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Abstract  21 

Tough conductive eutectogel fibers synthesized based on deep eutectic solvents (DESs) have 22 

attracted increasing attention in fields of flexible/stretchable electronics, due to their promising 23 

stretchability, mechanical strength, conductivity, and relatively inexpensive cost. However, it 24 

is still challenging to fabricate such high-performance eutectogel fibers in a simple and 25 

versatile strategy. Here, we report a facile spinning of tough conductive eutectogel fibers based 26 

on one-pot photopolymerization and Li+-induced toughening effect. This photopolymerization 27 

allows the formation of eutectogel into a long fiber format within seconds. The introduction of 28 

Li salt into the DESs can regulate the hydrogen bonding interactions, which can significantly 29 

promote the construction of a dense interchain hydrogen-bonding network in the eutectogel. 30 

Consequently, the spun eutectogel fibers exhibit outstanding Young’s modulus (103.8 MPa), 31 

high toughness (38 MJ/m3), promising stretchability (>300%), conductivity (6 × 10-3 S/m), and 32 

good thermal stability at high temperature. The mechanical properties of the resultant 33 

eutectogel fibers can also be modulated by varying the DESs constituents. We demonstrate the 34 

multifunction of the fibers in shape-memory behavior, strain sensing, and recyclability. This 35 

facile spinning strategy offers a promising way to develop super-strong and conductive gel 36 

fibers as smart materials for diverse flexible and wearable device applications. 37 
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 1. Introduction 43 

Gels are polymer networks that are infiltrated with a large amount of liquid solvent. Their 44 

tunable optical transparency, good stretchability, and excellent conductivity have attracted 45 

increasing attention from both academia and industry.[1-6] More recently, gels show promising 46 

potential as soft ionic conductors for flexible/stretchable wearable electronics, human-machine 47 

interfaces, mechanoelectrical conversion and soft robotics.[7-14] Many of these applications 48 

made use of hydrogels that are composed of functional polymer networks and highly 49 

conductive aqueous solvents. Nevertheless, hydrogels face the problem of dehydration at high 50 

temperatures. Though the infiltration with organic solvents or ionic liquids could impart the 51 

organogels or ionogels with enhanced thermal stability, these gels possess the risks of liquid 52 

leakage and high materials cost.[15-19] Recently, deep eutectic solvents (DESs), a low-melting 53 

eutectic liquid consisting of a mixture of hydrogen bond donors (HBDs) and hydrogen bond 54 

acceptors (HBAs), have been explored as a new class of ionic conductive liquids.[20, 21] 55 

Benefiting from their low volatility, high thermal stability, excellent ionic conductivity (~ 0.1-56 

1 S/m) at room temperature, ease of production, and relatively inexpensive materials cost, 57 

DESs have been utilized for the fabrication of gels (e.g., eutectogels), which serve as promising 58 

replacements for conventional gels in extreme environments, including high temperature, low 59 

humidity, and even outer space.[22-27] Yet, most eutectogels show poor mechanical properties, 60 

such as low fracture strength (<1 MPa), Young’s modulus (<1 MPa), and toughness (<1 61 

MJ/m3).[28, 29] As a result, these eutectogels usually find applications where robust 62 

mechanical properties are not required.[30-32]  63 

 64 

Improving the mechanical properties of eutectogel is of great significance to extend their 65 

applicability in soft electronics.[33] One strategy to toughen the eutectogel is to construct a 66 

strong and dense hydrogen-bond network in the polymeric matrix, which could be realized by 67 

utilizing the abundant HBDs and HBAs in DESs.[34] Fabrication strategies, such as solvent 68 

replacement, have been explored to regulate the hydrogen bonding interactions between HBDs 69 

and HBAs, leading to the formation of a hydrogen-bonding-rich domain in the polymeric 70 

network and thus a superb tough eutectogel.[35, 36] Nevertheless, these methods usually 71 
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involve multiple fabrication steps as well as tedious and time-consuming post-preparation 72 

treatments, which are practically difficult to be scaled up.  73 

 74 

On the other hand, state-of-the-art eutectogels are mostly limited to two-dimensional (2D) films 75 

or three-dimensional (3D) bulk gels that are difficult to conformally fit the irregular surfaces 76 

and 3D shapes of the human body. Shaping gels materials into one-dimensional (1D) fibers 77 

can enable excellent compliance on different complex geometrics, easy integration into 78 

conventional textiles, and outstanding permeability that is important for long-term wearing.[37] 79 

