitate was filtered off, 

and dichloromethane was removed under reduced pressure at 25 °C. The reddish residue was dissolved 

in 20 mL of anhydrous THF, resulting in more white precipitate formation. This precipitate was filtered 

off, and the THF solution was added dropwise to an excess of diethyl ether. The resulting red oil was 

washed with diethyl ether (2 × 100 mL), dissolved in dichloromethane (300 mL), and passed through a 

10 mL silica gel pad. The obtained solution was washed with water (5 × 100 mL), and the 

dichloromethane layer was dried over anhydrous magnesium sulfate. The magnesium sulfate was 

filtered off, and dichloromethane was removed under reduced pressure at 25 °C, yielding a red viscous 

oil. This oil was dissolved in 200 mL of methanol, 200 mg of decolorizing charcoal was added, and the 

resulting suspension was stirred for 12 hours at 25 °C. Decolorizing charcoal was filtered off, and 

methanol was removed under reduced pressure at 25 °C. The resulting yellowish oil was dried at 25 

°C/0.1 mbar for 1 hour. Yield: 34.00 g (77 %). Tg = -70 °C (DSC); Tonset =  245°C (TGA); 1H NMR 
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(600.2 MHz, DMSO-d6): δ = 9.21 (s, 1H), 7.81 (s, 1H), 7.79 (s, 1H), 5.99 (d, 1H), 5.68 (s, 1H), 4.29 (t, 

J = 7.0 Hz, 2H), 4.15 (q, J = 6.5 Hz, 4H), 2.21 (p, J = 6.6 Hz, 2H), 1.87 (s, 3H), 1.81 – 1.73 (m, 2H), 

1.27 (h, J = 7.4 Hz, 2H), 0.90 (t, J = 7.4 Hz, 3H); 13C NMR (150.9 MHz, DMSO-d6): δ = 166.3, 136.1, 

135.6, 125.8, 122.5, 122.5, 119.5 (q, JCF = 321.9 Hz), 61.3, 48.6, 46.4, 31.2, 28.4, 18.7, 17.8, 13.1; 19F 

NMR (564.7 MHz, DMSO-d6) : δ = -80.8 (s); IR (ATR-mode): 3151 (m), 3114 (m), 2963 (m, νCH), 

2938 (m, νCH), 2877 (w, νCH), 1716 (s, νC=O), 1637 (m, νC=C), 1572 (m), 1466 (m, νCH), 1410 (w), 1321(vs, 

νasSO2), 1298 (s), 1222 (m, νCF), 1178 (vs, νsSO2), 1123 (s), 1052 (s, νCF), 1023 (m), 945 (w), 817 (m), 

754 (m), 712 (w), 649 (m), 622 (s) cm-1; Calc. for C16H23F6N3O6S2 (531.5): C, 36.16%; H, 4.36%; N, 

7.91%; Found: C, 36.12%; H, 4.51%; N, 7.84% 

2.1.2 Dipropargyl ionic monomers 

N,N-Dimethyl-N,N-dipropargylammonium Bis(trifluoromethylsulfonyl)imide (ILM3) 

and N,N-Dibutyl-N,N-dipropargylammonium Bis(trifluoromethylsulfonyl)imide (ILM4) 

Ionic liquid monomers (ILM3) and (ILM4) were synthesized as described previously104. 

N,N,N',N'-tetramethyl-N,N'-dipropargyl-hexane-1,6-diammonium 

bis(trifluoromethylsulfonyl)imide (ILM5)  

Monomer ILM5 was synthesized in two steps: 1) N-alkylation of N,N,N’,N’-tetramethyl-1,6-

hexanediamine by propargyl bromide and 2) ion exchange reaction with an excess of LiTFSI. 

A solution of propargyl bromide (9.13 g , 76.8 mmol) in anhydrous MeCN (10 mL) was added 

dropwise to a solution of N,N,N’,N’-tetramethyl-1,6-hexanediamine (3.78 g, 21.9 mmol) in anhydrous 

MeCN (20 mL) maintained at 0-5 °C under inert atmosphere. After stirring for 5 minutes the start of 

the precipitation of a beige powder was observed. Stirring was continued for 1 h at 0-5 °C, then for 1h 

at 25 °C and finally for 10 h at 55 °C. The reaction mixture was centrifugated for 5 min at 5000 rpm, 

the mother liquor was decanted and a fresh portion of MeCN was added to the precipitate. After intense 

shaking the suspension was again centrifugated and this procedure was repeated three times. N,N,N',N'-

Tetramethyl-N,N'-dipropargyl-hexane-1,6-diammonium bromide was isolated by filtration as white-

beige powder and dried for 8 h at 70 °C/0.1 mbar (hereinafter with a special flask filled with P2O5 and 

introduced into the vacuum line). Yield: 8.64 g (96%); Tm= 205 °C (DSC).           

Lithium bis(trifluoromethylsulfonyl)imide (3.53 g, 12.2 mmol) was dissolved in H2O (8 mL) 

and added dropwise to a solution of N,N,N',N'-tetramethyl-N,N'-dipropargyl-hexane-1,6-diammonium 

bromide (2.10 g, 5.12 mmol) in H2O (20 mL) at room temperature. The mixture was stirred 2 h at 25 

°C and the precipitation of a yellow powder was observed. The temperature was raised to 70 °C and 

stirring was continued for 1 h. After cooling down to room temperature the upper aqueous layer was 

decanted and the residual powder was redissolved in 80 mL of dichloromethane. The DCM solution 
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was washed with water (3 × 30 mL) and dried over anhydrous MgSO4. The magnesium sulfate was 

filtered off, the decolorizing charcoal was added to the solution and the suspension was stirred at room 

temperature for another 2 h. The charcoal was filtered off and DCM was stripped off under reduced 

pressure. Bispropargyl monomer ILM5 was obtained as a white crystalline powder, which was dried at 

50 °C/0.1 mbar for 4 h. Yield: 3.45 g (83%); Tm. = 68°C (DSC); Tc = 14 °C (DSC); Tg = -45 °C (DSC); 

1H NMR (300.0 MHz, DMSO-d6): δ = 4.35 (d, J = 3.0 Hz, 4H), 4.02 (t, J = 3.0 Hz, 2H), 3.33 (br.s, 4H), 

3.07 (s, 12H), 1.75 - 1.65 (m, 4H), 1.38 – 1.30 (m, 4H); 13C NMR (75.5 MHz, DMSO-d6): δ = 119.5 (q, 

JCF = 322.0 Hz), 82.8, 72.2, 62.9, 53.2, 49.8, 25.1, 21.6; 19F NMR (282 MHz, DMSO-d6): δ = -78.7 (s); 

IR (KBr pellet): 3305 (m, CH), 3251 (m, CH), 3049 (w, CH), 2996 (w, CH), 2966 (m, CH), 2626 (w, 

CH), 2867 (w, CH), 2135 (w, CH), 1484 (m), 1423 (w), 1348 (vs, asS=O), 1196 (vs, CF), 1141 (s, 

sS=O), 1054 (vs, CF), 969 (w), 890 (m), 796 (m), 766 (w), 741 (m), 688 (w), 654 (w), 615 (vs, CH), 

570 (s), 514 (s) cm−1; Calc. for C20H30F12N4O8S4 (810.7): C, 29.63%; H, 3.73%; N, 6.91%; Found: C, 

29.48%; H, 3.66%; N, 6.90%. 

1,1'-(hexane-1,6-diyl)bis(3-propargyl-imidazolium) bis(trifluoromethylsulfonyl)imide 

(ILM6)  

Monomer ILM6 was prepared via a three steps reaction: 1) synthesis of N-propargyl imidazole, 

2) N-alkylation of N-propargyl imidazole by 1,6-dibromohexane and ion exchange reaction with an 

excess of LiTFSI. 

A solution of propargyl tosylate (48.08 g, 228.7 mmol) in anhydrous MeCN (100 mL) was 

added dropwise to a solution of imidazole (34.2 g, 503 mmol) in anhydrous MeCN (140 mL) at 0-5 °C 

under inert atmosphere. Stirring was continued for 1 h at 0-5 °C and then for 2 h at 40 °C. MeCN was 

evaporated under reduced pressure at room temperature and the residual oil was distilled under vacuum 

(bp = 62 °C/0.08 mm Hg). The obtained colorless oil was still containing 10 mol% of imidazole (1H 

NMR). To remove impurity 1.5 mL of 37 wt% HCl was added to the oil with vigorous stirring at room 

temperature. Stirring was continued for 15 minutes and DCM (100 mL) was added to the solution. The 

organic layer was separated, washed with H2O (3 × 5 mL) and dried over anhydrous MgSO4. The 

magnesium sulfate was filtered off and DCM was evaporated under reduced pressure. N-propargyl 

imidazole was obtained as a yellow oil, which was dried at 25 °C/0.1 mbar for 4 h. Yield: 9.78 g (40%): 

1H NMR (400.0 MHz, DMSO-d6): δ = 7.70 (s, 1H), 7.22 (s, 1H), 6.95 (s, 1H), 4.93 (br.s, 2H), 3.52 

(br.s, 2H); 13C NMR (100.0 MHz, DMSO-d6): δ = 137.1, 128.9, 119.5, 78.7, 76.2, 35.6; IR (KBr pellet): 

3290 (vs, CH), 3191 (s, CH imidazole), 3112 (vs, CH CH imidazole), 2961 (m, CH), 2927 (m, CH), 2121 (s, 

CH), 1670 (w), 1637 (w), 1594 (m), 1505 (vs), 1435 (s), 1392 (s), 1348 (s), 1282 (vs), 1231 (vs), 1107 

(s), 1075 (vs), 1029 (s), 944 (m), 907 (s), 820 (vs), 736 (vs, CH imidazole), 660 (vs), 616 (vs, CH), 458 

(w) cm−1. 
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A solution of 1,6-dibromohexane (4.50 g, 18.5 mmol) in anhydrous MeCN (25 mL) was added 

dropwise to a solution of N-propargyl imidazole (4.29 g, 40.6 mmol) in anhydrous MeCN (25 mL) 

maintained at 0-5 °C under inert atmosphere. The stirring was continued for 1 h at 0-5 °C, 2 h at 25 °C, 

66 h at 45 °C and 23 h at 60 °C. The precipitation of the light-brown oil was observed and the emulsion 

was placed in the fridge (5 °C) for 48 h, whereupon the crystallization happened. The light-brown 

crystals were filtered, washed with Et2O, then thrice with DCM, filtered again and smashed into powder 

with a mortar. 1,1'-(Hexane-1,6-diyl)bis(3-propargyl-imidazolium) bromide was crystallized from 

MeCN/H2O mixture (150/11 mL) as light-yellow crystals that were dried at 60 °C/0.1 mbar for 12 h. 

Yield: 6.20 g (73%); Tm = 139 °C (DSC). 

Lithium bis(trifluoromethylsulfonyl)imide (11.30 g, 39.3 mmol) was dissolved in H2O (25 mL) 

and added dropwise to a solution of 1,1'-(hexane-1,6-diyl)bis(3-propargyl-imidazolium) bromide (5.98 

g, 13.1 mmol) in H2O (30 mL) at room temperature. The mixture was stirred for 2 h at 25 °C and the 

precipitation of a yellow powder was observed. The yellow powder was filtered and dissolved in 

acetone (60 mL). A solution of lithium bis(trifluoromethylsulfonyl)imide (6.50 g, 22.6 mmol) in 

acetone (15 mL) was added dropwise under stirring to the obtained solution. The reaction continued 

overnight at room temperature, whereupon the solvent was evaporated and the residual orange oil was 

extensively washed with H2O (5 × 20 mL). The oil was dissolved in MeCN and dried over anhydrous 

MgSO4. The magnesium sulfate was filtered off, the decolorizing charcoal was added to the solution 

and the suspension was stirred at room temperature for another 2 h. The charcoal was filtered off and 

MeCN was evaporated under reduced pressure. Monomer ILM6 was obtained as a slightly viscous 

yellow oil, which was dried at 55 °C /0.1 mbar for 12 h. Yield: 7.09 g (63%); Tg = -56 °C (DSC); 1H 

NMR (600.0 MHz, DMSO-d6): δ = 9.26 (s, 2H), 7.81 (s, 4H), 5.18 (br.s, 4H), 4.19 (t, J = 7.2 Hz, 4H), 

3.81 (br.s, 2H), 1.80 (t, J = 7.2 Hz, 4H), 1.28 (br.s, 4H); 13C NMR (151.0 MHz, DMSO-d6): δ = 136.1, 

122.8, 122.4, 119.5 (q, JCF = 322.0 Hz), 78.9, 75.9, 48.9, 38.6, 29.1, 24.9; 19F NMR (565.0 MHz, 

DMSO-d6): δ =  -78.8 (s); IR (KBr pellet): 3277 (m, CH), 3151 (s, CH imidazolium), 2949 (m, CH), 2868 

(w, CH), 2138 (w, CH), 1564 (s), 1475 (w), 1444 (w), 1350 (vs, asS=O), 1330 (vs), 1193 (vs, CF), 1137 

(vs, sS=O), 1055 (vs, CF), 955 (w), 842 (m), 790 (s), 740 (s, CH imidazolium), 654 (m), 614 (vs, CH), 570 

(vs), 513 (s), 406 (m) cm−1; Calc. for C22H24F12N6O8S4 (856.7): C, 30.84%; H, 2.82%; F, 26.61%; 

Found: C, 31.18%; H, 2.80%; F, 26.69%. 

2.2 Poly(ionic liquid)s (PIL)s  

2.2.1 Triazole/triazolium PILs (PIL1-PIL9) 

Synthesis of poly(1,2,3-triazole)s PIL1-PIL4. 

PIL1-PIL4 were synthesized via AA + BB CuAAC polyaddition and a typical procedure is 

detailed below by the example of poly(1,2,3-triazole) PIL4 preparation.  
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Dipropargyl ILM6 (1.01 g, 1.18 mmol), 1,11-diazido-3,6,9-trioxaundecane (0.29 g, 1.18 

mmol) and N,N-diisopropylethylamine (0.31 g, 2.36 mmol) were dissolved in anhydrous DMF (6 mL) 

under inert atmosphere at room temperature. Afterwards the CuIP(OEt)3 (42.2 mg, 0.118 mmol) was 

added in one portion to the transparent yellow solution and stirring was continued in the dark for 68 h 

at 80 °C. The resulting brown solution was precipitated into the excess of diethyl ether and the brown 

oil was centrifugated (10000 RPM, 5 min). The oil was dissolved in MeCN (5 mL) and precipitated 

twice into an excess of H2O containing 2-3 drops of PMEDTA and then thrice in H2O. Poly(1,2,3-

triazole) PIL4 was recovered as a dark brown gummy material and was dried at 80 °C/0.1 mbar for 12 

h. Yield: 0.82 g (63%); Tg = -12 °C (DSC); 1H NMR (600.0 MHz, DMSO-d6): δ =  9.26 (s, 2H), 8.22 

(s, 2H), 7.78 (s, 2H), 7.76 (s, 2H), 5.53 (s, 4H), 4.55 (t, J = 4.8 Hz, 4H), 4.17 (t, J = 7.8 Hz, 4H), 3.82 

(t, J= 5.4 Hz, 4H), 3.58 – 3.49 (m, 4H), 3.50 – 3.42 (m, 4H), 1.84 – 1.75 (m, 4H), 1.32 – 1.24 (m, 4H); 

13C NMR (151 MHz, DMSO-d6): δ = 140.2, 136.1, 124.9, 122.6, 120.0 (q, JCF = 322.0 Hz), 69.6, 69.5, 

68.6, 49.6, 48.9, 43.8, 29.1, 24.9; 19F NMR (565.0 MHz, DMSO-d6): δ = -78.8 (s); IR (ATR mode): 

3152 (m, CH imidazolium), 3113 (w, CH triazole), 3096 (w, CH triazole), 2934 (w, CH), 2916 (w, CH), 2868 (m, 

CH), 1697 (w), 1598 (w), 1563 (m), 1515 (w), 1449 (m), 1348 (s, asS=O), 1329 (s), 1180 (vs, CF), 1132 

(vs, sS=O), 1051 (vs, CF), 833 (m), 740 (s, CH imidazolium), 652 (m), 613 (vs, CH), 599 (s), 570 (vs), 531 

(w), 512 (vs) cm−1; Calc. for C31H44F12N12O11S4 (1117.0): C, 33.33%; H, 3.97%; N, 15.05%; Found: C, 

33.19%; H, 3.96%; N, 14.94%.  

