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ABSTRACT 

We report a facile one-step synthesis of homogeneous polymer network ion gels. The end-

functionalization of tetra-branched poly(ethylene glycol) (TetraPEG) with catecholamine (Cat–

NH2) and the complexation between metal ions and Cat groups proceeded simultaneously in 

ionic liquid to yield free-standing TetraPEG ion gels cross-linked by the metal–Cat complexes. 

The mechanical strength of the ion gels strongly depended on the coordination bond strengths of 

the metal–Cat complexes, displaying the following trend: Ni2+ > Mg2+ > Li+. We measured their 

ionic conductivities and found that the ion gels exhibited high ionic conductivity regardless of 

the employed metal ions. 
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Polymer networks filled with ionic liquids (ILs), i.e., ion gels (or ionogels), are promising soft 

electrolyte materials for flexible, safe electrochemical devices owing to the inherent unique 

properties of ILs (such as nonvolatility, nonflammability, high ionic conductivity, and 

electrochemical stability).1-3 However, imparting ion gels with high mechanical strength and 

stretchability is critical to their applications in devices, and these features strongly depend on the 

polymer network structure. Thus, several conceptual polymer networks, e.g., double-network,4-5 

slide-ring network,6-7 and homogeneous polymer network8-9 structures, have been proposed and 

combined with ILs to enhance the mechanical strength of the ion gels. We have reported the 

syntheses of homogeneous polymer network-based ion gel and organogel electrolytes using 

tetra-branched poly(ethylene glycol) (TetraPEG); these gels were utilized as solid electrolyte 

materials for lithium-ion batteries (LIBs) and electric double-layer capacitors (EDLCs).10-13 The 

TetraPEG networks were readily formed by one-step synthesis in IL solutions by mixing two 

polymer solutions. In detail, two terminals TetraPEG terminals (e.g., maleimide (MA)- and thiol-

terminated TetraPEGs) can be chemically cross-linked in ILs to form covalent linking points and 

yield nearly ideal polymer network gels with few structural defects. 

To enhance the mechanical properties of these gels and develop a designable smart gel system, 

dynamic cross-linking points with reversible interactions or dynamic bonds (e.g., hydrogen 

bonding interactions,14-15 electrostatic interactions, and coordination bond formation between 

metal ions and chelate ligands) have recently attracted attention. Further, metal coordination 

bonds, particularly the reversible bonds in the chelate complex comprising Fe3+ and catechol 

(Cat) groups, have been examined for application as a dynamic linking point in hydrogel systems 

to impart them with specific mechanical and self-healable properties.16-18 The complexation of 
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Fe3+ with Cat strongly depends on the pH values of the aqueous solutions, i.e., the deprotonation 

of the hydroxyl (OH) groups within Cat induces stepwise complexation reactions to yield mono-, 

bis-, tris-Cat–Fe3+ complexes, directly reflecting the viscoelastic and mechanical properties of 

the hydrogels.18-19 Lu et al. prepared TetraPEG–Cat hydrogels by synthesizing a TetraPEG 

prepolymer that was end-functionalized with Cat using dopamine.20 The resultant hydrogels 

exhibited good mechanical and self-healing properties, particularly at an optimum pH, 9; 

moreover, the bis- and tris-Cat–Fe3+ complexes acted as dynamic cross-linking points in the 

TetraPEG network at this pH. However, the application of such a metal–ligand coordination 

bond-based concept to IL (ion gel) systems is still limited and only applicable to hydrogel 

systems. Herein, we report the one-step synthesis of TetraPEG–Cat-based ion gels, via 

simultaneous (1) end-functionalization of TetraPEGs with Cat groups and (2) gelation induced 

by metal–ligand complexation in the IL electrolyte solutions containing metal ions (Li+, Mg2+, 

and Ni2+), as illustrated in Figure 1. 