Although several eutectogel fibers have been explored very recently, their low strength 80 

(Young’s modulus <1 MPa) yet limits their practical applications.[38, 39] To date, endowing 81 

eutectogel fibers with tough mechanical properties in a versatile and facile spinning strategy 82 

by using simple materials is still challenging. 83 

 84 

In this work, we report a facile and rapid spinning strategy based on one-pot 85 

photopolymerization and lithium cation (Li+)-induced toughening effect to develop tough and 86 

conductive eutectogel fibers (Eu-fibers). The photopolymerization of DES occurs during the 87 

spinning process, allowing for the formation of long Eu-fibers within seconds. Through the 88 

experimental investigation and simulation study, the introduction of Li+ into DES is revealed 89 

to significantly promote the formation of dense interchain hydrogen-bond crosslinks among 90 

the polymer networks. Such an interchain hydrogen-bonding network can enhance the 91 

mechanical properties of the eutectogels. This Li+-induced toughening effect also works with 92 

different Li salts, leading to the formation of a new series of tough and conductive Eu-fibers. 93 

Remarkably, the Eu-fiber shows a 500-fold increase in Young’s modulus at room temperature 94 

compared to those without the toughening of Li+, and possess high stretchability (>300% 95 

strain), good thermal stability at high temperatures, promising conductivity (4~6 × 10-3 S/m), 96 

and interestingly, a smart glassy-to-rubbery transition at near-body temperature. Taking these 97 

merits, these super-strong Eu-fibers, as a proof of concept, can be integrated into different 3D 98 

shapes by weaving and braiding technologies, and can exhibit shape-morphing capability under 99 

heat stimulus. We also demonstrate the multifunction of Eu-fibers in strain sensing and 100 
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recyclability. The novelty of our approach lies in the development of a simple and efficient 101 

spinning strategy based on one-pot photopolymerization. Additionally, the unique properties 102 

of Li+ ions are utilized to facilitate the formation of dense hydrogen bond networks, which 103 

serve as crosslinks within the polymer network to enhance the toughness of the eutectogel. To 104 

the best of our knowledge, our study is the first to propose the toughening effects in eutectogels 105 

resulting from the augmentation of hydrogen bond networks induced by small ions. It is 106 

anticipated that such a facile spinning approach coupled with Li+-induced toughening strategy 107 

can provide a practical way for achieving super-strong, stretchable, and conductive gel fibers 108 

for the applications in multifunctional wearable sensors and soft robotics. 109 

 110 

2. Materials and methods 111 

2.1. Materials 112 

Acrylic acid (AAc, ≥99%), choline chloride (ChCl, ≥98%), lithium chloride (LiCl, ≥98%), 113 

lithium bromide (LiBr, ≥99%), lithium acetate (LiOAc, ≥99%), 114 

bis(trifluoromethylsulfonyl)amine lithium salt (LiTFSI, ≥99%), 2-hydroxy-4'-(2-115 

hydroxyethoxy)-2-methylpropiophenone (photoinitiator 2959, ≥98%) were purchased from 116 

Aladdin Chemistry Co., Ltd. Sudan I (≥96%) and Deuterium oxide (D2O, ≥99.9%) was 117 

purchased from Sigma-Aldrich Chemistry Co., Ltd. All chemicals were used without further 118 

purification. 119 

 120 

2.2. Preparation of eutectogels based on deep eutectic solvents (DESs)  121 

The eutectogels were fabricated through the photopolymerization of the monomers (i.e., 122 

hydrogen bond donors (HBDs) in this work) in the deep eutectic solvents (DESs). Briefly, HBD 123 

and hydrogen bond acceptor (HBA) were firstly mixed at a specific proportion (Table S1) and 124 

then stirred at 80 oC until the mixture became a transparent liquid (i.e., DES). After cooling 125 

down to room temperature, the DES was mixed with the photoinitiator, Irgacure 2959 (0.1 126 

mol%, relative to the HBD), and then ultrasonicated for 10 min until the photoinitiator was 127 

fully dissolved. Subsequently, the photopolymerization of the monomers (i.e., AAc) in the DES 128 
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was triggered by the irradiation under a 365 nm UV light with the intensity of 45 W at room 129 

temperature for 30 s. To fabricate the Eu-fiber, the solution consisting of DES and photoinitiator 130 