Synthesis of poly(1,2,3-triazolium)s PIL5-PIL9 

Polymers PIL5-PIL9 were synthesized in two steps: N-alkylation of the 1,2,3-triazole groups 

of polymers PIL2-PIL4 by an excess of CH3I and subsequent ion exchange reaction with LiTFSI. A 

typical procedure is given below by the example of PIL8 preparation.  

Iodomethane (0.93 g, 6.54 mmol) was added to a solution of poly(1,2,3-triazole) PIL4 (0.72 g, 

0.654 mmol) in anhydrous DMF (10 mL) at room temperature under inert atmosphere. Stirring was 

continued at 60 °C for 90 h, whereupon additional CH3I (0.50 g, 3.52 mmol) was added and the solution 

was further stirred at 80 °C for 72 h. The crude reaction mixture was diluted with DMF and precipitated 

two times in acetone to yield a dark brown viscous oil which was separated by centrifugation (10000 

RPM, 10 min).  

The obtained oil was redissolved in H2O (20 mL) and an aqueous solution of LiTFSI (0.69 g, 

2.4 mmol in 5 mL of H2O) was added dropwise under vigorous stirring at room temperature. The 

mixture was stirred for 12 h at 40 °C and the precipitation of a viscous brown oil was observed. The 

aqueous layer was decanted and the oil was washed with H2O (3 × 20 mL), dissolved in acetone (6 mL) 

and precipitated again into an excess of H2O. Polymer PIL8 was recovered as a brown gummy solid 

after centrifugation (10000 RPM, 10 min) and drying at 80 °C/0.1 mbar for 12 h. Yield: 0.67 g (69%); 
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Tg = -1 °C (DSC); 1H NMR (600 MHz, DMSO-d6): δ = 9.30 (s, 2H), 8.97 (s, 2H), 7.85 (br.s, 4H), 5.84 

(s, 4H), 4.83 (t, J = 4.8 Hz, 4H), 4.34 (s, 6H), 4.18 (t, J = 7.8 Hz, 4H), 3.92 (t, J = 5.4 Hz, 4H), 3.58 

(br.s, 4H), 3.51 (br.s, 4H), 1.82 (br.s, 4H), 1.35 (br.s, 4H); 13C NMR (151 MHz, DMSO-d6): δ = 137.2, 

131.4, 122.9, 122.7, 120.0 (q, JCF = 322.0 Hz), 69.5, 67.4,  53.4, 49.1, 40.3, 38.4, 29.2, 25.1; 19F NMR 

(565 MHz, DMSO-d6): δ =  -78.8 (s); IR (ATR mode): 3151 (w, CH imidazolium), 3119 (w, CH triazolium), 

3089 (w, CH triazolium), 2929 (w, CH), 2875 (m, CH), 1561 (m), 1457 (m), 1346 (s, asS=O), 1328 (s), 1175 

(vs, CF), 1131 (vs, sS=O), 1050 (vs, CF), 935 (w), 843 (m), 791 (s), 741 (s, CH imidazolium), 692 (m, CH 

triazolium), 652 (s), 611 (vs, CH), 598 (s), 569 (vs), 505 (vs) cm−1; Calc. for C37H50F24N14O19S8 (1707.4): 

C, 26.03%; H, 2.95%; N, 11.49%; Found: C, 26.07%; H, 2.91%; N, 11.51%. 

2.2.2 Methacrylate based polyelectrolytes (PIL10-PIL29) 

RAFT polymerization of ILM1, ILM2 and ILM7 

Random copolymers poly(ILM1n-r-PEGMm), poly(ILM2n-r-PEGMm) and  poly(ILM7128-r-

PEGM128) were prepared via RAFT copolymerization. While the detailed loadings and reaction times 

for the synthesis of PIL10 - PIL12, PIL14 – PIL21 are presented in Table IV.1, the typical 

polymerization procedure is given bellow by the example of poly(ILM194-r-PEGM103) (PIL13) 

synthesis. 

A solution of ILM1 (3.00 g, 6.28 mmol), PEGM (3.14 g, 6.29 mmol), CPCP (17.1 mg, 0.061 

mmol) and AIBN (2.01 mg, 0.012 mmol, [AIBN]:[CPCP]=1:5 by mol) in anhydrous DMF (19.5 mL, 

18.4 g, [DMF]:[ILM1+PEGM]=3:1 by weight) was transferred to a Schlenk flask equipped with 

magnetic stirring bar. The solution was de-gassed via three freeze-pump-thaw cycles and flashed with 

argon, whereupon the flask was placed into a bath preheated at 60 °C. Polymerization was further 

carried out under at 60 °C for 72 h. The resultant viscous pink polymer solution was diluted with DMF 

and precipitated into an excess of diethyl ether. The precipitated residue was then dissolved in a small 

amount of deionized water and dialyzed until the conductivity of the used dialysate reached 5 mS cm⁻¹. 

The obtained neat aqueous solution of PIL13 was then concentrated using a freeze dryer. Isolated 

copolymer represented pink sticky mass that was dried at 60 °C/0.1 mbar for 24 h in B-585 oven (Buchi 

Glass Drying Oven, Switzerland) filled with P2O5. Yield: 5.00 g (82%); Tg = -46 °C (by DSC); Tonset =  

165°C (TGA); 1H NMR (600.2 MHz, DMSO-d6): δ = 9.07 (s, 1H), 7.74 (s, 1H), 7.68 (s, 1H), 4.16 (t, J 

= 7.2 Hz, 2H), 4.01 (br.s., 4H), 3.85 (s, 3H), 3.80 – 3.42 (m, 39H), 3.24 (s, 3H), 3.00 (s, 2H), 2.19 – 

1.31 (m, 6H), 1.77 (p, J = 7.4 Hz, 2H), 1.27 (sext, J = 7.4 Hz, 2H), 1.25 – 0.45 (m, 6H), 0.90 (t, J = 7.4 

Hz, 3H); 13C NMR (150.9 MHz, DMSO-d6): δ = 176.7, 136.5, 123.6, 122.2, 120.1 (q, JCF = 324.3 Hz), 

71.3, 69.8, 69.56, 67.8, 63.8, 58.0, 51.1, 48.5, 35.7, 31.3, 23.01, 18.7, 16.6, 13.2; 19F NMR (564.7  MHz, 

DMSO-d6): δ =  -79.8 (s); IR (ATR-mode): 3151 (w), 3111 (w), 2871 (s, νCH), 1727 (s, νC=O), 1572 (w), 

1454 (m, νCH), 1387 (w), 1351 (w), 1322 (s, νasSO2), 1298 (m), 1248 (m, νas-C-O-C-), 1224 (m, νCF), 1177 
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(vs, νsSO2), 1120 (vs, ν-C-O-), 1054 (s, νCF), 949 (m), 852 (m), 621 (s) cm-1; Calc. for C41H74N3F3O18S2 

(1018.2): C, 48.37%; H, 7.33%; N, 4.13%; Found: C, 48.04%; H, 6.99%; N, 4.29%. 

Poly[(1-butyl-3-methylimidazolium 1-[3-(methacryloyloxy)propylsulfonyl]-1-

(trifluoromethanesulfonyl)imide)] (poly(ILM174) (PIL10) 

Yield: 1.50 g (88 %); Tg = -13°C (DSC); Tonset = 275°C (TGA); 1H NMR (600.2 MHz, DMSO-

d6): δ =9.04 (s, 1H), 7.72 (s, 1H), 7.65 (s, 1H), 4.15 (t, J = 7.2 Hz, 2H), 3.98 (br.s, 2H), 3.85 (s, 3H), 

3.01 (br.s, 2H), 1.95 (br.s, 2H), 1.77 (p, J = 7.3 Hz, 2H), 1.67 (br.s, 2H), 1.25 (sext, J = 7.4 Hz, 2H), 

0.89 (t, J = 7.4 Hz, 3H), 0.74 (br.s, 3H); 13C NMR (150.9 MHz, DMSO-d6): δ = 176.7, 136.4, 123.5, 

122.1, 120.1 (q, JCF = 324.0 Hz), 63.1, 51.1, 48.5, 44.1, 35.6, 31.3, 22.3, 18.7, 16.6, 13.1; 19F NMR 

(564.7  MHz, DMSO-d6): δ = -79.8 (s) 

Poly[(1-butyl-3-methylimidazolium 1-[3-(methacryloyloxy)propylsulfonyl]-1-

(trifluoromethanesulfonyl)imide)-r-(poly(ethyleneglycol) methyl ether methacrylate)] 

poly(ILM131-r-PEGM34) (PIL11) 

Yield: 4.79 g (78 %); Tg = -40°C (DSC); Tonset = 165°C (TGA); 1H NMR (600.2 MHz, DMSO-

d6): δ = 9.07 (s, 1H), 7.74 (s, 1H), 7.68 (s, 1H), 4.16 (t, J = 7.2 Hz, 2H), 4.01 (br.s, 4H), 3.85 (s, 3H), 

3.75 - 3.34 (m, 35H), 3.24 (s, 3H), 3.01 (br.s, 2H), 1.96 (br.s, 2H), 1.77 (p, J = 7.3 Hz, 3H), 1.71 (br.s, 

4H), 1.27 (sext, J = 7.4 Hz, 2H), 0.90 (t, J = 7.4 Hz, 3H), 0.78 (br.s, 6H); 13C NMR (150.9 MHz, DMSO-

d6): δ = 176.7, 136.5, 123.6, 122.2 120.1 (q, JCF = 324.3 Hz), 71.3, 69.8, 69.56, 67.8, 63.8, 58.0, 51.1, 

48.5, 35.7, 31.3, 23.01, 18.7, 16.6, 13.2; 19F NMR (564.7  MHz, DMSO-d6): δ = -79.8 (s). 

Poly[(1-butyl-3-methylimidazolium 1-[3-(methacryloyloxy)propylsulfonyl]-1-

(trifluoromethanesulfonyl)imide)-r-(poly(ethyleneglycol) methyl ether methacrylate)] 

poly(ILM141-r-PEGM45) (PIL12) 

Yield: 6.55 g (80 %); Tg = -41°C (DSC); Tonset = 165°C (TGA); 1H NMR (600.2 MHz, DMSO-

d6): δ = 9.07 (s, 1H), 7.74 (s, 1H), 7.68 (s, 1H), 4.16 (t, J = 7.2 Hz, 2H), 4.01 (br.s, 4H), 3.85 (s, 3H), 

3.75 - 3.34 (m, 35H), 3.24 (s, 3H), 3.01 (br.s, 2H), 1.96 (br.s, 2H), 1.77 (p, J = 7.3 Hz, 3H), 1.71 (br.s, 

4H), 1.27 (sext, J = 7.4 Hz, 2H), 0.90 (t, J = 7.4 Hz, 3H), 0.78 (br.s, 6H); 13C NMR (150.9 MHz, DMSO-

d6): δ = 176.7, 136.5, 123.6, 122.2 120.1 (q, JCF = 324.3 Hz), 71.3, 69.8, 69.56, 67.8, 63.8, 58.0, 51.1, 

48.5, 35.7, 31.3, 23.01, 18.7, 16.6, 13.2; 19F NMR (564.7  MHz, DMSO-d6): δ = -79.8 (s). 

Poly[(1-butyl-3-methylimidazolium 1-[3-(methacryloyloxy)propylsulfonyl]-1-

(trifluoromethanesulfonyl)imide)-r-(poly(ethyleneglycol) methyl ether methacrylate)] 

poly(ILM114-r-PEGM49) (PIL14) 

Yield: 2.52 g (81 %); Tg = -54°C (DSC); Tonset = 160°C (TGA); 1H NMR (600.2 MHz, DMSO-

d6): δ = 9.07 (s, 1H), 7.74 (s, 1H), 7.68 (s, 1H), 4.16 (t, J = 7.2 Hz, 2H), 4.01 (br.s, 9H), 3.85 (s, 3H), 
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3.75 - 3.34 (m, 112H), 3.24 (s, 10H), 3.01 (br.s, 2H), 1.96 (br.s, 2H), 1.77 (p, J = 7.3 Hz, 3H), 1.71 

(br.s, 9H), 1.27 (sext, J = 7.4 Hz, 2H), 0.90 (t, J = 7.4 Hz, 3H), 0.78 (br.s, 13H); 13C NMR (150.9 MHz, 

DMSO-d6): δ = 176.7, 136.5, 123.6, 122.2 120.1 (q, JCF = 324.3 Hz), 71.3, 69.8, 69.56, 67.8, 63.8, 58.0, 

51.1, 48.5, 35.7, 31.3, 23.01, 18.7, 16.6, 13.2; 19F NMR (564.7  MHz, DMSO-d6): δ = -79.8 (s). 

Poly[(1-butyl-3-methylimidazolium 1-[3-(methacryloyloxy)propylsulfonyl]-1-

(trifluoromethanesulfonyl)imide)-r-(poly(ethyleneglycol) methyl ether methacrylate)] 

poly(ILM110-r-PEGM54) (PIL15) 

Yield: 2.34 g (75 %); Tg = -57°C (DSC); Tonset = 160°C (TGA); 1H NMR (600.2 MHz, DMSO-

d6): δ = 9.07 (s, 1H), 7.74 (s, 1H), 7.68 (s, 1H), 4.16 (t, J = 7.2 Hz, 2H), 4.01 (br.s, 13H), 3.85 (s, 3H), 

3.75 - 3.34 (m, 176H), 3.24 (s, 16H), 3.01 (br.s, 2H), 1.96 (br.s, 2H), 1.77 (p, J = 7.3 Hz, 3H), 1.71 

(br.s, 13H), 1.27 (sext, J = 7.4 Hz, 2H), 0.90 (t, J = 7.4 Hz, 3H), 0.78 (br.s, 19H); 13C NMR (150.9 

MHz, DMSO-d6): δ = 176.7, 136.5, 123.6, 122.2 120.1 (q, JCF = 324.3 Hz), 71.3, 69.8, 69.56, 67.8, 

63.8, 58.0, 51.1, 48.5, 35.7, 31.3, 23.01, 18.7, 16.6, 13.2; 19F NMR (564.7  MHz, DMSO-d6): δ = -79.8 

(s). 

Poly[(1-butyl-3-methylimidazolium 1-[3-(methacryloyloxy)propylsulfonyl]-1-

(trifluoromethanesulfonyl)imide)-r-(poly(ethyleneglycol) methyl ether methacrylate)] 

poly(ILM18-r-PEGM56) (PIL16) 

Yield: 2.43 g (73 %); Tg = -58°C (DSC); Tonset = 160°C (TGA); 1H NMR (600.2 MHz, DMSO-

d6): δ = 9.07 (s, 1H), 7.74 (s, 1H), 7.68 (s, 1H), 4.16 (t, J = 7.2 Hz, 2H), 4.01 (br.s, 16H), 3.85 (s, 3H), 

3.75 - 3.34 (m, 237H), 3.24 (s, 21H), 3.01 (br.s, 2H), 1.96 (br.s, 2H), 1.77 (p, J = 7.3 Hz, 3H), 1.71 

(br.s, 16H), 1.27 (sext, J = 7.4 Hz, 2H), 0.90 (t, J = 7.4 Hz, 3H), 0.78 (br.s, 24H); 13C NMR (150.9 

MHz, DMSO-d6): δ = 176.7, 136.5, 123.6, 122.2 120.1 (q, JCF = 324.3 Hz), 71.3, 69.8, 69.56, 67.8, 

63.8, 58.0, 51.1, 48.5, 35.7, 31.3, 23.01, 18.7, 16.6, 13.2; 19F NMR (564.7  MHz, DMSO-d6): δ = -79.8 

(s). 