 

 

Figure 1. Schematic of the one-step synthesis of the TetraPEG ion gels cross-linked by metal-ion complexation. 
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 In detail, the gelation proceeded via two reactions: (1) the Micheal addition reaction between 

MA-terminated TetraPEG (TetraPEG–MA: molecular weight (Mw) = 20,000 g mol−1) and 

catecholamine (or dopamine, Cat–NH2) and (2) the formation of a chelate complex between the 

metal ion and Cat group. TetraPEG–MA (polymer content: 10 wt%) and Cat–NH2 hydrochloride 

(Cat–NH2·HCl) were dissolved in 1-ethyl-3-methylimidazolium bis(trifluorosulfonyl)amide 

([C2mIm][TFSA]) containing M(TFSA)n salt, (M = Li, Mg, and Ni; n = 1 for Li and 2 for Mg 

and Ni). As Cat–NH2·HCl was insoluble in M(TFSA)n/[C2mIm][TFSA] solutions, we added 

N,N-dimethylformamide (DMF), a good solvent for Cat–NH2, to the solutions to obtain solutions 

with completely dissolved Cat. The molar ratios of the MA terminal to Cat (MA:Cat) and IL to 

DMF (IL:DMF) were fixed at 1:1 and 1:11 (corresponding to a weight ratio of IL:DMF = 1:2.1), 

respectively. The resulting IL solution was stirred for 10 min at room temperature to initiate the 

Michael addition reaction between the MA terminals and amine groups within Cat–NH2 to yield 

Cat-modified TetraPEG prepolymers. The reaction was promoted by adding 1-ethylimidazole 

(C2Im) as a base catalyst to the IL solution, as established in our previous study;12, 21 additionally, 

the molar ratio was adjusted to Cat:C2Im = 1:20. The terminal conversion efficiency of 

TetraPEG–Cat was confirmed by ultraviolet–visible (UV–vis) spectroscopy, as would be 

discussed in detail. After 24 h, the gelation of the IL solution was achieved by the metal ion 

complexation of the Mn+ ions with the Cat groups (Mn+–Cat), which yielded a self-standing ion 

gel, i.e., the Mn+–Cat complex acted as a cross-linking point for the formation of the 

homogeneous TetraPEG network. The resulting gel was vacuum dried at 333 K for 48 h to 

completely remove the residual DMF, as quantitatively confirmed by infrared (IR) spectroscopy 

(Figure S1). The results of IR spectroscopy revealed that the peak at 1660 cm−1 (attributed to the 

vibration of DMF) disappeared completely in the resulting TetraPEG ion gels, confirming the 
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complete removal of the residual DMF. Thus, we obtained a TetraPEG-network-based ion gel 

with a polymer content of 10 wt% and metal ion concentration (cM) of 0.016 or 0.01 M. The 

experimental details (UV–vis spectroscopy, mechanical stretching test, rheological measurement, 

and ionic conductivity (sion)) are described in the Supporting Information. 

 First, we confirmed the terminal conversion of TetraPEG–Cat, i.e., reaction efficiency of the 

Michael addition of the MA terminals (TetraPEG–MA) with the NH2 groups (Cat–NH2) in the IL 

solutions by time-dependence UV–vis spectroscopy. Figure 2a shows the typical UV–vis spectra 

of the product of the Michael addition reaction in DMF-containing IL solution with Li salt (Li 

salt concentration: cLi = 2.5 ´ 10−3 M). The intensity of the peak around 310 nm, which was 

attributed to the unreacted –MA terminal,12, 21-22 decreased gradually with the increasing reaction 

time, t, indicating that the Michael addition reaction between -MA and -NH2 successfully 

proceed to form MA-NH bonds, i.e., terminal modification of TetraPEG–Cat. The residual 

concentration of the unreacted –MA at each t was calculated using the absorbance, A, at 310 nm 

 

Figure 2. (a) Time-dependent UV–vis spectra of the Michael addition reaction of TetraPEG–MA and Cat–NH2 

in DMF-containing IL solutions with Li salt. (b) Plot of the unreacted –MA concentration, [–MA]/[ –MA]ini, 

against t. 
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based on the Lambert–Beer law: [–MA] = A310/e310l, where e310 and l are the molar absorbance 

coefficiency and cell thickness (1 cm), respectively. The [–MA] values were normalized with the 

initial concentration, [–MA]ini (5.0 ´ 10−3 M), as shown in Figure 2b. The reaction efficiency, ([–

MA]ini − [–MA])/[–MA]ini ´ 100, exceeded 95% after the reaction (~24 h), indicating the 

conversion of TetraPEG–MA to TetraPEG–Cat. 