was injected into a 1 mm diameter polytetrafluoroethylene (PTFE) tube using a syringe, 131 

followed by exposure to a 365 nm UV light (45 W) for the polymerization. Afterward, the Eu-132 

fiber with a diameter around 0.95 mm was obtained by cutting a slit in the PTFE tube with 133 

scissors and peeling the tube along the created slit. The diameter of Eu-fiber can be controlled 134 

by the size of PTFE tube. For performance comparison, hydrogel fibers with similar 135 

components were prepared. In these hydrogel fibers, the molar ratios of HBD, HBAs, and 136 

photoinitiator were the same, except for the addition of deionized (DI) water (40 wt%).   137 

 138 

2.3. Characterizations 139 

The transmittance of eutectogels with a thickness of 1 mm was measured by ultraviolet-Visible 140 

spectrometer (UV-Vis, Cary 300) in the wavelength range of 400-800 nm with scanning 141 

interval of 2 nm. The amorphous polymeric network of eutectogel was analysed by an X-ray 142 

diffractometer (XRD, Rigaku SmartLab 9 kW, Japan) with a Cu Kα X-ray source. Hydrogen 143 

bonding interactions in DESs and eutectogels were characterized by 1H Nuclear Magnetic 144 

Resonance (NMR) spectrum (Jeol ECZ500R 500 MHz NMR spectrometer) in D2O at 25 oC. 145 

The melting points of DESs of the formed eutectogels were characterized by the Simultaneous 146 

Thermal Analysis (TGA/DSC3+, Mettler Toledo International Inc., Zurich, Switzerland) at a 147 

heating rate of 10 oC/min under nitrogen atmosphere (50 mL/min). The thermal stabilities of 148 

eutectogels and hydrogels were also measured by the TGA/DSC3+. The gels were heated from 149 

30 oC to 700 oC at a heating rate of 10 oC/min under flowing nitrogen (50 mL/min). The glass 150 

transition temperatures of eutectogels were measured by Dynamic Mechanical Analysis (DMA, 151 

Q800 equipment). A rectangular sample (dimensions: 10 mm × 6.5mm × 1 mm) was tested in 152 

a single cantilever beam mode with a frequency of 1 Hz and strain of 0.05 mm when the 153 

temperature increased from 25 to 80 °C (heating rate: 5 °C/min). 154 

 155 

The tensile properties of the Eu-fibers were measured by a universal testing machine (Instron 156 

5566). The gauge length of Eu-fiber samples for the tests was 30 mm and stretched at a speed 157 
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of 100 mm/min. The nominal stress (σ) and strain (ε) were recorded, in which the stress was 158 

defined as the tensile force divided by the original cross-section area of the sample, and the 159 

strain was defined as the displacement of the cross-head divided by the gauge length of the gel 160 

sample. Young’s modulus was calculated from the initial slope of the stress-strain curve with a 161 

strain below 10% before yielding. Toughness was obtained by the area integral of the stress-162 

strain curve for each sample. Fracture energy (Γ) was calculated from the integral area under 163 

the stress-strain curve of fiber with the initial clamp distance (H), and the formula is Γ=H∫σdε. 164 

The effective crosslinking density (ve) was determined with the classical rubber elasticity 165 

theory proposed by Flory.[40] The equation is given by is G ≈ RTveΦ1/3, where, R is the gas 166 

constant (R = 8.314 J/(mol·K)), T is the absolute temperature (T = 298.15 K), Φ is the volume 167 

fraction (could be roughly determined by polymer weight fraction; for PAAc/ChCl Eu-fiber, 168 

Φ ≈ 0.5). The modulus, G, is the slope of nominal stress and (λ-λ−2) (λ is the deformation ratio; 169 

λ = ε +1). Tensile tests at different temperatures were performed in an oven at a specific 170 

temperature. More than three samples were tested for one experiment.  171 

 172 

The ionic conductivity (σ) of the gels was obtained by the measurement of the gel’s resistance 173 

R by the AC impedance measurement and the calculation by the formula σ = L/RS. Briefly, the 174 

gel specimen was sandwiched by two stainless steel foils and connected to an electrochemical 175 

working station (CHI660E). AC impedance mode with the frequency sweep from 0.01 to 176 