Poly[(1-butyl-3-methylimidazolium 1-[3-(methacryloyloxy)propylsulfonyl]-1-

(trifluoromethanesulfonyl)imide)-r-(poly(ethyleneglycol) methyl ether methacrylate)] 

poly(ILM16-r-PEGM58) (PIL17) 

Yield: 2.52 g (81 %); Tg = -62°C (DSC); Tonset = 160°C (TGA); 1H NMR (600.2 MHz, DMSO-

d6): δ = 9.07 (s, 1H), 7.74 (s, 1H), 7.68 (s, 1H), 4.16 (t, J = 7.2 Hz, 2H), 4.01 (br.s, 22H), 3.85 (s, 3H), 

3.75 - 3.34 (m, 339H), 3.24 (s, 30H), 3.01 (br.s, 2H), 1.96 (br.s, 2H), 1.77 (p, J = 7.3 Hz, 3H), 1.71 

(br.s, 22H), 1.27 (sext, J = 7.4 Hz, 2H), 0.90 (t, J = 7.4 Hz, 3H), 0.78 (br.s, 33H); 13C NMR (150.9 

MHz, DMSO-d6): δ = 176.7, 136.5, 123.6, 122.2 120.1 (q, JCF = 324.3 Hz), 71.3, 69.8, 69.56, 67.8, 

63.8, 58.0, 51.1, 48.5, 35.7, 31.3, 23.01, 18.7, 16.6, 13.2; 19F NMR (564.7  MHz, DMSO-d6): δ = -79.8 

(s). 
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Poly[(3-butyl-1-(3-(methacryloyloxy)propyl)imidazolium bis((trifluoromethyl) 

sulfonyl)imide)] poly(ILM251) (PIL18) 

For the synthesis of PIL18 polymers the same procedure was used as for PIL13 with the 

exceptions that CPDB was used as CTA and acetone/H2O mixture (5:1 by vol) was used as dialysate. 

Yield: 2.80 g (70 %); Tg = -6°C (DSC); Tonset = 290°C (TGA); 1H NMR (600.2 MHz, DMSO-

d6): δ = 9.11 (s, 1H), 7.78 (s, 1H), 7.68 (s, 1H), 4.40  – 4.10 (m, 4H), 4.09 – 3.78 (m, 2H), 2.11 (br.s, 

2H), 1.78 (br.s, 2H), 1.69 (br.s, 2H), 1.27 (br.s, 2zH), 0.92 (s, 3H), 0.76 (br.s, 3H); 13C NMR (150.9 

MHz, DMSO-d6): δ = 176.7, 135.9, 122.6, 122.2, 119.5 (q, JCF = 321.9 Hz), 61.6, 48.7, 46.1, 44.4, 31.2, 

28.1, 18.7, 16.6, 13.1; 19F NMR (564.7  MHz, DMSO-d6): δ = -81.0 (s). 

Poly[(3-butyl-1-(3-(methacryloyloxy)propyl)imidazolium bis((trifluoromethyl) 

sulfonyl)imide)-r-(poly(ethyleneglycol) methyl ether methacrylate)] poly(ILM245-r-PEGM45) 

(PIL19) 

For the synthesis of PIL19 polymers the same procedure was used as for PIL13 with the 

exceptions that CPDB was used CTA and acetone/H2O mixture (5:1 by vol) was used as dialysate. 

Yield: 5.81 g (83 %); Tg = -38°C (DSC); Tonset = 160°C (TGA); 1H NMR (600.2 MHz, DMSO-

d6): δ = 9.14 (s, 1H), 7.80 (s, 1H), 7.74 (s, 1H), 4.26 – 4.11 (m, 4H), 4.10 – 3.85 (m, 4H), 3.68 – 3.36 

(m, 33H), 3.23 (s, 3H), 2.14 (br.s, 2H), 1.78 (br.s, 2H), 1.70 (br.s, 4H), 1.27 (br.s, 2H), 0.90 (br.s, 3H), 

0.78 (br.s, 6H); 13C NMR (150.9 MHz, DMSO-d6): δ = 176.7, 176.1, 136.1, 122.6, 122.4, 119.5 (q, JCF 

= 321.9 Hz), 71.3, 69.8, 69.6, 67.8, 63.9, 54.9, 48.6, 46.1, 44.5, 44.2, 31.3, 28.1, 18.8, 17.9, 16.4, 13.2; 

19F NMR (564.7  MHz, DMSO-d6): δ = -81.0 (s); IR (ATR-mode): 3151 (w), 3111 (w), 2871 (s, νCH), 

1727 (s, νC=O), 1572 (w), 1454 (m, νCH), 1387 (w), 1351 (w), 1322 (s, νasSO2), 1298 (m), 1248 (m, νas-C-

O-C-), 1224 (m, νCF), 1177 (vs, νsSO2), 1120 (vs, ν-C-O-), 1054 (s, νCF), 949 (m), 852 (m), 621 (s) cm-1; Calc. 

for C39H70N3F6O17S2 (1031.1): C, 45.43%; H, 6.84%; N, 4.08%; Found: C, 45.31%; H, 6.84%; N, 

4.55%. 

Poly[(3-butyl-1-(3-(methacryloyloxy)propyl)imidazolium bis((trifluoromethyl) 

sulfonyl)imide)-r-(poly(ethyleneglycol) methyl ether methacrylate)] poly(ILM218-r-PEGM78) 

(PIL20) 

For the synthesis of PIL20 polymers the same procedure was used as for PIL13 with the 

exceptions that CPDB was used CTA and acetone/H2O mixture (5:1 by vol) was used as dialysate. 

Yield: 10.78 g (77 %); Tg = -57°C (DSC); Tonset = 160°C (TGA); 1H NMR (600.2 MHz, DMSO-

d6): δ = 9.14 (s, 1H), 7.80 (s, 1H), 7.74 (s, 1H), 4.26 – 4.11 (m, 4H), 4.10 – 3.85 (m, 11H), 3.68 – 3.36 

(m, 142H), 3.23 (s, 3H), 2.14 (br.s, 2H), 1.78 (br.s, 2H), 1.70 (br.s, 11H), 1.27 (br.s, 2H), 0.90 (br.s, 

3H), 0.78 (br.s, 16H); 13C NMR (150.9 MHz, DMSO-d6): δ = 176.7, 176.1, 136.1, 122.6, 122.4, 119.5 
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(q, JCF = 321.9 Hz), 71.3, 69.8, 69.6, 67.8, 63.9, 54.9, 48.6, 46.1, 44.5, 44.2, 31.3, 28.1, 18.8, 17.9, 16.4, 

13.2; 19F NMR (564.7  MHz, DMSO-d6): δ = -81.0 (s). 

Poly[(potassium 3-(methacryloyloxy)propane-1-sulfonate)-r-(poly(ethyleneglycol) methyl 

ether methacrylate)] poly(ILM7128-r-PEGM128) (PIL21) 

The same procedure as for PIL13 was followed, except that a DMF/H₂O mixture (3:2 by vol) 

was used as the solvent for the RAFT polymerization. 

Yield: 34.57 g (95 %); 1H NMR (600.2 MHz, DMSO-d6): δ = 4.03 (br.s, 4H), 3.82 – 3.35 (m, 

32H), 3.25 (s, 3H), 2.53 (br.s, 2H), 1.89 (br.s, 2H), 1.73 (br.s, 4H), 1.20 - 0.56 (m, 6H); 13C NMR (150.9 

MHz, DMSO-d6): δ = 176.7, 176.1, 71.2, 69.6, 67.8, 63.9, 58.0, 47.8, 44.5, 44.1, 24.3, 18.0, 16.3. 

Ion metathesis  

Polyelectrolytes PIL21I, PIL21A, PIL21S and PIL21P were synthesized via ion metathesis 

between PIL21 and the corresponding bromide salts following the general procedure given for poly[(1-

butyl-3-methylimidazolium 3-(methacryloyloxy)propane-1-sulfonate)-r-(poly(ethyleneglycol) 

methyl ether methacrylate)] poly(ILM7BuMeIm128-r-PEGM128) (PIL21I) below. 

PIL21 (1.50 g, 2.01 mmol) was dissolved in 10 mL of deionized water and placed into a dialysis 

bag. The solution was dialyzed twice under vigorous stirring using a 0.5M solution of 1-butyl-3-

methylimidazolium bromide (33.00 g, 150.58 mmol in 300 mL) as the dialysate. Following this, the 

sample was dialyzed with deionized water to remove excess salt. The resulting aqueous solution of 

PIL21I was concentrated using a freeze dryer. Isolated copolymer represented pink sticky mass that 

was dried at 60 °C/0.1 mbar for 24 h in B-585 oven (Buchi Glass Drying Oven, Switzerland) filled with 

P2O5. Yield: 1.3 g (76 %); Tg = -40°C (DSC); Tonset = 205°C (TGA); 1H NMR (600.2 MHz, DMSO-d6): 

δ = 9.24 (s, 1H), 7.81 (s, 1H), 7.74 (s, 1H), 4.19 (t, J = 7.1 Hz, 2H), 4.01 (br.s, 4H), 3.87 (s, 3H), 3.82 

– 3.35 (m, 34H), 3.24 (s, 3H), 2.46 (br.s, 2H), 1.87 (br.s, 2H), 1.82 - 174  (m, 2H), 1.69 (br.s, 4H), 1.33 

– 1.24 (m, 2H), 0.90 (t, J = 7.4, 3H), 0.76 (br.s, 6H); 13C NMR (150.9 MHz, DMSO-d6): δ = 176.1, 

136.6, 123.5, 122.2, 71.2, 69.7, 69.5, 67.7, 64.2, 57.9, 53.4, 48.4, 47.8, 44.1, 35.6, 31.3, 24.3, 18.7, 16.4, 

13.1; IR (ATR-mode): 3100 (w, νCH), 2930 (m, νCH), 2871 (m, νCH), 1727 (s, νC=O), 1572 (w), 1454 (m, 

νCH), 1351 (w), 1235 (m, νas-C-O-C-), 1140 (vs, νsSO2), 1100 (vs, ν-C-O-), 1035 (s), 947 (m), 852 (m), 747 

(s) cm-1; Calc. for C38H70N2O16S (843.0): C, 54.14%; H, 8.37%; N, 3.32 

Poly[(tetrabutylammonium 3-(methacryloyloxy)propane-1-sulfonate)-r-

(poly(ethyleneglycol) methyl ether methacrylate)] poly(ILM7Bu4N128-r-PEGM128) (PIL21S) 

The same procedure was used as for PIL21I with the exception that aqueous solution of 

tetrabutylammonium bromide (49.13 g, 150.58 mmol) in 300 mL was used as an initial dialysate. 
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Yield: 1.44 g (75 %); Tg = -36°C (DSC); Tonset = 190°C (TGA); 1H NMR (600.2 MHz, DMSO-

d6): δ = 4.02 (br.s, 4H), 3.82 – 3.35 (m, 35H), 3.29 – 3.14 (m, 11H), 2.41 (br.s, 2H), 1.84 (br.s, 2H), 

1.76 (br.s, 4H), 1.59 (br.s, 8H), 1.36 – 1.27 (m, 8H), 0.98 – 0.90 (m, 12H), 0.78 (br.s, 6H); 13C NMR 

(150.9 MHz, DMSO-d6): δ = 176.8, 71.2, 69.7, 69.5, 67.8, 64.3, 57.9, 57.5, 47.8, 44.2, 24.4, 23.1, 19.1, 

16.4, 13.4; Calc. for C46H91NO16S (946.3): C, 58.39%; H, 9.69%; N, 3.39%. 

Poly[(tetrabutylphosphonium 3-(methacryloyloxy)propane-1-sulfonate)-r-

(poly(ethyleneglycol) methyl ether methacrylate)] poly(ILM7Bu4P128-r-PEGM128) (PIL21P) 

The same procedure was used as for PIL21I with the exception that aqueous solution of 

tetrabutylphosphonium bromide (51.04 g, 150.58 mmol) in 300 mL was used as an initial dialysate. 

Yield: 1.56 g (80 %); Tg = -52°C (DSC); Tonset = 250°C (TGA); 1H NMR (600.2 MHz, DMSO-

d6): δ = 4.01 (br.s, 4H), 3.82 – 3.35 (m, 34H), 3.24 (s, 3H), 2.42 (br.s, 2H), 2.27 – 2.15 (m, 8H), 1.85 

(br.s, 2H), 1.75 (br.s, 4H), 1.54 – 1.32 (m, 16H), 0.97 – 0.87 (m, 12H), 0.78 (br.s, 6H); 13C NMR (150.9 

MHz, DMSO-d6): δ = 176.5, 71.2, 69.7, 69.5, 67.7, 63.7, 58.0, 47.9, 44.1, 24.3, 23.4, 23.2, 22.6, 17.4, 

17.1, 13.2; Calc. for C46H91PO16S (963.3): C, 57.36%; H, 9.52%. 

Poly[(trimethylpropylamonium 3-(methacryloyloxy)propane-1-sulfonate)-r-

(poly(ethyleneglycol) methyl ether methacrylate)] poly(ILM7PrMe3N128-r-PEGM128) (PIL21A) 

The same procedure was used as for PIL21I with the exception that aqueous solution of 

trimethylpropylammonium bromide (27.30 g, 150.58 mmol) in 300 mL was used as an initial dialysate. 

Yield: 1.49  g (92 %); Tg = -29°C (DSC); Tonset = 205°C (TGA); 1H NMR (600.2 MHz, DMSO-

d6): δ = 4.01 (br.s, 4H), 3.82 – 3.35 (m, 34H), 3.32 – 3.26 (m, 2H), 3.24 (s, 3H), 3.08 (s, 9H), 2.45 (br.s, 

2H), 1.87 (br.s, 2H), 1.76 – 1.66 (m, 2H), 1.63 (br.s, 4H), 0.91 (t, J = 7.3 Hz, 3H), 0.77 (br.s, 6H); 13C 

NMR (150.9 MHz, DMSO-d6): δ = 176.1, 71.3, 69.8, 69.6, 67.8, 66.5, 63.9, 58.0, 52.0, 47.9, 44.1, 24.4, 

15.7, 10.4; Calc. for C36H71NO16S (806.01): C, 53.65%; H, 8.88%; N, 3.98%. 

Synthesis of [(ILMn-r-PEGMm)-b-Armk] block copolymers 

Poly[(ILMn-r-PEGMm)-b-Armk] block copolymers were synthesized via RAFT 

polymerization of 2-phenylethyl methacrylate or (1-naphthyl)methyl methacrylate in the presence of 

the respective poly(ILMn-r-PEGMm) macro-CTA. The typical polymerization procedure is given 

bellow by the example of poly[(ILM245-r-PEGM45)-b-PhEtM99] (PIL22) synthesis, while the detailed 

loadings for the preparation of PIL23 – PIL29 are presented in Table IV.2. 

The solution of poly(ILM245-r-PEGM45) macro-CTA (2.69 g, 58.37 μmol), PhEtM (1.87 g, 

9.83 mmol) and AIBN (1.90 mg, 11.67 μmol) in 14.50 mL of anhydrous DMF (13.70 g) with initial 

reagents ratio of [PhEtM]o:[macro-CTA]o:[AIBN]o=168:1:0.2 was quantitatively transferred to the 
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Schlenk flask equipped with magnetic stirring bar, degassed by three freeze-evacuate-thaw cycles, 

flashed with argon and placed in the bath preheated to 60°C. Polymerization proceeded at 60°C for 48 

h, whereupon the reaction was stopped by rapid cooling with liquid nitrogen. The obtained viscous 

polymer solution was diluted with dichloromethane and precipitated twice in a large excess of diethyl 

ether. The obtained block copolymer was dried at 25°C/0.1 mbar for 24 h and then at 60°C/0.1 mbar 

for 24 h in B-585 oven filled with P2O5 to give a slightly pink solid wax material. Yield: 3.15 g (69 %); 

Tg1 = -33°C (TMA); Tg2 = 46°C (TMA); Tonset = 170°C (TGA); 1H NMR (600.2 MHz, DMSO-d6): δ = 

9.15 (s, 1H), 7.81 (s, 1H), 7.75 (s, 1H), 7.18 (d, J = 32.2 Hz, 12H), 4.40 – 4.16 (m, 4H), 4.15 – 3.76 (m, 

9H), 3.75 – 3.36 (m, 34H), 3.24 (s, 3H), 2.81 (br.s, 4H), 2.15 (br.s, 2H), 1.79 (br.s, 2H), 1.55 (s, 8H), 

1.27 (br.s, 2H), 0.91 (br.s, 3H), 0.82 – 0.37 (m, 13H); 13C NMR (150.9 MHz, DMSO-d6): δ = 177.2, 

176.9, 176.0, 138.2, 136.5, 129.1, 128.7, 126.8, 123.0, 122.8, 119.9 (q, JCF = 322.3 Hz), 71.7, 70.2, 

70.0, 68.2, 65.4, 64.3, 62.0, 58.4, 53.9, 49.2, 46.5, 44.6, 34.4, 31.7, 28.6, 19.2, 18.4, 17.0, 13.6; 19F 

NMR (564.7  MHz, DMSO-d6): δ = -81.0 (s); IR (ATR-mode): 3033 (w, νCH, Ar), 2875 (vs, νCH, Al), 

1729 (vs, νC=O), 1455 (m, νC=C, Ar), 1353 (m, νasSO2), 1246 (m), 1190 (s, νCF), 1138 (vs, νO =C-О-), 1111 

(vs, ν-С-O-C-), 953 (w), 851 (w), 748 (w, δCH, Ar), 701 (w, δCH, Ar) cm-1; Calc. for C69H105N3F6O22S2 

(1506.7): C, 55.00%; H, 7.02%; N, 2.79%; Found: C, 54.87%; H, 6.83%; N, 2.90%. 