Figure 3a shows the stretching stress (sstress)-elongation curves for the 10 wt% TetraPEG ion 

gels containing Ni2+, Mg2+, and Li+ (cM = 0.016 M, corresponding to the molar ratio of metal ion-

to-ligand, Mn+:Cat = 1:2). The TetraPEG ion gels exhibited excellent stretchability, enduring 

over sevenfold elongation regardless of the examined metal ion species. This stretchability value 

is much higher than those of reported chemically cross-linked TetraPEG ion gels.21-22 The shape 

of stress-strain curve exhibited clear elastic response without any sstress decrement during 

elongation. This indicates that the cross-links via metal ions are stable, and any flow deformation 

 

Figure 3. (a) Stress-elongation curves of the 10 wt% TetraPEG ion gels containing Ni2+ (blue), Mg2+ (red), and 

Li+ (black) at cM = 0.016 M (stretch rate: 30 mm s−1), and their (b) storage (G¢, circle) and loss (G¢¢, triangle) 

elastic moduli as a function of frequency w (0.1−100 rad s-1) at constant strain of 2%. 
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does not occur within this time scale of stretch rate. Further, sstress increased linearly with l, 

reaching maximum breaking stress values of 260, 200, and 40 kPa for the Ni, Mg, and Li 

systems, respectively. We estimated Young’s modulus (E) using the initial slope of the observed 

sstress. The result revealed the strong dependence of E on the utilized metal ion species: 26.4 kPa 

(Ni system), 18.4 kPa (Mg system), and 6.3 kPa (Li system). The resulting E values were lower 

than that in the chemically cross-linked TetraPEG/[C2mIm]TFSA] ion gel at the same polymer 

concentration (10 wt%), E = 54.2 kPa, which reflected the difference in the bond strength of the 

cross-links. Figure 3b shows the G¢ and G² moduli as a function of w obtained for the 10 wt% 

TetraPEG ion gels containing Ni, Mg, and Li ions. In all the systems, the G¢ value was almost 

constant and greater than the G² value in the entire w region examined, indicating the metal 

complex cross-links are stable and show typical rubbery plateau within this time scale. Further, 

the G¢ value increased in the following order: Ni2+ > Mg2+ > Li+, which is consistent with the 

aforementioned behavior of the E value. Figure 4 shows the sstress–l curve of the 10 wt% 

 

Figure 4. Stress-elongation curves of the 10 wt% TetraPEG ion gels containing (a) Ni2+ and (b) Mg2+ with 

varying cM. 
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TetraPEG ion gels with varying cM values (0.016 M and 0.01 M, corresponding to the molar 

ratio Mn+:Cat = 1:2 and 1:3, respectively). The results indicated the significant enhancement of 

the mechanical strength by increasing cM in the Ni and Mg systems. It is generally known that 

the mechanical properties of polymer networks are directly related to the density of the cross-

linking point. Regarding the TetraPEG–Cat-based network, the Mn+–Cat complex acted as the 

cross-linking point to form the homogeneous polymer network. Put differently, increasing the cM 

value increased the linking point to enhance the mechanical properties of higher-cM systems. 

Based on these results, we proposed the following relationship between the mechanical 

properties and metal ion complexation of TetraPEG–Cat network gels: the Li ions are 

coordinated with the Cat groups within the TetraPEG–Cat prepolymers via an electrostatic 

interaction to form Li+–Cat complexes. The bond strength or stability of the Mg2+–Cat complex 

is higher than that of the Li+–Cat complex owing to the stronger electrostatic interaction between 

Cat and divalent Mg2+. Conversely, Ni2+ (a first-transition metal ion) forms more stable 

complexes with the Cat groups via stronger coordination bonds using its d-orbitals. This 

difference in the M–Cat complexes contributed to the enhanced mechanical strength of the 

TetraPEG–Cat ion gels. Put differently, the mechanical properties could be readily controlled by 

metal ion complexation depending on the metal ion–ligand combination.  

To gain more insight into the Mn+–Cat complexes formed in our TetraPEG network, we 

investigated the formation of the Ni2+–Cat complex using the UV–vis spectra of a model solution 

system comprising Ni(TFSA)2 salt in a DMF solution (Figure S2). Here, we controlled Cat 

deprotonation to generate the linking point via Mn+–Cat complexation, as follows. In this 

gelation system, as described above, we employed C2Im (a Brønsted base) to catalyze the 

Michael addition reaction for the terminal modification of TetraPEG. Notably, C2Im can 
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simultaneously induce the release of H+ from the OH moieties within Cat, facilitating the 

complexation of Mn+ with Cat. Figure S2 shows that the characteristic peaks of the Ni2+ solution 

without C2Im appeared at 420 and 680–800 nm and were attributed to the octahedral solvation 

complex of Ni2+ with a solvent molecule,23 i.e., no complexation occurred between Ni2+ and Cat. 