100,000 Hz and initial voltage of 0 V with 5 mV amplitude was conducted to obtain the 177 

resistance R at 0° phase angle. The contact area between the metal foil and the eutectogel (S) 178 

and the distance between two foils (L, i.e., the thickness of the gel) were measured for the 179 

calculation of ionic conductivity. More than three samples were tested for one experiment. The 180 

resistance change of the Eu-fiber in response to the tensile strain was recorded by a Keithley 181 

2400 source meter coupled with a customized stretching motor.  182 

 183 

2.4. Simulation study 184 

All density functional theory calculations were performed using ORCA 5.0 package. 185 

Geometrical optimization and frequency calculations are conducted with m062x functional[41] 186 
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and def2-TZVP basis.[42, 43] Dispersion correction is employed through Grimme’s D3 187 

damping function.[44] The binding energy was obtained by Ebinding = E(AB) - E(A) - E(B). 188 

Molecular dynamics simulations were performed in LAMMPS using the COMPASS 189 

forcefield.[45, 46] For PAAc/ChCl eutectogel, simulation boxes (28.5 Å in lateral length) 190 

contained 2 PAAc polymer chains 50 units long each, 50 Ch+, and 50 Cl- corresponding to the 191 

molar ratio of each components (AAc : ChCl = 10 : 5) in AAc/ChCl DES system. For 192 

PAAc/ChCl/LiCl eutectogel, simulation boxes (28.5 Å in lateral length) contained 2 PAAc 193 

polymer chains 50 units long each, 50 Ch+, 10 Li+, and 60 Cl- corresponding to the molar ratio 194 

of each components (AAc : ChCl : LiCl = 10 : 5 : 1) in AAc/ChCl/LiCl DES system. For the 195 

systems, an initial energy minimization (energy and force tolerances of 10−4) was performed to 196 

obtain the ground-state structure. After that, the system was slowly heated from 0 K to room 197 

temperature at constant volume over 1 ns using a Nose-Hoover thermostat, with a damping 198 

parameter of 80 ps. After that, the system was equilibrated in the constant temperature (298 K), 199 

constant pressure (1 bar) (NPT ensemble) for 5 ns before finally being subjected to 5 ns of 200 

constant volume, constant temperature dynamics. Radial distribution functions (g(r)) were 201 

obtained using the visual molecular dynamics (VMD) software.[47] Snapshots of the most 202 

probable solvation shells were also sampled from the simulation trajectory using VMD. 203 

Coordination numbers (n(r)) were calculated from g(r) using the equation n(r) = ∑4πr2ρg(r)δr 204 

(ρ: the number of target ion (Cl-) per unit volume; r: the distance between target position and 205 

given ion (Li+)). 206 

 207 

3. Results and discussion 208 

3.1. Construction of eutectogel fibers (Eu-fibers) 209 

The fabrication of Eu-fibers enabled by one-step photopolymerization is depicted in Figure 1a. 210 

Briefly, the Eu-fiber was made by a polymerizable acrylic acid (AAc)-choline chloride 211 

([(CH3)3NCH2CH2OH]Cl, ChCl) DES liquid that was added with lithium chloride (LiCl) in the 212 

presence of photo-initiators. In our work, we mixed HBD, i.e., AAc, which also served as the 213 

monomer for the construction of the polymer network, with HBAs, i.e., ChCl and LiCl, in 214 

different molar ratios (Table S1), to form the transparent liquids of DES (denoted as 215 
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AAc/ChCl/LiCl DES) without the addition of other solvents (Figure S1). The selection of 216 

polymerizable DES units is guided by several considerations. Firstly, we focus on the suitability 217 

of AAc due to its chemical composition, which includes a C=C double bond and carboxyl 218 

groups, making it an ideal candidate as a polymerizable monomer and a hydrogen bond donor 219 

for DES formation. Secondly, we prioritize the preparation of solvent-free eutectogels to avoid 220 

any potential issues related to liquid leakage. Factors such as cost and sustainability are also 221 

taken into consideration. Notably, AAc, ChCl, and LiCl are low-cost components, facilitating 222 

the sustainable production of DES. By considering these criteria, we selected AAc and ChCl 223 

as the constituents of our DES system. A widely accepted principle to demonstrate the 224 

successful formation of DES is the reduction of the melting point (Tm) in comparison to its 225 

HBD and HBA components.[48] Differential scanning calorimetry (DSC) shows that there was 226 

only one endothermic peak corresponding to melting point around -13 oC for the as-formed 227 