Poly[(ILM217-r-PEGM74)-b-PhEtM99] (PIL23) 

Yield: 3.62 g (54 %); Tg1 = -52°C (TMA); Tg2 = 44°C (TMA); Tonset = 165°C (TGA); 1H NMR (600.2 

MHz, DMSO-d6): δ = 9.15 (s, 1H), 7.81 (s, 1H), 7.75 (s, 1H), 7.18 (d, J = 32.2 Hz, 32H), 4.40 – 4.16 

(m, 4H), 4.15 – 3.76 (m, 23H), 3.75 – 3.36 (m, 146H), 3.24 (s, 14H), 2.81 (br.s, 12H), 2.15 (br.s, 2H), 

1.79 (br.s, 2H), 1.55 (s, 22H), 1.27 (br.s, 2H), 0.91 (br.s, 3H), 0.82 – 0.37 (m, 34H); 13C NMR (150.9 

MHz, DMSO-d6): δ = 177.2, 176.9, 176.0, 138.2, 136.5, 129.1, 128.7, 126.8, 123.0, 122.8, 119.9 (q, 

JCF = 322.3 Hz), 71.7, 70.2, 70.0, 68.2, 65.4, 64.3, 62.0, 58.4, 53.9, 49.2, 46.5, 44.6, 34.4, 31.7, 28.6, 

19.2, 18.4, 17.0, 13.6; 19F NMR (564.7  MHz, DMSO-d6): δ = -81.0 (s). 

Poly[(ILM245-r-PEGM45)-b-Napht90] (PIL24) 

Yield: 3.61 g (73 %); Tg1 = -37°C (TMA); Tg2 = 105°C (TMA); Tonset = 190°C (TGA); 1H NMR 

(600.2 MHz, DMSO-d6): δ = 9.16 (s, 1H), 8.16 – 6.86 (m, 18H), 5.23 (br.s, 4H), 4.21 (d, J = 35.4 Hz, 

4H), 4.15 – 3.76 (m, 4H), 3.75 – 3.36 (m, 33H), 3.24 (s, 3H), 2.15 (br.s, 2H), 1.80 (br.s, 2H), 1.68 (s, 

8H), 1.28 (br.s, 2H), 0.92 (br.s, 3H), 0.82 – 0.37 (m, 12H); 13C NMR (150.9 MHz, DMSO-d6): δ = 

176.8, 176.1, 136.5, 133.5, 131.5, 131.0, 129.3, 128.8, 127.8, 126.8, 126.3, 125.6, 123.7, 123.08, 

122.86, 119.9 (q, JCF = 322.0 Hz), 71.7, 70.2, 70.0, 68.2, 64.9, 64.3, 62.1, 58.4, 53.9, 49.2, 46.5, 44.7, 

31.7, 28.6, 19.2, 18.2, 16.6, 13.6; 19F NMR (564.7  MHz, DMSO-d6): δ = -81.0 (s); Calc. for 

C735H992N30F60O216S20 (15485.0): C, 57.01%; H, 6.46%; N, 2.71%; Found: C, 56.59%; H, 6.65%; N, 

2.86%. 
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Poly[(ILM217-r-PEGM74)-b-Napht99] (PIL25) 

Yield: 4.92 g (75 %); Tg1 = -48°C (TMA); Tg2 = 85°C (TMA); Tonset = 180°C (TGA); 1H NMR (600.2 

MHz, DMSO-d6): δ = 9.16 (s, 1H), 8.16 – 6.86 (m, 48H), 5.23 (br.s, 12H), 4.21 (d, J = 35.4 Hz, 4H), 

4.15 – 3.76 (m, 11H), 3.75 – 3.36 (m, 146H), 3.24 (s, 14H), 2.15 (br.s, 2H), 1.80 (br.s, 2H), 1.68 (s, 

23H), 1.28 (br.s, 2H), 0.92 (br.s, 3H), 0.82 – 0.37 (m, 34H); 13C NMR (150.9 MHz, DMSO-d6): δ = 

176.8, 176.1, 136.5, 133.5, 131.5, 131.0, 129.3, 128.8, 127.8, 126.8, 126.3, 125.6, 123.7, 123.08, 

122.86, 119.9 (q, JCF = 322.0 Hz), 71.7, 70.2, 70.0, 68.2, 64.9, 64.3, 62.1, 58.4, 53.9, 49.2, 46.5, 44.7, 

31.7, 28.6, 19.2, 18.2, 16.6, 13.6; 19F NMR (564.7  MHz, DMSO-d6): δ = -81.0 (s). 

Poly[(ILM141-r-PEGM45)-b-PhEtM94] (PIL26) 

Yield: 5.10 g (75 %); Tg1 = -37°C (TMA); Tg2 = 45°C (TMA); Tonset = 185°C (TGA); 1H NMR 

(600.2 MHz, DMSO-d6): δ = 9.07 (s, 1H), 7.75 (s, 1H), 7.68 (s, 1H), 7.29 – 7.06 (m, 12H), 4.16 (t, J = 

7.2 Hz, 2H), 4.12 – 3.89 (m, 9H), 3.86 (s, 3H), 3.75 – 3.36 (m, 38H), 3.24 (s, 3H), 3.01 (br.s, 2H), 2.82 

(br.s, 5H), 1.98 (br.s, 2H), 1.77 (p, J = 7.2 Hz, 2H), 1.63 (s, 9H), 1.27 (sext, J = 7.4 Hz, 2H), 0.90 (t, J 

= 7.4 Hz, 3H), 0.87 – 0.47 (m, 13H); 13C NMR (150.9 MHz, DMSO-d6): δ = 176.9, 138.2, 136.9, 129.1, 

128.7, 126.8, 124.0, 122.7, 120.1 (q, JCF = 324.3 Hz), 71.7, 70.2, 70.0, 68.3, 65.4, 64.3, 58.4, 54.0, 51.5, 

48.9, 44.6, 36.1, 34.4, 31.8, 23.5, 19.2, 17.0, 13.7; 19F NMR (564.7  MHz, DMSO-d6): δ = -79.8 (s); 

Calc. for C69H87N3F3O17S2 (1506.7): C, 61.32%; H, 6.49%; N, 3.11%; Found: C, 56.42%; H, 6.89%; N, 

2.81%. 

Poly[(ILM112-r-PEGM61)-b-PhEtM74] (PIL27) 

Yield: 8.77 g (76%); Tg1 = -46°C (TMA); Tg2 = 67°C (TMA); Tonset = 160°C (TGA); 1H NMR (600.2 

MHz, DMSO-d6): δ = 9.07 (s, 1H), 7.75 (s, 1H), 7.68 (s, 1H), 7.29 – 7.06 (m, 33H), 4.16 (t, J = 7.2 Hz, 

2H), 4.12 – 3.89 (m, 25H), 3.86 (s, 3H), 3.75 – 3.36 (m, 172H), 3.24 (s, 16H), 3.01 (br.s, 2H), 2.82 

(br.s, 12H), 1.98 (br.s, 2H), 1.77 (p, J = 7.2 Hz, 2H), 1.63 (s, 25H), 1.27 (sext, J = 7.4 Hz, 2H), 0.90 (t, 

J = 7.4 Hz, 3H), 0.87 – 0.47 (m, 37H); 13C NMR (150.9 MHz, DMSO-d6): δ = 176.9, 138.2, 136.9, 

129.1, 128.7, 126.8, 124.0, 122.7, 120.1 (q, JCF = 324.3 Hz), 71.7, 70.2, 70.0, 68.3, 65.4, 64.3, 58.4, 

54.0, 51.5, 48.9, 44.6, 36.1, 34.4, 31.8, 23.5, 19.2, 17.0, 13.7; 19F NMR (564.7  MHz, DMSO-d6): δ = -

79.8 (s). 

Poly[(ILM141-r-PEGM45)-b-Napht77] (PIL28) 

Yield: 4.85 g (77 %); Tg1 = -35°C (TMA); Tg2 = 81°C (TMA); Tonset = 180°C (TGA); 1H NMR 

(600.2 MHz, DMSO-d6): δ = 9.08 (s, 1H), 7.92 – 7.02 (m, 17H), 5.29 (br.s, 4H), 4.17 (t, J = 7.2 Hz, 

2H), 4.02 (br.s, 4H), 3.86 (s, 2H), 3.75 – 3.36 (s, 35H), 3.25 (s, 3H), 3.02 (s, 2H), 1.97 (s, 2H), 1.77 (p, 

J = 7.3 Hz, 2H), 1.65 (s, 8H), 1.27 (sext, J = 7.4 Hz, 2H), 0.91 (t, J = 7.4 Hz, 3H), 0.86 – 0.45 (m, 12H); 

13C NMR (150.9 MHz, DMSO-d6): δ = 176.8, 136.9, 133.5, 131.5, 131.0, 129.3, 128.8, 127.8, 126.8, 
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125.5, 124.0, 122.7, 120.1 (q, JCF = 324.3 Hz), 71.7, 70.7, 70.0, 68.2, 64.9, 64.3, 63.7, 58.5, 53.8, 51.6, 

44.6, 36.1, 31.8, 23.5, 19.2, 18.4, 16.6, 13.7; 19F NMR (564.7  MHz, DMSO-d6): δ = -79.9 (s); Calc. for 

C70H101N3F3O22S2 (1457.7): C, 57.68%; H, 6.98%; N, 2.88%; Found: C, 57.82%; H, 7.14%; N, 2.99%. 

Poly[(ILM114-r-PEGM73)-b-Napht86] (PIL29) 

Yield: 3.00 g (65%); Tg1 = -42°C (TMA); Tg2 = 46°C (TMA); Tonset = 180°C (TGA); 1H NMR 

(600.2 MHz, DMSO-d6): δ = 9.08 (s, 1H), 7.92 – 7.02 (m, 50H), 5.29 (br.s, 13H), 4.17 (t, J = 7.2 Hz, 

2H), 4.02 (br.s, 13H), 3.86 (s, 2H), 3.75 – 3.36 (s, 178H), 3.25 (s, 16H), 3.02 (s, 2H), 1.97 (s, 2H), 1.77 

(p, J = 7.3 Hz, 2H), 1.65 (s, 25H), 1.27 (sext, J = 7.4 Hz, 2H), 0.91 (t, J = 7.4 Hz, 3H), 0.86 – 0.45 (m, 

37H); 13C NMR (150.9 MHz, DMSO-d6): δ = 176.8, 136.9, 133.5, 131.5, 131.0, 129.3, 128.8, 127.8, 

126.8, 125.5, 124.0, 122.7, 120.1 (q, JCF = 324.3 Hz), 71.7, 70.7, 70.0, 68.2, 64.9, 64.3, 63.7, 58.5, 53.8, 

51.6, 44.6, 36.1, 31.8, 23.5, 19.2, 18.4, 16.6, 13.7; 19F NMR (564.7  MHz, DMSO-d6): δ = -79.9 (s); 

Calc. for C229H340N3F6O76S2 (4472.2): C, 61.50%; H, 7.66%; N, 0.94%; Found: C, 61.82%; H, 7.68%; 

N, 0.94%. 
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Table IV.1 Loadings for the synthesis of random poly(ILMn-r-PEGMm) copolymers. 

 Reaction 

time 
[PEGM] [ILM] [CTA] [AIBN] [DMF] ([PEGM]o+[ILM]o): 

[CTA]o:[AIBN]o 

(h) (g) (mmol) (g) (mmol) (mg) (μmol) (mg) (μmol) (g) (mL) 

poly(ILM174) 72 0 0 1.70 3.56 4.75 17.00 0.56 3.4 5.10 5.40 209:1:0.2 

poly(ILM131-r-PEGM34) 12 3.14 6.28 3.00 6.28 49.02 175.50 5.76 35.09 18.42 19.51 72:1:0.2 

poly(ILM141-r-PEGM45) 48 4.19 8.38 4.00 8.38 50.84 182.00 6.00 36.00 24.56 26.02 92:1:0.2 

poly(ILM194-r-PEGM103) 72 3.14 6.28 3.00 6.28 17.16 61.41 2.01 12.28 18.42 19.52 205:1:0.2 

poly(ILM114-r-PEGM49) 12 2.36 4.71 0.75 1.57 24.79 88.74 2.91 17.75 9.31 9.87 71:1:0.2 

poly(ILM110-r-PEGM54) 12 2.62 5.24 0.50 1.05 24.89 89.08 2.92 17.82 9.35 9.90 71:1:0.2 

poly(ILM18-r-PEGM56) 12 2.93 5.86 0.40 0.84 26.59 95.19 3.12 19.04 9.99 10.58 70:1:0.2 

poly(ILM16-r-PEGM58) 12 2.82 5.65 0.30 0.63 24.96 89.35 2.93 17.87 9.38 9.94 70:1:0.2 

poly(ILM251) 72 0 0 4.00 7.53 31.01 140.35 3.40 20.00 30.30 32.53 54:1:0.2 

poly(ILM245-r-PEGM45) 72 3.01 6.00 4.00 7.53 31.03 140.21 4.60 28.00 21.03 22.28 97:1:0.2 

poly(ILM218-r-PEGM78) 72 11.00 22.00 3.00 5.64 61.99 280.13 9.20 56.00 42.02 44.51 99:1:0.2 

poly(ILM7128-r-PEGM128) 72 24.39 48.80 12.00 48.78 101.60 363.90 11.90 73.00 109.17 115.65 268:1:0.2 

 

Table IV.2 Loadings for the synthesis of poly[(ILMn-r-PEGMm)-b-Ark] block copolymers. 

 [Ar] [macro-CTA] [AIBN] [DMF] [Ar]o:[macro-

CTA]o:[AIBN]o (g) (mmol) (g) (μmol) (mg) (μmol) (g) (mL) 

poly[(ILM245-r-PEGM45)-b-PhEtM99] 1.87 9.83 2.69 58.37 1.90 11.67 13.70 14.50 168:1:0.2 

poly[(ILM217-r-PEGM74)-b-PhEtM99] 2.69 14.18 4.00 84.21 2.80 16.84 20.10 21.30 168:1:0.2 

poly[(ILM245-r-PEGM45)-b-Napht90] 1.96 8.66 3.00 65.22 2.10 13.04 14.90 15.80 133:1:0.2 

poly[(ILM217-r-PEGM74)-b-Napht99] 2.53 11.18 4.00 84.21 2.80 16.84 19.60 20.70 133:1:0.2 

poly[(ILM141-r-PEGM45)-b-PhEtM94] 2.58 13.56 4.40 103.04 3.40 20.61 20.90 22.20 132:1:0.2 

poly[(ILM112-r-PEGM61)-b-PhEtM74] 4.14 21.78 7.30 188.14 6.17 37.62 34.32 36.35 116:1:0.2 

poly[(ILM141-r-PEGM45)-b-NaphtM77] 2.29 10.15 4.00 95.58 3.10 19.11 18.90 20.00 106:1:0.2 

poly[(ILM114-r-PEGM73)-b-Napht86] 1.65 7.31 3.00 68.81 2.26 13.76 13.95 14.78 106:1:0.2 
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Determination of monomer units numbers and Mn(NMR) in poly(ILM-r-PEGM) and 

poly[(ILMn-r-PEGMm)-b-Ark] copolymers 

Determination of monomers conversion (q) in the synthesis of poly(ILM-r-PEGM) 

copolymers 

For the calculation of total monomer conversion (q) the 1H NMR spectra of the reaction mixture 

were recorded before and after polymerization. The solvent (DMF) was used as an internal standard as 

it was not evaporated in course of reaction due to its high boiling point. In 1H NMR spectra of the 

reaction mixture before polymerization each of the integrals of C=CH2 signals (a1, a’1 on Figure IV.1) 

from both monomers at 6.03-6.04 and 5.69-5.68 ppm were assigned as “1”. At the same time the signal 

of DMF (H-CO-N(CH3)2, b) at 7.58 ppm was integrated. Then, in the 1H NMR spectra of the reaction 

mixture after polymerization the signal of DMF was integrated and set as the standard with the same 

value as before. The C=CH2 (a2, a’2 on Figure IV.1) signals of the residual monomers were integrated 

and the conversion (q) was calculated in accordance with the equation 1.5: 

𝑞 =
(𝑎+𝑎′)

1
−(𝑎+𝑎′)

2

2
    (eq 1.5) 

Figure IV.1 provides an example for the anionic PIL11, and the conversion for the 

polymerization of ILM2 and ILM7 was calculated using the same approach. 