The spectrum changed drastically when C2Im was added to the solution, indicating the formation 

of [Ni(Cat)x] complexes using deprotonated Cat as a chelate ligand to Ni2+. The characteristic 

peaks indicating stepwise complexation (x = 1, 2, and 3) appeared with the increasing C2Im 

concentrations, resulting in [Ni(Cat)3] and/or [Ni(Cat)2] formation at the highest concentration 

examined (Cat:C2Im = 1:5).19-20 During gelation, we added the C2Im base to the polymer 

solution at a Cat:C2Im of 1:20, as described in the synthesis section, indicating that the Ni ions in 

the TetraPEG–Cat-based ion gel existed as a Ni–Cat complex, which subsequently acted as the 

cross-linking points in the TetraPEG network. Indeed, the UV–vis spectrum of the 10 wt% 

TetraPEG ion gel containing Ni(TFSA)2 salt exhibited the characteristic peaks corresponding to 

the formation of the Ni–Cat complex (Figure S3). 

Finally, we measured ionic conductivity sion of the TetraPEG–Cat network-based ion gels as 

a first step toward facilitating their applications as electrolyte materials for electrochemical 

devices. Figure 5 shows the temperature dependences of sion of the 10 wt% TetraPEG ion gels 

containing Ni2+, Mg2+, and Li+ at a cM value of 0.016 M. A similar sion profile was observed 

regardless of the utilized metal ion species. This is due to a large amount of the solvent, IL (i.e., 

C2mIm+ and TFSA−) in the gels, which dominated the ion conduction of the TetraPEG ion gels. 

The observed sion data fitted well with the calculation lines based on the Vogel–Tammann–

Fulcher equation: sion = s0exp[−B/(T − T0)], where s0, B, and T0, are adjustable fitting 

parameters. The results are presented in Table S1. The B value, corresponding to the activation 
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energy for ion conduction, was almost the same for the three systems examined, indicating that 

the mechanical strength of the gels could be easily controlled by a combination of metal ions and 

ligands (i.e., stability in the M–ligand complexes), with no change in the ion-conducting 

properties. Furthermore, the resulting parameters are almost similar with those for the 

corresponding chemically cross-linking TetraPEG gel (s0: 0.34 S cm-1, B: 440 K, and T0: 181 K) 

reported previously. This result suggests that the cross-linking manner (i.e., chemical bond or 

coordination bond using metal ions) in the polymer network does not affect the ion-conducting 

behavior that is dominated by the interactions between PEG-chains and solvent ions and the 

carrier ion concentration in the bulk. Finally, we confirmed that the sion values of the current 

TetraPEG gel systems were slightly lower than that of the corresponding polymer solution 

system (10 wt% linear PEG in an IL solution containing 0.016 M LiTFSA salt, Figure S4). The 

origin of such difference in the gel and polymer solution systems is still unknown. We need 

 

Figure 5. Ionic conductivities of the 10 wt% TetraPEG ion gels containing Ni2+ (blue), Mg2+ (red), and Li+ 

(black) ions at cM = 0.016 M. 

Figure 5. Ionic conductivities of the 10 wt% TetraPEG ion gels containing Ni2+ (blue), Mg2+ 

(red), and Li+ (black) ions at cM = 0.016 M. 
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further investigation on the ion-transport properties in the TetraPEG-based polymer network 

with metal-coordination cross-links. 

In summary, we established a facile one-step synthesis of a metal ion-complexation-induced 

homogeneous TetraPEG network ion gel. First, TetraPEG–MA was fully end-functionalized 

using catecholamine (Cat–NH2) in IL-based solutions, and the resulting TetraPEG–Cat 

prepolymers were cross-linked via the complexation of the metal ions and Cat terminals. 

Employing this TetraPEG–Cat/IL system, we easily controlled and varied the mechanical 

properties of the ion gels using various metal ion species. Notably, a higher mechanical strength 

was obtained with transition metal ions owing to the stronger coordination bond of the Mn+–Cat 

complexes acting as a cross-linking point, whereas lower mechanical strengths were obtained 

with the alkaline-metal ions owing to their weaker complexation based on the electrostatic 

interactions. Conversely, the ion-conducting properties of the ion gels did not depend on the 

utilized metal ion species, indicating the good conductivity of the ion gels for application as gel 

electrolytes for electrochemical devices, such as LIBs and EDLCs. 
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