AAc/ChCl/LiCl DES liquid, which was much lower than that of AAc (13 oC), ChCl (305 oC), 228 

and LiCl (605 oC) (Figure S2). In such a deep eutectic system, Cl- from both ChCl and LiCl 229 

could form hydrogen bonding interactions with the carboxyl groups (-COOH) from AAc 230 

(denoted as -COOH···Cl-),[49, 50] leading to the reduction of the melting point of the mixture 231 

and thus the formation of a transparent liquid without a phase separation at the room 232 

temperature. After the addition of the photo-initiator, Iragace 2959 (0.1 mol% to AAc), the DES 233 

liquid as the spinning solution was injected into a polytetrafluoroethylene (PTFE) tube by a 234 

syringe, and then the photopolymerization of AAc in the solution was initiated under ultra-235 

violate (UV) light exposure. A eutectogel fiber (denoted as PAAc/ChCl/LiCl Eu-fiber) could 236 

be eventually formed in the tube within seconds, which was then extracted and collected after 237 

the photo-curing. Owing to the homogeneous and amorphous gel system (Figure S3a) that was 238 

composed of dense hydrogen bonds between polymer chains (denoted as O-H···O=C), the as-239 

formed Eu-fiber was imparted with high transparency (Figure S3b). Benefiting from the ease 240 

of preparation for the spinning solution and the fast polymerization rate, long fibers could be 241 

easily and quickly manufactured. As proof of concept, we demonstrated a 2 m long 242 

PAAc/ChCl/LiCl Eu-fiber that was formed within only 30 seconds (inset in Figure 1a). 243 

 244 
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In such a three-component AAc/ChCl/LiCl DES system, the introduction of LiCl led to a 245 

dramatic enhancement in the mechanical properties of the resultant eutectogels. While two-246 

component PAAc/ChCl eutectogel was soft but weak and PAAc/LiCl was rather rigid (Figure 247 

S4), PAAc/ChCl/LiCl Eu-fibers possessed outstanding mechanical strength with remained 248 

excellent stretchability (Figure 1b). The breaking stress, Young’s Modulus, and toughness of 249 

the PAAc/ChCl/LiCl Eu-fiber reached 17.3 MPa, 103 MPa, and 38 MJ/m3, respectively, which 250 

showed 30-fold, 500-fold, and 30-fold higher than those of PAAc/ChCl Eu-fiber without the 251 

addition of LiCl. Meanwhile, PAAc/ChCl/LiCl Eu-fiber was still able to be stretched up to 367% 252 

(Figure 1b). The surface PAAc/ChCl/LiCl Eu-fiber was smooth and compact along the axial 253 

direction, which contributed to the improvements in mechanical properties, and the energy-254 

dispersive X-ray spectroscopy (EDS) mapping revealed a uniform dispersion of chloride ions, 255 

suggesting that the distribution of LiCl within the fiber was also uniform, without any visible 256 

signs of aggregation (Figure S5). Importantly, the newly developed PAAc/ChCl/LiCl Eu-fibers 257 

also outperformed the hydrogel fibers (denoted as Hy-fibers) that were made with the same 258 

ratios of AAc, ChCl, and LiCl in terms of their mechanical properties (breaking stress and 259 

strain, toughness, Young’s modulus, and fracture energy) and thermal stability on the whole. 260 

For example, the Young’s modulus and toughness of PAAc/ChCl/LiCl Eu-fibers respectively 261 

demonstrated 340-fold and 690-fold improvement compared to those of PAAc/ChCl/LiCl Hy-262 

fibers (Table S2). To the best of our knowledge, PAAc/ChCl/LiCl Eu-fiber demonstrated the 263 

best mechanical performance among the reported eutectogels (Figure 1c and Table S3).[51-55] 264 

Through the confirmation with thermogravimetric analysis (TGA), PAAc/ChCl/LiCl Eu-fiber 265 

lost only 4% of its weight when the temperature reached 270 oC, while PAAc/ChCl/LiCl Hy-266 

fiber lost more than 20% of their weight (Figure S6). Such mechanical and thermal 267 

enhancements of Eu-fibers could be ascribed to the restrained polymer chains that were caused 268 

by dense hydrogen bonds and intermolecular entanglements, especially within a solvent-free 269 

matrix of eutectogel (Figure 1a).[56] Therefore, Eu-fibers can function as promising candidates 270 

of super-strong, thermally stable, and stretchable ionic conductive fibers. As a proof-of-concept 271 

demonstration, the super-strong Eu-fiber could lift a 1 kg weight (Figure 1d), and could be 272 

braided, knotted, and even woven into various complex 3D geometrics without breaking 273 
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(Figure 1e-g), exhibiting its ability to bear large loading and persistent mechanical 274 

deformations.  275 

  276 



12 
 

 277 

Figure 1. Design and fabrication of PAAc/ChCl/LiCl eutectogel fiber (Eu-fiber). 278 