 

Figure IV.1 1H NMR spectra of reaction mixture before and after the RAFT copolymerization of 

ILM11 (25 °C, DMSO-d6). 

Determination of PEGM:ILM ratios in poly(ILM-r-PEGM) copolymers 
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The proportion of ILM1 (XILM1) and PEGM (XPEGM) units was determined by 1H NMR in 

isolated copolymer sample using integrals of the signals at 3.24 ppm (-O-CH3 from PEGM, see 7 on 

Figure IV.2, a) and at 3.00 ppm (-CH2-SO2-N-SO2CF3 from ILM1, see 6 on Figure IV.2, a) and the 

following equations: 

𝑋𝐼𝐿𝑀1 =
𝐼𝐼𝐿𝑀1

𝑛

𝐼𝐼𝐿𝑀1
𝑛 +𝐼𝑃𝐸𝐺𝑀

𝑛      (eq 1.6) 

𝑋𝑃𝐸𝐺𝑀 =
𝐼𝑃𝐸𝐺𝑀

𝑛

𝐼𝐼𝐿𝑀1
𝑛 +𝐼𝑃𝐸𝐺𝑀

𝑛      (eq 1.7) 

𝐼𝐼𝐿𝑀1
𝑛 =

(6)

𝑛(𝐻)
     (eq 1.8) 

𝐼𝑃𝐸𝐺𝑀
𝑛 =

(𝟕)

𝑛(𝐻)
     (eq 1.9) 

   𝑃𝐸𝐺𝑀: 𝐼𝐿𝑀1 = 𝑋𝑃𝐸𝐺𝑀/𝑋𝐼𝐿𝑀1    (eq 1.10) 

, where 𝐼𝐼𝐿𝑀1
𝑛  is the normalized integral for signal 6, 𝐼𝑃𝐸𝐺𝑀

𝑛  is the normalized integral for signal 

7, n(H) is the number of hydrogens in the group.  

The proportion of ILM2 (XILM2) and PEGM (XPEGM) units was determined by 1H NMR in 

isolated copolymer sample using the integrals of the signals at 3.24 ppm (-O-CH3 from PEGM, see 6 

on Figure IV.2, b) and at 7.80, 7.74 ppm (-N-CH=CH-N- from ILM2, see 17,18 on Figure IV.2, b) and 

the following equations: 

𝑋𝐼𝐿𝑀2 =
𝐼𝐼𝐿𝑀2

𝑛

𝐼𝐼𝐿𝑀2
𝑛 +𝐼𝑃𝐸𝐺𝑀

𝑛      (eq 1.11) 

𝑋𝑃𝐸𝐺𝑀 =
𝐼𝑃𝐸𝐺𝑀

𝑛

𝐼𝐼𝐿𝑀2
𝑛 +𝐼𝑃𝐸𝐺𝑀

𝑛      (eq 1.12) 

𝐼𝐼𝐿𝑀2
𝑛 =

(𝟏𝟕,𝟏𝟖)

𝑛(𝐻)
     (eq 1.13) 

𝐼𝑃𝐸𝐺𝑀
𝑛 =

(𝟔)

𝑛(𝐻)
     (eq 1.14) 

𝑃𝐸𝐺𝑀: 𝐼𝐿𝑀2 = 𝑋𝑃𝐸𝐺𝑀/𝑋𝐼𝐿𝑀2    (eq 1.15) 

, where 𝐼𝐼𝐿𝑀2
𝑛  is the normalized integral for signals 17, 18, 𝐼𝑃𝐸𝐺𝑀

𝑛  is the normalized integral for 

signal 6, n(H) is the number of hydrogens in the group. 

The proportion of ILM7 (XILM7) and PEGM (XPEGM) units was determined by 1H NMR in 

isolated copolymer sample using the integrals of the signal at 3.25 ppm (-O-CH3 from PEGM, see 8 on 
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Figure IV.2, c) and the broad signal at 4.05 ppm (-O-CH2-CH2-CH2-S- from ILM7, see 3 and -C(=O)-

O-CH2-CH2-O- from PEGM see 4 on Figure IV.2, c) and the following equations: 

𝑋𝐼𝐿𝑀7 =
𝐼𝐼𝐿𝑀7

𝑛

𝐼𝐼𝐿𝑀7
𝑛 +𝐼𝑃𝐸𝐺𝑀

𝑛      (eq 1.16) 

𝑋𝑃𝐸𝐺𝑀 =
𝐼𝑃𝐸𝐺𝑀

𝑛

𝐼𝐼𝐿𝑀7
𝑛 +𝐼𝑃𝐸𝐺𝑀

𝑛      (eq 1.17) 

𝐼𝑃𝐸𝐺𝑀
𝑛 =

(𝟖)

𝑛(𝐻)
     (eq 1.18) 

 4 = 𝑛(𝐻) ∗ 𝐼𝑃𝐸𝐺𝑀
𝑛

    (eq 1.19) 

𝐼𝐼𝐿𝑀7
𝑛 =

(𝟑,𝟒)−𝟒

𝑛(𝐻)
         (eq 1.20) 

𝑃𝐸𝐺𝑀: 𝐼𝐿𝑀7 = 𝑋𝑃𝐸𝐺𝑀/𝑋𝐼𝐿𝑀7   (eq 1.21) 

, where 𝐼𝐼𝐿𝑀7
𝑛

 is the normalized integral for signals 3, 𝐼𝑃𝐸𝐺𝑀
𝑛  is the normalized integral for signal 

8, n(H) is the number of hydrogens in the group.  
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Figure IV.2 1H NMR of PIL13 (a), PIL19 (b), PIL21 (c) (25 °C, DMSO-d6). 
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Determination of monomer units numbers and Mn(NMR) in poly(ILM-r-PEGM) 

copolymers 

The number of monomer units (n and m) and the Mn(NMR) for poly(ILMn-r-PEGMm) copolymers 

were defined by the equations 1.22-1.24: 

𝐧 = X𝐼𝐿𝑀 × q ×
[ILM]o+[PEGM]o

[CTA]o
    (eq 1.22) 

𝐦 = X𝑃𝐸𝐺𝑀 × q ×
[ILM]o+[PEGM]o

[CTA]o
   (eq 1.23) 

𝑀n(NMR) = 𝐧 × MILM + 𝐦 × MPEGM + 𝑀CTA   (eq 1.24) 

where XILM and XPEGM – the proportions of ILM and PEGM units in the copolymer determined 

by equations 1.6 – 1.21, q – the total conversion of the monomers, [ILM]o, [PEGM]o and [CTA]o are 

the initial concentrations of ILM, PEGM monomers and chain transfer agent; MILM, MPEGM and MCTA – 

the molecular weights of monomers and CTA. 

Determination of monomers conversion (q) in the synthesis of poly[(ILMn-r-PEGMm)-b-

Ark] block copolymers  

For the calculation of total monomers conversion (q) the 1H NMR spectra of the reaction 

mixture were recorded before and after polymerization. The solvent (DMF) was used as an internal 

standard. In 1H NMR spectra of the reaction mixture before polymerization each of the integrals of 

C=CH2 signals (b1 and b’1 on Figure IV.3) from PhEtM monomer at 5.64 and 5.14 ppm were assigned 

as “1”. At the same time the signal of DMF (H-CO-N(CH3)2, c) at 7.58 ppm was integrated. Then, in 

the 1H NMR spectra of the reaction mixture after polymerization the signal of DMF (c on Figure IV.3) 

was integrated and set as the standard with the same value as before. The C=CH2 signals of the residual 

monomer (b2 and b’2 on Figure IV.3) were integrated and the conversion (q) was calculated in 

accordance with the equation 1.25:  

𝑞 =
(𝑏+𝑏′)

1
−(𝑏+𝑏′)

2

2
    (eq 1.25) 

Figure IV.3 provides an example for the cationic PIL22 having PhEtM block, and the 

conversion for the copolymerization of cationic random copolymers with Napht and anionic random 

copolymers with PhEtM and Napht was calculated using the same approach. 
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Figure IV.3 1H NMR of reaction mixture before and after the RAFT copolymerization of PIL22 (25 

°C, DMSO-d6). 

Determination of Ar (PhEtM ot Napht) units number and Mn(NMR) in poly[(ILMn-r-

PEGMm)-b-Ark] block copolymers. 

The number of monomer units k in poly[(ILM2n-r-PEGMm)-b-PhEtMk] was calculated using 

the following equation 1.26: 

𝒌 = 𝑛 ×
𝟏𝟒

2⁄

𝟑𝟎
1⁄
     (eq 1.26) 

where k and n are the number of the PhEtM and ILM2 units, respectively; 14 is the integral of 

-O-CH2-CH2-Ph signal from PhEtM monomer at 2.81 ppm (14 on Figure IV.4, a); 30 is the integral of 

-NCHN- signal from ILM2 units at 9.15 ppm (30 on Figure IV.4, a).   

To check the correctness of the k determination, the following equation (eq. 1.27) can be used 

as well: 

𝒌 = 𝑞 ×
[𝑃ℎ𝐸𝑡𝑀]0

[𝑚𝑎𝑐𝑟𝑜−𝐶𝑇𝐴]0
    (eq 1.27) 

where q is the PhEtM monomer conversion (defined by eq. 1.25), [PhEtM]o and [macro-CTA]o 

are the initial concentrations of PhEtM and poly(ILM2n-r-PEGMm) macro-CTA, respectively.  
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For anionic block copolymers copolymers PIL26 and PIL27 the number of monomer units k 

in poly[(ILM1n-r-PEGMm)-b-PhEtMk] was calculated in a similar manner using equation 1.26, where 

k and n are the number of the PhEtM and ILM1 units, respectively; 14 is the integral of -O-CH2-CH2-

Ph signal from PhEtM monomer at 2.82 ppm; 30 is the integral of -NCHN- signal from ILM1 units at 

9.07 ppm. 

The Mn(NMR) of poly[(ILMn-r-PEGMm)-b-PhEtMk] block copolymers was defined by the 

simplified equation 1.28: 

𝑀n(NMR) = 𝐤 × MPhEtM + Mmacro−CTA   (eq 1.28) 

where k is the number of PhEtM units; MPhEtM and Mmacro-CTA are the molecular weights of 

PhEtM monomer and poly(ILM-r-PEGM) macro-CTA, respectively.  

The number of monomer units k in poly[(ILM2n-r-PEGMm)-b-Naphtk] was calculated using 

the following equation 1.29: 

𝒌 = 𝑛 ×
𝟏𝟑

2⁄

𝟐𝟗
1⁄
     (eq 1.29) 

where k and n are the number of the Napht and ILM2 units, respectively; 13 is the integral of 

-O-CH2-Napht signal from Napht monomer at 5.23 ppm (13 on Figure IV.4, b); 29 is the integral of -

NCHN- signal from ILM2 units at 9.16 ppm (29 on Figure IV.4, b).   

To check the correctness of the k determination, the following equation (eq. 1.30) can be used 

as well: 

𝒌 = 𝑞 ×
[𝑁𝑎𝑝ℎ𝑡]0

[𝑚𝑎𝑐𝑟𝑜−𝐶𝑇𝐴]0
    (eq 1.30) 

where q is the Napht monomer conversion (defined by eq. 1.25), [Napht]o and [macro-CTA]o 

are the initial concentrations of Napht and poly(ILM2-r-PEGM) macro-CTA, respectively.  

For anionic block copolymers PIL28 and PIL29 the number of monomer units k in 

poly[(ILM1n-r-PEGMm)-b-Naphtk] was calculated in a similar manner using equation 1.29, where k 

and n are the number of the Napht and ILM1 units, respectively, 13 is the integral of -O-CH2-Napht 

signal from Napht monomer at 5.23 ppm, 29 is the integral of -NCHN- signal from ILM1 units at 9.16 

ppm.   

The Mn(NMR) of poly[(ILMn-r-PEGMm)-b-Naphtk] block copolymers was defined by the 

simplified equation 1.31: 

𝑀n(NMR) = 𝐤 × MNapht + Mmacro−CTA   (eq 1.31) 
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where k is the number of Napht units; MNapht and Mmacro-CTA are the molecular weights of Napht 

monomer and poly(ILM-r-PEGM) macro-CTA, respectively. 

 

 

Figure IV.4 1H NMR of PIL22 (a), PIL24 (b) (25 °C, DMSO-d6). 

2.2.3 Epichlorohydrin-derived PILs (PIL30-PIL37) 

Synthesis of mono N-substituted imidazoles 

N-(2-methyl-3-(trimethylsilyl)propyl) imidazole 
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The sodium hydride (8.01 g, 60wt% dispersion in mineral oil) was loaded to the Schlenk flask 

equipped with magnetic stirrer and fritted glass filter (Schlaker reaction tube). The flask was accurately 

evacuated and then filled with an inert atmosphere. The NaH was washed with freshly distilled n-hexane 

(3 × 50 mL) and dried at RT/0.1 mbar for 1 h to produce neat sodium hydride (4.81 g, 200.0 mmol). 

Further on 120 ml of anhydrous DMF were injected into the flask via syringe under vigorous stirring. 

After the formation of NaH dispersion, the argon flow was increased, the septum was removed and the 

imidazole (13.63 g, 200.0 mmol) was added in several portions under the inert flow (CAUTION: the 

addition of imidazole is accompanied by exothermic reaction and by a vigorous evolution of hydrogen 

gas!). After stirring at RT for 30 minutes the formation of light brown solution was observed, the septum 

was placed back to close the Schlenk flask and the argon flow was decreased. The (3-chloro-2-

methylpropyl)-trimethylsilane (6.60 g, 40.0 mol) was added to the reaction solution dropwise via 

syringe. The reaction was continued for 10 h at RT and then for 30 h at 50°C. The resultant inorganic 

precipitate was filtered off and the filtrate was diluted with 450 mL of benzene. The solution was slowly 

poured into the ultra-pure water (1250 mL) under stirring and the organic layer was separated. The 

aqueous layer was washed with benzene (5 × 50 ml), the organic layers were combined and dried over 

anhydrous MgSO4. Magnesium sulfate was filtered off and benzene was evaporated under reduced 

pressure. The resultant yellowish liquid was dried at 50 °C/0.1 mbar for 3 hours. Yield: 7.36 g (94%); 

1H NMR (400.0 MHz, CDCl3): δ = 7.34 (s, 1H), 6.95 (s, 1H), 6.79 (s, 1H), 3.72-3.56 (m, 2H), 1.97-

1.89 (m, 1H), 0.83 (d, J = 6.6 Hz, 3H), 0.52-0.28 (m, 2H), -0.05 (s, 9H); 13C NMR (100.6 MHz, CDCl3): 

δ = 137.2, 129.0, 118.9, 55.9, 31.6, 21.6, 19.8, -0.8; IR (KBr pellet): 3110 (m, νCH), 2955 (vs, νCH), 2897 

(s, νCH), 1507 (s), 1460 (m), 1284 (m), 1248 (vs, νSi-CH3), 1110 (m), 1077 (m), 1032 (m), 910 (w), 840 

(vs, νSi-CH3), 741 (m), 692 (m), 665 (w) cm-1; Calc. for C10H20N2Si (196.37): C, 61.17%; H, 10.27%; Si, 

14.30%; Found: C, 60.52%; H, 10.50%; Si, 13.82%. 

N-((1,1,3,3,3-pentamethyldisiloxaneyl)methyl) imidazole 

Imidazole (15.97 g, 235.0 mmol), 1-(chloromethyl)-1,1,3,3,3-pentamethyldisiloxane (9.35 g, 

47.0 mmol), KI (0.15 g, 0.9 mmol) and K2CO3 (6.49 g, 47.0 mmol) were loaded into the high-pressure 

vessel. The 150 mL of anhydrous acetonitrile were added into the vessel via syringe, the vessel was 

flushed with argon, closed and the stirring was continued at RT until the formation of fine dispersion. 

Then the temperature was increased to 80°C and the reaction was carried out additionally for 2 days. 

Afterwards the reaction mass was cooled down to RT and the inorganic precipitate was filtered off. 

Acetonitrile was evaporated under reduced pressure to give yellowish solid residue, which was further 

dissolved in 100 mL of H2O. The aqueous solution was extracted with n-hexane (5 × 50 ml) and the 

organic layer was dried over anhydrous MgSO4. Magnesium sulfate was filtered off and hexane was 

evaporated under reduced pressure. The product representing a colorless liquid was dried at 50 °C/0.1 

mbar for 5 h. Yield: 4.23 g (39%); 1H NMR (400.0 MHz, CDCl3): δ = 7.35 (s, 1H), 7.01 (s, 1H), 6.81 
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(s, 1H), 3.45 (s, 2H), 0.12 (s, 6H), 0.06 (s, 9H); 13C NMR (100.6 MHz, CDCl3): δ = 137.5, 128.9, 119.9, 

39.2, 1.7, -0.9; IR (ATR-mode): 3110 (w, νCH), 2955 (m, νCH), 2900 (m, νCH), 1507(s), 1250 (s, νSi-CH3), 

1080 (s), 840 (s, νSi-CH3), 740 (m), 660 (w), 530 (w), cm-1. Calc. for C9H20N2OSi2 (228.11): C, 47.32%; 

H, 8.82%; N, 12.26%; Si, 24.59%; Found: C, 47.28%; H, 8.98%; N, 12.31%; Si, 24.44%. 

N-(3,3,4,4,5,5,6,6,6-nonafluorohexyl) imidazole 

The solution of 3,3,4,4,5,5,6,6,6-nonafluorohexan-1-ol (10.00 g, 37.9 mmol) in 15 ml of 

pyridine was added dropwise to the solution of 4-toluenesulfonyl chloride (7.58 g, 39.7 mmol) in 30 ml 

of pyridine at 0°C under inert atmosphere. The reaction mixture was stirred for 3 hours at 0 °C, then 

gradually heated to room temperature, filtered off from the precipitated pyridine chloride, and poured 

into an ice-cold 2M HCl aqueous solution. The precipitated waxy residue was washed with ultra-pure 

water, then with saturated NaHCO3 aqueous solution and finally several times with ultra-pure water. 

Afterwards the precipitate was dissolved in 100 mL of dichloromethane and washed thoroughly with 

water (4 x 25mL). The organic layer was separated, dried over anhydrous MgSO4, filtered and the 

dichloromethane was evaporated under reduced pressure. The resultant product representing white 

waxy solid was dried at 25°C/0.1 mbar for 2 h. Yield: 11.36 g (72%); 1H NMR (400.0 MHz, DMSO-

d6): δ = 7.81 (d, J = 8.2 Hz, 2H), 7.49 (d, J = 8.2 Hz, 2H), 4.29 (t, J = 6.7 Hz, 2H), 2.73-2.64 (m, 2H), 

2.41 (s, 3H); 13C NMR (100.6 MHz, DMSO-d6): δ = 145.2, 131.7, 130.1, 127.6, 62.4, 29.5, 20.9; 19F 

NMR (376.5 MHz, DMSO-d6): δ = -22.6 (s), -54.8 (s), -66.0 (s), -67.6 (s). 

The solution of 3,3,4,4,5,5,6,6,6-nonafluorohexyl-4-methylbenzenesulfonate (10.30 g, 24.6 

mmol) in 50 ml of anhydrous DMF was added to the solution of imidazole (4.20 g, 61.7 mmol) in 10 

ml of anhydrous DMF at 50°C under inert atmosphere. The reaction was further heated to 85 °C and 

carried out at this temperature for 72 h. DMF was evaporated at 80°C/15 mbar and the residue was 

extracted with 100 ml of anhydrous diethyl ether. Et2O solution was filtered from imidazolium tosylate 

and the solvent was evaporated at 25°C/15 mbar, providing slightly yellow transparent oil. To remove 

the imidazole residue, the oil was extracted with anhydrous n-hexane (4 × 25 mL) and then dried at 

25°C/15 mbar. Finally, the oil was dissolved in 80 mL of dichloromethane, washed with water (3 × 10 

mL) and the organic layer was dried over anhydrous MgSO4. Magnesium sulfate was filtered off and 

dichloromethane was evaporated under reduced pressure. The product, representing colorless oil, was 

dried at 50 °C/0.1 mbar for 5 h. Yield: 4.21 g (54%): 1H NMR (400.0 MHz, CDCl3): δ = 7.51 (s, 1H), 

7.09 (s, 1H), 6.93 (s, 1H), 4.42-4.41 (m, 2H), 2.95-2.64 (m, 2H); 13C NMR (100.6 MHz, CDCl3): δ = 

137.1, 130.4, 129.7, 118.6, 69.1, 53.4, 38.8, 32.9, 31.2; 19F NMR (376.5 MHz, CDCl3): δ = -81.0 (s), -

114.5 (s), -124.4 (s), -126.0 (s); IR (KBr pellet): 3112 (m, νCH), 2932 (m, νCH), 2859 (m, νCH), 1678 (m), 

1510 (s), 1439 (s), 1389 (s νCF), 1354 (s, νCF), 1231 (vs, νCF), 1134 (s), 1100 (m, νCF), 1010 (m), 878 

(m), 828 (m), 750 (m), 623 (m) cm-1; Calc. for C9H7F9N2 (314.15): C, 34.41%; H, 2.25%; F, 54.43%; 

Found: C, 36.37%; H, 3.09%; F, 46.47%. 
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Synthesis of poly(epiiodohydrin-co-ethylene oxide) 

Poly(epichlorohydrin-co-ethylene oxide) (3.58 g, 26.2 mmol) was dissolved in 70 mL of 

anhydrous acetone under inert atmosphere at 40°C. The freshly dried NaI (9.8 g, 65.5 mmol) was added 

in one portion to the flask under inert flow. The mixture was stirred for 3 days at 50°C, the resultant 

slurry was cooled down to RT and centrifuged. The yellow sticky precipitate was collected, dissolved 

in DMF (50 ml) and precipitated into the excess of H2O. The precipitation from DMF solution into 

water was repeated and the yellowish rubber-like polymer was collected, washed with water and dried 

at 60°C /0.1 mbar for 1 day. Yield: 5.3 g (90 %); 1H NMR (400.0 MHz, DMSO-d6): δ = 3.77-3.58 (m, 

3H), 3.53 (br. s., 4H), 3.46-3.26 (m, 2H); 13C NMR (100.6 MHz, DMSO-d6): δ = 77.7, 76.7, 70.0, 68.5, 

44.3. 

Synthesis of halide PILs 

Quaternization of mono N-substituted imidazoles with poly(epichlorohydrin-co-ethylene 

oxide) 

The majority of the chloride PILs was synthesized via quaternization reaction of respective 

mono N-substituted imidazoles by poly(epichlorohydrin-co-ethylene oxide) following the general 

procedure provided for the preparation of poly(1-methyl-3-[oxiran-2-ylmethyl]-1-imidazole-3-ium-co-

ethylene oxide) chloride below. 

Poly(epichlorohydrin-co-ethylene oxide) (3.58 g, 26.2 mmol) was dissolved in 40 ml of 

anhydrous DMF under inert atmosphere on stirring at 70 °C in a high-pressure vessel (CAUTION: the 

dissolution can take up to 12 h). N-methylimidazole (21.48 g, 262.0 mmol) was added in one portion 

to the polymer solution under inert flow. The temperature was then raised to 90 °C and the stirring was 

continued for 3 days. The viscous solution was cooled down and ~1/2 of the solvent was removed under 

reduced pressure at 65 °C. Afterwards polymer was precipitated into the excess of acetone. The resultant 

poly(1-methyl-3-[oxiran-2-ylmethyl]-1-imidazole-3-ium-co-ethylene oxide) chloride was obtained as 

sticky light brown solid. It was thoroughly washed with acetone and dried at 70 °C/0.1 mbar for 1 day. 

Yield: 5.33 g (93%); 1H NMR (400.0 MHz, D2O): δ = 8.77 (s, 1H), 7.53-7.51 (m, 2H), 4.48-4.33 (m, 

2H), 3.92 (s, 3H), 3.70-3.61 (m, 7H); 13C NMR (100.6 MHz, D2O): δ = 136.7, 123.5, 123.2, 76.5, 70.4, 

69.6, 50.0, 35.9, 30.3; IR (KBr pellet): 3151 (m), 3102 (m, νCH), 2913 (w), 2877 (s, νCH), 1647 (w), 

1570 (m, νCN), 1456 (w), 1347 (w), 1172 (s, νCN), 1102 (s), 952 (w), 843 (w), 751 (w), 624 (m) cm-1. 

Quaternization of N-((1,1,3,3,3-pentamethyldisiloxaneyl)methyl) imidazole with 

poly(epiidohydrin-co-ethylene oxide) 

Poly(epiiodohydrin-co-ethylene oxide) (2.93 g, 13.0 mmol) was dissolved in 50 ml of 

anhydrous DMF under inert atmosphere at 70°C in a high-pressure vessel. After the formation of clear 
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solution, the 1-((1,1,3,3,3-pentamethyldisiloxaneyl)methyl) imidazole (3.86 g, 16.9 mmol) was added 

in one portion to the reaction vessel. The temperature was raised to 80 °C (CAUTION: the increase in 

reaction temperature above 80 °C leads to crosslinking reactions) and the stirring was continued for 3 

days. The viscous solution was cooled down to RT and precipitated into the excess of anhydrous Et2O. 

The resultant poly(1-methyl-3-[oxiran-2-ylmethyl]-1-imidazole-3-ium-co-ethylene oxide) iodide in a 

form of white sticky solid was dried at RT/0.1 mbar for 2 h. Yield: 3.97 g (67%); 1H NMR (400.0 MHz, 

DMSO-d6): δ = 8.74 (br. s., 1H), 7.73-7.79 (s, 2H), 4.54-4.12 (m, 3H), 4.12-3.47 (m, 22H), 0.16 (s, 6H), 

0.05 (s, 9H). 

Quaternization degree (q) determination 

The quaternization degree q was determined by 1H NMR using integral in the region of 4.10-

3.40 ppm and the following equations: 

𝑄 =
𝐼𝑃𝐼𝐿33𝐶𝑙

𝑛

𝐼𝑃𝐼𝐿33𝐶𝑙
𝑛 +𝐼𝐻𝑦𝑑𝑟𝑖𝑛

𝑛 ×  100%    (eq 1.32) 

𝐼𝑃𝐼𝐿33𝐶𝑙
𝑛 =

𝐼𝑃𝐼𝐿33𝐶𝑙
𝑡ℎ𝑒𝑜𝑟

𝑛𝑃𝐼𝐿33𝐶𝑙  
= 7

7
= 1      (eq 1.33) 

𝐼𝐻𝑦𝑑𝑟𝑖𝑛
𝑛 =

𝐼𝐻𝑦𝑑𝑟𝑖𝑛

𝑛𝐻𝑦𝑑𝑟𝑖𝑛 
=

𝐼𝑃𝐼𝐿33𝐶𝑙
𝑒𝑥𝑝

−𝐼𝑃𝐼𝐿33𝐶𝑙
𝑡ℎ𝑒𝑜𝑟

𝑛𝐻𝑦𝑑𝑟𝑖𝑛
= 7.46−7.0

9
= 0.051      (eq 1.34) 

𝑄 =
1

1+0.051
×  100% = 95%     (eq 1.35) 

, where 𝐼𝑃𝐼𝐿33𝐶𝑙
𝑛  is the normalized integral for quaternized polymer PIL33Cl in the region of 

4.10-3.40 ppm, 𝐼𝐻𝑦𝑑𝑟𝑖𝑛
𝑛  is the normalized integral for unmodified Hydrin polymer in the region of 4.10-

3.40 ppm, 𝐼𝑃𝐼𝐿33𝐶𝑙
𝑡ℎ𝑒𝑜𝑟  is the theoretical integral for fully quaternized polymer PIL33Cl in the region of 

4.10-3.40 ppm, 𝑛𝑃𝐼𝐿33𝐶𝑙  is the theoretical number of protons corresponding to fully quaternized polymer 

PIL33Cl in region of 4.10-3.40 ppm (Figure IV.5, b, signals 1-4), 𝐼𝐻𝑦𝑑𝑟𝑖𝑛  is the integral for unmodified 

Hydrin in the region of 4.10-3.40 ppm, 𝑛𝐻𝑦𝑑𝑟𝑖𝑛  is the theoretical number of protons corresponding to 

unmodified Hydrin in region of 4.10-3.40 ppm (Figure IV.5, a, signals 1`-5`),  𝐼𝑃𝐼𝐿33𝐶𝑙
𝑒𝑥𝑝

 is the 

experimentally determined integral for fully quaternized polymer PIL33Cl in the region of 4.10-3.40 

ppm. 
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Figure IV.5 Comparison of 1H NMR of poly(epichlorohydrin-co-ethylene oxide) (a) and poly(1-

butyl-3-[oxiran-2-ylmethyl]-1-imidazole-3-ium-co-ethylene oxide) chloride (b). 

Ion metathesis  

Polyelectrolytes PIL30TFSI-PIL36TFSI, PIL33BF4, PIL33TFSAM, PIL33BF(CN)3 and 

PIL33BF3CF3 were synthesized via ion metathesis between corresponding chloride PILs and metal 

salts following general procedure given for poly(1-methyl-3-[oxiran-2-ylmethyl]-1-imidazole-3-ium-

co-ethylene oxide) bis(trifluoromethylsulfonyl) imide (PIL30TFSI) below. 

The solution of lithium bis(trifluoromethylsulfonyl)imide (13.43 g, 45.0 mmol) in 30 ml of 

ultra-pure water was added dropwise to the aqueous solution (100 ml) of poly(1-methyl-3-[oxiran-2-

ylmethyl]-1-imidazole-3-ium-co-ethylene oxide) chloride (5.12 g, 23.4 mmol) at room temperature. 

The formation of a precipitate was observed immediately and the stirring was continued for 2 h at RT. 

The precipitated sticky product was collected, thoroughly washed with water, redissolved in acetone 

and reprecipitated in H2O again. Polymer representing slightly yellow sticky solid was dried at 70 °C 

/0.1 mbar for 2 days in B-585 oven (Buchi Glass Drying Oven, Switzerland) filled with P2O5. 

Afterwards it was transferred under vacuum into the argon filled glove box (MBRAUN MB-Labstar, 

H2O and O2 content < 0.5 ppm) and was stored for 5 days prior to further investigation. Yield: 9.25 g 

(85 %); Tg = -10°C (DSC); Tonset  = 290°C (TGA); 1H NMR (400.0 MHz, acetone-d6): δ = 8.92 (s, 1H), 

7.67 (s, 2H), 4.60-4.46 (m, 2H), 4.04 (s, 3H), 3.78-3.64 (m, 6H), 2.91 (s, 1H); 13C NMR (100.6  MHz, 

acetone-d6): δ = 138.0, 125.6-116.0 (q, JCF = 321 Hz), 124.3, 77.3, 71.4, 70.9, 69.9, 51.1, 36.6; 19F NMR 

(376.5 MHz, acetone-d6): δ = -80.9 (s); IR (ATR-mode): 3159 (m, νCH), 3121 (m, νCH), 2881 (m, νCH), 
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1572 (m), 1456 (m), 1354 (vs, νasSO2), 1195 (vs, νCF), 1138 (s, νsSO2), 1058 (vs, νCF), 741 (m), 618 (s), 

571 (s), 512 (m) cm-1; Calc. for C11H15F6N3O6S2 (463.03): C, 28.51%; H, 3.26%; F, 24.60%; Found: C, 

28.18%; H, 3.34%; F, 24.20%. 