(a) Fabrication of PAAc/ChCl/LiCl Eu-fiber and schematic illustration of polymer network of 279 

the corresponding eutectogel. Inset shows the 2 m-long Eu-fiber fabricated in one pot (scale 280 

bar: 2 cm). (b) Comparison of tensile properties of PAAc/ChCl/LiCl Eu-fiber, PAAc/ChCl Eu-281 

fiber, PAAc/LiCl Eu-fiber, and PAAc/ChCl/LiCl hydrogel fiber (Hy-fibers). (c) Summary of 282 

the breaking stress, Young’s modulus, toughness, fracture energy and breaking strain of 283 

PAAc/ChCl/LiCl Eu-fiber, PAAc/ChCl Eu-fiber, PAAc/LiCl Eu-fiber, PAAc/ChCl/LiCl Hy-284 

fiber (the molar ratio of AAc, ChCl, and LiCl in both eutectogel and hydrogel systems is 10:5:2) 285 

and other eutectogels reported in the literatures. (d) Digital image showing that 286 

PAAc/ChCl/LiCl Eu-fiber can lift 1 kg weight. (e-g) Digital images showing the applications 287 

of PAAc/ChCl/LiCl Eu-fibers in (e) braiding, (f) knotting, and (g) weaving. 288 
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 289 

3.2. Mechanical properties of PAAc/ChCl/LiCl Eu-fibers 290 

The significant enhancement in the mechanical strength of eutectogels induced by Li+ was first 291 

investigated by varying the molar ratios of LiCl in the DES. To clarify the effect of the LiCl on 292 

the mechanical properties of newly formed eutectogels, PAAcx/ChCly/LiClz Eu-fibers with 293 

different molar ratios of LiCl and ChCl were fabricated (x, y, z are respectively the molar ratios 294 

of AAc, ChCl, and LiCl). The increase of the molar ratio of ChCl in PAAc/ChCl/LiCl Eu-fibers 295 

led to the increase of breaking strain but did not make significant contributions to the 296 

improvement of mechanical strength (Figure S7). On the contrary, increasing the amount of 297 

LiCl in the gel system demonstrated a dramatical enhancement in breaking strength and a 298 

remaining high level of stretchability (>300%) (Figure 2a). As summarized in Figure 2b, 299 

PAAc10/ChCl5/LiCl0.5 Eu-fiber with only a small amount of LiCl possessed a high Young’s 300 

modulus of 32 MPa and toughness of 10 MJ/m3. Further increasing the molar ratio of LiCl to 301 

2 led to a significant increase in the Young’s Modulus to 103 MPa and toughness to 38 MJ/m3, 302 

while the breaking strain of the PAAc10/ChCl5/LiCl2 Eu-fiber was still above 360% (Figure 2b). 303 

Such findings indicated that the toughening (toughness) and stiffening (Young’s modulus) of 304 

PAAc/ChCl/LiCl eutectogels were induced by the addition of Li salts. 305 

 306 

The design principle of tough eutectogels in this work is to introduce additional HBA, i.e., LiCl, 307 

to the AAc/ChCl DES precursor. Note that PAAc/ChCl eutectogel was formed by the 308 

polymerization of AAc monomers and the inherent hydrogen bonding between ChCl and PAAc 309 

network (typically between carboxylic group (-COOH) of AAc and Cl- of ChCl),[49] we 310 

believed that the introduction of Li+ could regulate these interactions and thus led to the 311 

reconstruction of the PAAc polymeric structures. To understand the hydrogen bonding 312 

interactions between HBD (i.e., AAc) and HBAs (i.e., ChCl and LiCl) in DESs, and to 313 

investigate the effect of LiCl on theses interactions within PAAc/ChCl/LiCl eutectogel, 1H 314 

nuclear magnetic resonance (NMR) spectroscopy was first used to evaluate the DESs and 315 

eutecogels with different HBA and HBDs components. As reflected by the 1H NMR spectrum 316 

of different DESs, the addition of ChCl and LiCl into AAc led to significant proton shifts (Ha, 317 
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Hb, Hc) of AAc (Figure 2c). Since ChCl and LiCl did not display any signal within the 318 

investigated chemical shift range (5.0-8.0 ppm) (Figure S8), the proton shifts in AAc/ChCl, 319 