Poly(1-ethyl-3-[oxiran-2-ylmethyl]-1-imidazole-3-ium-co-ethylene oxide) 

bis(trifluoromethylsulfonyl) imide (PIL31TFSI) 

Yield: 7.14 g (92 %); Tg = -16°C (DSC); Tonset = 290°C (TGA); 1H NMR (400.0 MHz, DMSO-

d6): δ =9.05-9.03 (m, 1H), 7.80 (s, 1H), 7.65 (s, 1H), 4.38-4.22 (m, 4H), 3.83-3.65 (m, 2H), 3.52-3.33 

(m, 5H), 1.43 (s, 3H); 13C NMR (100.6 MHz, DMSO-d6): δ = 136.3, 123.3, 122.7-116.3 (q, JCF = 320 

Hz), 121.3, 76.0, 70.0, 69.6, 59.8, 44.3, 15.1; 19F NMR (376.5 MHz, DMSO-d6): δ = -80.8 (s). 

Poly(1-propyl-3-[oxiran-2-ylmethyl]-1-imidazole-3-ium-co-ethylene oxide) 

bis(trifluoromethylsulfonyl) imide (PIL32TFSI) 

Yield: 5.65 g (90 %); Tg = -20°C (DSC); Tonset  = 290°C (TGA); 1H NMR (400.0 MHz, DMSO-

d6): δ =9.09 (s, 1H), 7.85 (s, 1H), 7.69 (s, 1H), 4.45-4.19 (m, 4H), 3.88-3.39 (m, 7H), 1.87 (s,2H), 1.43 

(s, 3H); 13C NMR (100.6 MHz, DMSO-d6): δ = 137.0, 123.8-116.7 (q, JCF = 320 Hz), 122.3, 76.4, 70.5, 

69.7, 50.8, 50.3, 23.3, 10.7; 19F NMR (376.5 MHz, DMSO-d6): δ = -80.9 (s). 

Poly(1-butyl-3-[oxiran-2-ylmethyl]-1-imidazole-3-ium-co-ethylene oxide) 

bis(trifluoromethylsulfonyl) imide (PIL33TFSI) 

Yield: 5.65 g (80 %); Tg = -25°C (DSC); Tonset  = 310°C (TGA); 1H NMR (400.0 MHz, DMSO-

d6): δ = 9.06 (s, 1H), 7.80 (s, 1H), 7.68 (s, 1H), 4.40-4.18 (m, 4H), 4.18-3.81 (m, 2H), 3.81-3.43 (m, 

5H), 1.79 (s, 2H), 1.25 (s, 2H), 0.90 (s, 3H); 13C NMR (100.6  MHz, DMSO-d6): δ = 136.7, 123.4, 

122.7-116.3 (q, JCF = 320 Hz), 78.0, 70.1, 69.7, 48.8, 48.6, 44.1, 31.4, 18.7, 13.2; 19F NMR (376.5 MHz, 

DMSO-d6): δ = -80.9 (s); Calc. for C14H21F6N3O6S2 (505.07): C, 33.27%; H, 4.19%; Found: C, 33.06%; 

H, 4.11%. 

Poly(1-hexyl-3-[oxiran-2-ylmethyl]-1-imidazole-3-ium-co-ethylene oxide) 

bis(trifluoromethylsulfonyl) imide (PIL34TFSI) 

Yield: 8.01 g (85 %); Tg = -21°C (DSC); Tonset  = 320°C (TGA); 1H NMR (400.0 MHz, DMSO-

d6): δ =9.07 (s, 1H), 7.80 (s, 1H), 7.66 (s, 1H), 4.40-4.18 (m, 4H), 3.85-3.65 (m, 2H), 3.52-3.31 (m, 

5H), 1.80 (s, 2H), 1.27 (s, 6H), 0.86 (s, 3H); 13C NMR (100.6  MHz, DMSO-d6): δ = 137.0, 123.1-116.7 

(q, JCF = 320 Hz), 122.6, 76.4, 70.5, 69.7, 50.3, 49.4,30.9, 29.9, 25.6, 22.3, 14.1; 19F NMR (376.5 MHz, 

DMSO-d6): δ = -80.9 (s). 

Poly(1-(2-methyl-3-(trimethylsilyl)propyl)-3-[oxiran-2-ylmethyl]-1-imidazole-3-ium-co-

ethylene oxide) bis(trifluoromethylsulfonyl) imide (PIL35TFSI) 
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Yield: 6.79 g (89 %); Tg = -6°C (DSC); Tonset  = 285°C (TGA); 1H NMR (400.0 MHz, acetone-

d6): δ = 8.95 (br. s., 1H), 7.75 (br. s., 2H), 4.62-3.43 (m, 11H), 2.25 (s, 1H), 0.96 (s, 3H), 0.71-0.44 (m, 

2H), 0.02 (s, 9H); 13C NMR (100.6  MHz, acetone-d6): δ = 139.4, 126.2, 124.5-118.1 (q, JCF = 320 Hz), 

120.2, 70.2, 60.4, 55.6, 32.2, 32.0, 22.9, 20.4, 0.2; 19F NMR (376.5 MHz, acetone-d6): δ = -80.8 (s); IR 

(KBr pellet): 3155 (m, νCH), 3119 (m, νCH), 2968 (m, νCH), 2893 (m, νCH), 1568 (s), 1468 (m), 1352 (vs, 

νasSO2), 1190 (vs, νCF), 1138 (s, νsSO2), 1055 (vs, νCF), 845 (m, νSi-CH3), 791 (m), 743 (w), 648 (s), 615 (m) 

cm-1. 

Poly(1-(3,3,4,4,5,5,6,6,6-nonafluorohexyl)-3-[oxiran-2-ylmethyl]-1-imidazole-3-ium-co-

ethylene oxide) bis(trifluoromethylsulfonyl) imide (PIL36TFSI) 

Yield: 4.32 g (87 %); Tg = 6°C (DSC); Tonset  = 280°C (TGA); 1H NMR (400.0 MHz, DMSO-

d6): δ = 9.16 (s, 1H), 7.92 (s, 1H), 7.67 (br. s., 1H), 4.60 (s, 2H), 4.41-4.21 (m, 2H), 3.84-3.48 (m, 7H), 

3.00 (s, 2H); 13C NMR (100.6  MHz, DMSO-d6): δ = 137.3, 124.2-114.6 (q, JCF = 320 Hz), 123.6, 122.3, 

115.4, 76.1, 75.7, 69.6, 68.5, 49.8, 41.3, 29.9; 19F NMR (376.5 MHz, , DMSO-d6): δ = -79.1 (s), -81.0 

(s), -113.9 (s), -124.4 (s), -126.1 (s); IR (KBr pellet): 3153 (m, νCH), 3120 (m, νCH), 3096 (m, νCH), 2920 

(m), 2882 (m, νCH), 1568 (m), 1457 (w), 1352 (vs, νasSO2), 1233 (vs, νCF), 1197 (vs, νCF), 1134 (vs, νsSO2), 

1058 (vs, νCF), 881 (m), 791 (m), 740 (w), 710 (w), 617 (m), 601 (m), cm-1 ; Calc. for C16H16F15N3O6S2 

(695.39): C, 27.63%; H, 2.32%; S, 9.22%; Found: C, 27.07%; H, 2.27%; S, 9.02%. 

Poly(1-butyl-3-[oxiran-2-ylmethyl]-1-imidazole-3-ium-co-ethylene oxide) 

tetrafluoroborate (PIL33BF4)  

The same procedure was used as for PIL30TFSI with the exception that aqueous solution of 

NaBF4 (1.05 g, 9.6 mmol) in 10 mL was added dropwise to a solution of poly(1-butyl-3-[oxiran-2-

ylmethyl]-1-imidazole-3-ium-co-ethylene oxide) chloride (1.25 g, 4.8 mmol) in 10 mL of ultra-pure 

water. Yield: 0.9 g (60 %); Tg = 11°C (DSC); Tonset  = 270°C (TGA); 1H NMR (400.0 MHz, DMSO-d6): 

δ = 9.03 (br. s., 1H), 7.80 (s, 1H), 7.65 (br. s., 1H), 4.37-4.19 (m, 4H), 4.00-3.37 (m, 7H), 1.77 (s, 2H), 

1.24 (s, 2H), 0.89 (s, 3H); 13C NMR (100.6  MHz, DMSO-d6): δ = 136.6, 123.4, 122.2, 75.9, 70.1, 69.7, 

49.6, 48.7, 44.1, 31.4, 18.7, 13.2; 19F NMR (376.5 MHz, DMSO-d6): δ = -150.5 (s); 11B NMR (192.5 

MHz, DMSO-d6): δ = -1.3 (s); IR (ATR-mode): 3153 (w, νCH), 3116 (w, νCH), 2963 (w, νCH), 2934 (w, 

νCH), 2875 (w, νCH), 1564 (m), 1465 (m), 1344 (w), 1167 (m, νCO),1046 (vs), 1033 (vs, νBF), 848 (m), 

749 (w), 642 (m) cm-1; Calc. for C14H21F3N4O4S (312.12): C, 46.18%; H, 6.78%; Found: C, 45.69%; H, 

6.93%. 

Poly(1-butyl-3-[oxiran-2-ylmethyl]-1-imidazole-3-ium-co-ethylene oxide) 2,2,2-

trifluoromethylsulfonyl-N-cyanoamide (PIL33TFSAM) 

The same procedure was used as for PIL30TFSI with the exception that the aqueous solution 

of KTFSAM (1.1 g, 5.2 mmol) in 10 mL was added dropwise to a solution of poly(1-butyl-3-[oxiran-
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2-ylmethyl]-1-imidazole-3-ium-co-ethylene oxide) chloride (0.68 g, 2.6 mmol) in 10 mL of water. 

Yield: 0.9 g (86 %); Tg = -27°C (DSC); Tonset  = 260°C (TGA); 1H NMR (400.0 MHz, DMSO-d6): δ = 

9.06 (br. s., 1H), 7.80 (s, 1H), 7.65 (br. s., 1H), 4.38-4.19 (m, 4H), 4.00-3.37 (m, 7H), 1.78 (s, 2H), 1.26 

(s, 2H), 0.90 (s, 3H); 13C NMR (100.6  MHz, DMSO-d6): δ = 136.6, 123.4, 122.2, 123.5 – 117.1 (q, JCF 

= 325 Hz), 114.3, 75.8, 70.1, 69.7, 68.5, 49.6, 48.7, 44.1, 31.4, 18.7, 13.2; 19F NMR (376.5 MHz, 

DMSO-d6): δ = -79.9 (s); IR (ATR-mode): 3147 (w, νCH), 3110 (w, νCH), 2963 (w, νCH), 2935 (w, νCH), 

2876 (w, νCH), 2359 (w), 2342 (w), 2187 (s, νCN), 1563 (m), 1464 (m), 1328 (s, νasSO2), 1212 (vs, νCF), 

1165 (s, νsSO2), 1114 (vs, νCF), 829 (s), 751 (w), 635 (s) cm-1; Calc. for C14H21F3N4O4S (398.40): C, 

42.21%; H, 5.31%; F, 14.31%; Found: C, 41.47%; H, 5.33%; F, 13.9%. 

Poly(1-butyl-3-[oxiran-2-ylmethyl]-1-imidazole-3-ium-co-ethylene oxide) 

tricyanofluoroborate (PIL33BF(CN)3) 

The same procedure was used as for PIL30TFSI with the exception that aqueous solution of 

KBF(CN)3 (1.30 g, 8.8 mmol) in 10 mL was added dropwise to a solution of poly(1-butyl-3-[oxiran-2-

ylmethyl]-1-imidazole-3-ium-co-ethylene oxide) chloride (1.15 g, 4.4 mmol) in 10 mL of water. Yield: 

1.3 g (92 %); Tg = -31 °C (DSC); Tonset  = 250°C (TGA); 1H NMR (400.0 MHz, DMSO-d6): δ = 9.06 (br. 

s., 1H), 7.80 (s, 1H), 7.65 (br. s., 1H), 4.38-4.19 (m, 4H), 4.00-3.37 (m, 7H), 1.78 (s, 2H), 1.26 (s, 2H), 

0.90 (s, 3H); 13C NMR (100.6  MHz, DMSO-d6): δ = 136.7, 126.5 (m), 123.4, 122.2, 75.9, 70.1, 69.7, 

49.6, 48.7, 44.1, 31.4, 18.7, 13.2; 19F NMR (376.5 MHz, DMSO-d6): δ = -213.3- -213.0 (m); 11B NMR 

(192.5 MHz, DMSO-d6): δ = -17.9 (d, J = 44.7 Hz); IR (ATR-mode): 3149 (m, νCH), 3113 (w, νCH), 

2962 (w, νCH), 2934 (w, νCH), 2877 (w, νCH), 2214 (w, νCN), 1562 (m), 1463 (m), 1344 (w), 1164 (m, 

νCO),1097 (vs), 1051 (vs, νF), 939 (m) 902 (vs), 748 (w), 630 (s) cm-1; Calc. for C15H21BFN5O2 (333.17): 

C, 54.08%; H, 6.35%; B, 3.24%; Found: C, 52.30%; H, 6.19%; B, 3.03%. 

Poly(1-butyl-3-[oxiran-2-ylmethyl]-1-imidazole-3-ium-co-ethylene oxide) 

trifluoro(trifluoromethyl)borate (PIL33BF3CF3) 

The same procedure was used as for PIL30TFSI with the exception that aqueous solution of 

KBF3CF3 (1.56 g, 8.8 mmol) in 10 mL was added dropwise to a solution of poly(1-butyl-3-[oxiran-2-

ylmethyl]-1-imidazole-3-ium-co-ethylene oxide) chloride (1.15 g, 4.4 mmol) in 10 mL of water. Yield: 

1.4 g (89 %); Tg = -9°C (DSC); Tonset  = 185°C (TGA); 1H NMR (400.0 MHz, DMSO-d6): δ = 9.05 (br. 

s., 1H), 7.80 (s, 1H), 7.65 (br. s., 1H), 4.38-4.19 (m, 4H), 4.00-3.37 (m, 7H), 1.77 (s, 2H), 1.25 (s, 2H), 

0.89 (s, 3H); 13C NMR (100.6  MHz, DMSO-d6): δ = 136.5, 123.3, 122.1, 76.1, 70.1, 68.5, 49.8, 48.6, 

44.1, 31.4, 18.7, 13.2; 19F NMR (376.5 MHz, DMSO-d6): δ = -76.5 (dd, J = 64.5, 31.7 Hz, CF3), -156.4 

(dd, J = 79.3, 39.2 Hz, F); 11B NMR (192.5 MHz, DMSO-d6): δ = - 1.5 (m); IR (ATR-mode): 3156 (m, 

νCH), 3116 (w, νCH), 2963 (w, νCH), 2936 (w, νCH), 2877 (w, νCH), 1564 (m), 1465 (m), 1344 (w), 1252 
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(w), 1166 (m, νCO), 1045 (vs, νBF), 975 (s), 949 (vs, νcF) 843 (m), 747 (w), 633 (s) cm-1 ; Calc. for 

C13H21BF6N2O2 (362.12): C, 43.12%; H, 5.85%; B, 2.99%; Found: C, 42.65%; H, 5.90%; B, 2.73%. 

Poly(1-((1,1,3,3,3-pentamethyldisiloxaneyl)methyl)-3-[oxiran-2-ylmethyl]-1-imidazole-3-

ium-co-ethylene oxide) bis(trifluoromethylsulfonyl) imide (PIL37TFSI) 

The solution of LiTFSI (5.01 g, 17.4 mmol) in 10 mL of anhydrous acetone was added dropwise 

to the solution of poly(1-methyl-3-[oxiran-2-ylmethyl]-1-imidazole-3-ium-co-ethylene oxide) iodide 

(3.97 g, 8.7 mmol) in 20 mL of anhydrous acetone. The solution was further stirred for 1 h at RT, 

whereupon the product was precipitated into the excess of anhydrous Et2O. The yellowish sticky 

polymer was collected, washed with Et2O and dried at 60°C /0.1 mbar for 1 d. Yield: 3.95 g (50 %); Tg 

= -2°C (DSC); Tonset  = 185°C (TGA); 1H NMR (400.0 MHz, DMSO-d6): δ = 8.96 (br. s., 1H), 7.73 (s, 

1H), 7.59 (br. s., 1H), 4.61-4.01 (m, 3H), 4.00-3.40 (m, 22H), 0.16 (s, 6H), 0.05 (s, 9H); 13C NMR 

(100.6  MHz, DMSO-d6): δ = 135.8, 123.3, 122.9, 122.6-116.2 (q, JCF = 320 Hz), 77.6, 75.9, 69.7, 68.7, 

41.2, 29.6, 1.7 ,-1.1; 19F NMR (376.5 MHz, , DMSO-d6): δ = -79.4 (s); IR (KBr pellet):  3153 (m, νCH), 

3120 (m, νCH), 3096 (m, νCH), 2920 (m), 2882 (m, νCH), 1568, 1457, 1352 (vs, νasSO2), 1197 (vs, νCF), 

1134 (vs, νsSO2), 1058 (vs, νCF), 861 (m, νSi-CH3), 791 (m), 740 (w), 710 (w), 617 (m), 601 (m), cm-1 ; 

Calc. for C16H29F6N3O7S2Si2 (609.66): C, 31.52%; H, 4.79%; Found: C, 31.43%; H, 5.12%. 

2.3 Dynamic ion gels (DIG)s 

General procedure for the preparation of DIGs 

Dynamic ion gels DIG1-DIG14 were synthesized via complex coacervation between 

corresponding anionic and anionic PILs following general procedure given for DIG1 below. 

A solution of poly(1-butyl-3-[oxiran-2-ylmethyl]-1-imidazole-3-ium-co-ethylene oxide) 

bis(trifluoromethylsulfonyl) imide (PIL33TFSI) (0.125 g, 0.241 mmol of ion pairs, 33 wt%) in 1.0 mL 

of acetone was added drop-wise into a solution of poly[(1-butyl-3-methylimidazolium 1-[3-

(methacryloyloxy)propylsulfonyl]-1-(trifluoromethanesulfonyl)imide)-r-(poly(ethyleneglycol) methyl 

ether methacrylate)] (PIL13) (260 mg, 0.241 mmol of ion pairs, 67 wt%) in 1.0 mL of acetone under 

constant stirring. The formation of a turbid suspension was observed immediately. The resulting 

suspension, having a total polymer concentration of ~ 20 wt%, was vortex mixed for 1 min to improve 

mixing quality. Acetone was evaporated under reduced pressure and the resulting DIG was annealed at 

70C /0.1 mbar for 12 hours. 

3. Supercapacitors assembly and testing 

Supercapacitors were fabricated using a suspension of rGO-CNTs-DIG (or rGO-CNTs-PIL) at 

a concentration of 5 mg/mL, as depicted in Figure 4.2. The process began by creating a stable dispersion 

of rGO-CNTs (15 wt%) through ultrasonic treatment in a DMF solvent for 2 hours. Subsequently, 30 
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wt% of DIG or PIL (relative to the weight of rGO) was added to the suspension under continuous 

stirring. This dispersion was then deposited onto stainless steel substrates (304L type, 0.1 mm thick, 1.5 

x 3 cm², Thermo Scientific Chemicals) using a drop-casting technique, ensuring the entire substrate 

area was covered (2.5 mg/cm² per electrode). The substrates were heated consistently at 85°C to 

evaporate the solvent. The electrodes were then dried in a vacuum oven at 85°C and 1 mbar for 12 

hours. Following this, a DIG (or PIL) solution in acetonitrile (50 mg/mL) was spray-casted onto the 

electrodes, forming a solid polymeric film layer after solvent evaporation. A polyamide spacer was then 

placed on one of the electrodes, and additional layers of the electrolyte solution were deposited onto the 

spacer. This allowed the pores in the spacer to be filled, creating solid polymeric film layer on top of 

the spacer after evaporation. The electrodes were further dried in air at 85°C for 3 hours. Finally, the 

electrodes, were assembled in a sandwich configuration to form the supercapacitor. Electrochemical 

measurements were performed under various conditions, starting at ambient temperature and later at an 

elevated temperature of 80°C. 

Supercapacitors were studied via cyclic voltammetry, with all characterizations conducted 

using two-electrode cell configurations in varying voltage ranges with different scan rates. Before 

recording the data, the device was pre-cycled 20 times at 10 mV s-1 to ensure that the system reached a 

steady state. The specific capacitance of the devices was determined using the following equation:  

𝐶𝐶𝑒𝑙𝑙 = (
∫

𝑖

𝑚
𝑑𝑉

∆𝑉∗𝑣
)/2                                                   (eq 1.36) 

𝐶𝑆𝑃 = 𝐶𝐶𝑒𝑙𝑙 ∗ 4                                                      (eq 1.37) 

where 𝑖 is the discharge current, m is the total mass of active materials, 𝑣 is the scan rate, ∆𝑉 

is the potential window. 

The energy density and power density were calculated following the equation (1.38) and (1.39) 

respectively: 

𝐸 =  
𝐶𝑆𝑃

2
∗ 𝑉2                                                     (eq 1.38) 

𝑃 =  
𝐸

𝑡𝑑𝑖𝑠
                                                          (eq 1.39) 

Where V is the voltage, tdis is the discharge time. 
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V. Conclusions 

1. The novel class of polymer materials, termed dynamic ion gels (DIGs), was developed 

through the solution mixing and complex coacervation of oppositely charged poly(ionic liquid)s (PILs) 

and for the first time was evaluated as electrolyte materials in all-solid-state safe supercapacitors.  

2. A series of six ionic liquid monomers (ILMs) comprising two methacrylic and four 

dipropargyl ILMs was prepared, with four of them being synthesized and characterized for the first 

time. The developed synthetic procedures enabled the synthesis of these monomers with high purity (≥ 

98%) and in good yields (>85%). The resulting ILMs exhibited ionic conductivities in the order of ~10⁻⁴ 

S cm⁻¹ (at 25°C), closely approaching the conductivity levels of commonly used ionic liquids (3×10⁻³ 

÷ 8×10⁻³ S cm⁻¹ at 25°C). Specifically, the anionic ILM1 demonstrated an ionic conductivity of 2.4 × 

10⁻⁴ S cm⁻¹  (25°C), while the cationic ILM2 exhibited an even higher conductivity of 4.1 × 10⁻⁴ S cm⁻¹ 

(25°C). 

3. The new ionic dipropargyl ILMs (ILM3-ILM6) were used for the synthesis of first family 

of PILs via sequential AA + BB polyaddition Cu(I)-catalyzed azide–alkyne cycloaddition and 

subsequent N-alkylation reaction of poly(1,2,3-triazole) intermediates. This yielded nine PILs that 

contain one to four ion pairs per repeat unit and one or two types of ammonium, imidazolium or 1,2,3-

triazolium counter-cations. Their physical, ion conducting and electrochemical properties were 

investigated. Within the studied PILs the Tg and ionic conductivity were all found to be significantly 

affected by the repeat unit charge density. Generally, the higher was the repeat unit charge density of 

PIL the higher were the observed Tg values (ranging from -35 to 15°C) and the lower were their ionic 

conductivity (varying in the range from 4.9×10⁻10 to 1.8×10⁻⁵ S cm⁻¹ at 25°C). These dependences 

passed through a maximum when PILs had two cations per monomer unit that were separated by alkyl 

or oxyethylene chains. For almost all combinations, 1,2,3-triazolium-containing PILs showed the 

highest ionic conductivity. Notably, among those polyelectrolytes PIL9 exhibited the highest ionic 

conductivity of 1.8×10⁻⁵ S cm⁻¹ at 25°C, placing it among the top 20 PILs with the highest conductivity 

published to date (Table I.1). The rheological study of PIL9 viscoelastic properties showed the storage 

modulus of 0.1 kPa (at 25°C and 1 rad⁻¹), which was below average among all PILs under current 

investigation. 

4. The methacrylic ILMs (ILM1, ILM7 and ILM2) were used in RAFT (co)polymerization to 

prepare three other families of PILs. First, random copolymerization of ionic methacrylic ILMs with 

poly(ethylene glycol)methyl ether methacrylate (PEGM). Varying the nature of the ionic monomer and 

the PEGM:ILM ratio the 16 random ionic copolymers poly(ILMn-r-PEGMm) have been synthesized. 



183 

 

Investigating the electrochemical properties of methacrylate PILs it was found that polyelectrolytes 

based on the cationic ILM2 generally exhibited higher conductivity in comparison with anionic random 

copolymers derived from ILM1. Analysing ILM1 copolymers having the same molecular weight, but 

differ in PEGM:ILM1 ratio, it was discovered that ionic conductivity strongly depends on PEGM 

content, varying from 1.2×10−5 to 3.6×10−7 S cm−1 at 25°C. At this, it was established that the PEGM 

content vs. conductivity dependence was passing through the maximum at PEGM:ILM1 ratio equal to 

3.4 for PIL14. The random copolymers (AB) with optimal structures were further used as macro-chain 

transfer agents to prepare third family of PILs, composed of eight ionic AB-b-C type block copolymers, 

where the C-block was obtained by post polymerization of 2-phenylethyl methacrylate or (1-

naphthyl)methyl methacrylate. The partial incompatibility between ionic and neutral blocks in the ionic 

AB-C type block copolymers resulted in a microphase-separated lamellar morphology, where the 

neutral high Tg domains were responsible for the mechanical properties, while the soft ionic domains 

with low Tg were possessing elevated concentration of mobile ions and enhancing the overall ionic 

conductivity. Consequently, these AB-b-C type block copolymers, while exhibiting higher mechanical 

properties (the storage moduli ranged from 82.1 to 1680 kPa at 25°C and 1 rad s⁻¹) compared to parent 

random copolymers were able to maintain comparable level of ionic conductivity (up to 2.2×10⁻6 S 

cm⁻¹ at 25°C). 

5. The fifth family of PILs was synthesized via chemical modification of poly(epichlorohydrin-

co-ethylene oxide) with monosubstituted imidazoles. These PILs differ by imidazolium side chains 

length (alkyl (-CnH2n+1, n = 1 - 6)) and the presence of heteroatoms (silyl, siloxane and perfluoroalkyl) 

as well as by the type of anion (bis(trifluoromethylsulfonyl)imide (TFSI), 2,2,2-

trifluoromethylsulfonyl-N-cyanoamide (TFSAM), trifluoro(trifluoromethyl)borate (BF3CF3) or 

tricyanofluoroborate (BF(CN)3)). The study of their thermal and electrochemical properties revealed 

that all TFSI-based PILs with alkyl side chains possess lower glass transition temperatures and higher 

ionic conductivities than those bearing heteroatomic substituents. Among them the highest conductivity 

(4.7×10-6 S cm-1 at 25°C) was shown by the PIL33TFSI with an n-butyl side chain. Further expansion 

of the n-butyl substituted PILs family by ion exchange allowed for additional increase in ionic 

conductivity of the resultant polyelectrolytes, reaching as high value as 1.0×10-5 S cm-1 (at 25 °C) for 

PIL33BF(CN)₃.The study of PIL33BF(CN)₃ rheological properties revealed sufficient storage 

modulus of 22 kPa (at 25°C and 1 rad s⁻¹).  

6. PILs synthesized in this work were further used as building blocks to create DIGs. The work 

started from the anionic PIL13 and cationic PIL33TFSI coacervation study to synthesize model DIG1, 

that served as a proof-of-concept. It was demonstrated that although the coacervation process was 

sensitive to experimental parameters (such as solvent type, order of mixing, and temperature), the 

subsequent solvent evaporation and the annealing steps consistently produced equivalent DIGs. The 
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successful dynamic gelation process, resulting in the formation of dynamic ionic cross-links and in situ 

formation of an ionic liquid, was fully confirmed by quantitative 19F NMR, gravimetric methods and 

rheological experiments. The beneficial impact of the released IL was demonstrated by DSC and BDS. 

It was demonstrated that the formation of DIG improves the ionic conductivity in comparison with 

parent PILs (7.2 × 10⁻⁶ S cm⁻¹ at 25°C). At the same time, the viscoelastic properties were found to be 

strongly affected by the presence of released IL resulting in the decrease of G′ from 158 to 26.4 kPa (at 

25 °C and 1 rad s-1) for the extracted DIG1ext and DIG1 annealed after coacervation (IL content 

increases from 0 to ∼24 wt %), that was explained by plasticization and dilution of the entanglements. 

7. To enhance the viscoelastic properties of DIGs, two approaches were suggested and 

employed. The first approach involves the introduction of the PIL building blocks with sulfonate (SO3
-

) anions, that differ from TFSI analogues by smaller size of the ion, higher charge localization and 

significantly stronger ion interaction with counter cations. This strategy led to the development of four 

DIGs (DIG2-DIG5) based on PIL33TFSI and sulfonate PILs having the same structure of the main 

chain, identical molecular weight, but differ in the nature of the counter cation (ammonium, 

imidazolium or phosphonium). By example of DIG2, it was again demonstrated that DIGs exhibited 

both superior mechanical properties and higher ionic conductivity compared to parent PILs. Moreover, 

due to the presence of SO3 anions the formation of much stronger dynamic ionic crosslinks in DIG2 

(compared to DIG1) was leading to the enhancement of the viscoelastic properties without compromise 

in ionic conductivity: σ = 7.2×10⁻⁶ and 5.7×10⁻⁶ S cm⁻¹ (25°C), G’ = 26.4 and 61.9 kPa (25°C and 1 

rad s⁻¹) for DIG1 and DIG2, respectively.  The second approach was focused on the utilization of ionic 

AB-b-C type block copolymers as building blocks in the preparation of seven new DIGs (DIG7-

DIG13). The resulting DIGs were found to self-assemble into a lamellar or hexagonally packed cylinder 

morphologies, exhibiting a significant improvement in viscoelastic (mechanical) performance 

compared to DIG1-DIG5 (with G’ values ranging from 7.9 to 1827 kPa at 25°C and 1 rad s⁻¹) with 

preservation of a comparable level of ionic conductivity (10⁻⁶ to 10⁻⁷ S cm⁻¹ at 25°C).  

7. The final iteration of DIG optimization resulted in DIG14, based on sulfonate PIL21I and 

PIL33BF(CN)₃ with the BF(CN)₃ counter anion. DIG14 exhibited the most attractive performance 

profile, significantly outperforming other DIGs and PILs in terms of ionic conductivity (σ = 8.2×10⁻⁶ S 

cm⁻¹ (25°C)) and mechanical stiffness, (G’ = 214.5 kPa (25°C and 1 rad s⁻¹)). This best-performing 

DIG was then used in the assembly and testing of all-solid-state supercapacitors with reduced graphene 

oxide (rGO) and carbon nanotubes (CNTs) electrode materials and having symmetrical trilayer 

configuration: DIG14+rGO+CNTs / DIG14 / DIG14+rGO+CNTs. This supercapacitor demonstrated 

the following characteristics: specific capacitance CSP = 19.6 F g⁻¹, energy E = 10.9 Wh kg⁻¹ and power 

P = 97.7 W kg⁻¹ (at 25 °C, 5mV s-1 scan rate, potential window of 2V), markedly outperforming 

supercapacitors based on the parent PIL21I and PIL33BF(CN)₃ under similar conditions. Due to the 
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excellent viscoelastic properties of DIG14 the supercapacitor was capable to be cycled at higher 

temperatures (80 °C) without shortcutting and demonstrated CSP = 43.9 F g⁻¹, E = 24.4 Wh kg⁻¹ and 

power P = 218.9 W kg⁻¹. These results represent a significant input in the field as the suggested DIG 

approach creates a new pathway to highly efficient, flexible, lightweight and safe supercapacitors 

requiring no sealing and tolerant of a much broader range of application conditions (reduced pressures, 

high voltages and temperatures, etc.). 

8. In conclusion, the concept of DIGs has proven to be effective in developing of materials with 

high ionic conductivity and appealing viscoelastic properties, often surpassing the performance of the 

parent polymeric building blocks.  DIG properties could be tailored and improved by further structural 

design of the building blocks (e.g., chemical nature and polymerization degree of the PILs, content and 

chemical nature of the ion pairs, etc.). Such flexibility in the design of DIGs allows for fine-tuning 

material properties to meet specific application requirements, thus making DIGs excellent potential 

candidates for the next generation of safe and flexible polymer-based electrochemical devices requiring 

high conductivity in the solid state, for example thin-film transistors, solar cells, smart windows, 

actuators, etc. 
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