AAc/LiCl, and AAc/ChCl/LiCl DESs could be ascribed to the interactions between -COOH of 320 

AAc and Cl- of ChCl/LiCl (-COOH···Cl-). The proton shift of the ChCl in PAAc/ChCl and 321 

PAAc/ChCl/LiCl eutectogels were also investigated to reveal the effect of LiCl. The proton 322 

signal (Hd, He, Hf, Hg) on ChCl in the PAAc/ChCl eutectogel slightly shifted to lower fields 323 

after adding Li salts (Figure 2d). Such a chemical shift could be ascribed to the decrease of -324 

COOH···Cl- hydrogen bonding between PAAc and ChCl, which was caused by the addition of 325 

LiCl.  326 

 327 

The formation of hydrogen bonding between PAAc polymer chains (O-H···O=C) hydrogen 328 

bonding in PAAc/ChCl/LiCl eutectogels with different amounts of Li+ was then evaluated by 329 

Fourier-transform infrared spectroscopy (FTIR). Broad bands of O-H stretching vibration, 330 

which could be ascribed to different types of hydrogen bonding interactions of hydroxyl group 331 

(-OH), were observed around 3300-3400 cm-1 in the FTIR spectra of PAAc/ChCl and 332 

PAAc/ChCl/LiCl eutectogels (Figure 2e). Such an O-H stretching peak that was originally 333 

observed 3334 cm-1 in the FTIR spectrum of PAAc/ChCl eutectogel shifted from 3341 cm-1 to 334 

3360 cm-1 as the molar ratio of LiCl in PAAc/ChCl/LiCl eutectogels increased from 1 to 2. In 335 

addition, a shoulder peak that belongs to the asymmetric vibration of C=O was observed around 336 

1600-1800 cm-1, which shifted to lower wavenumber with the amount of LiCl increased. These 337 

results confirmed that more intra- and interchain O-H···O=C hydrogen bonds between PAAc 338 

polymer chains were formed in PAAc/ChCl/LiCl eutectogel with the increase of the molar ratio 339 

of LiCl.[57, 58] 340 

 341 
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 342 

Figure 2. Mechanical properties of PAAc/ChCl/LiCl eutectogels and characterization of 343 

AAc/ChCl/LiCl DESs and PAAc/ChCl/LiCl eutectogels.  344 

(a) Tensile stress-strain curves and (b) summary of mechanical properties of PAAc/ChCl/LiCl 345 

Eu-fibers with different molar ratios of LiCl. (c) Changes of H of AAc in 1H nuclear magnetic 346 

resonance (NMR) spectra with the addition of ChCl or LiCl. (d) Comparison of 1H NMR 347 

spectra of ChCl for PAAc10/ChCl5 eutectogel and PAAc10/ChCl5/LiCl1 eutectogel. (e) FTIR 348 

spectra of eutectogels with different molar ratio of LiCl. 349 

 350 

3.3. Toughening mechanism enabled by Li+-induced dense hydrogen-bond network 351 

In recent studies on the ChCl-urea DES system with LiCl salts, it emerged that the strong 352 

coordination of Li+ with Cl- led to the formation of LiCl3
2-. The emergence of these negatively 353 

charged species could induce an extensive hydrogen-bond network in the ChCl-urea DES.[59] 354 

Accordingly, we speculated that such a similar situation occurred in PAAc/ChCl/LiCl 355 

eutectogel, where Li+ had stronger coordination with Cl- anions so that less Cl- were around 356 

the choline cations. As such, the -COOH···Cl- hydrogen bonding between PAAc and ChCl 357 

decreased, and PAAc tended to form interchain hydrogen bonding instead (O-H···O=C). We 358 

then applied density functional theory (DFT) calculations and molecular dynamics (MD) 359 

simulations to investigate the solvation structure of the key species in the eutectogel systems, 360 

which could further reveal the effects of Li salt on the polymeric structure of the eutectogel. As 361 
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shown in Figure 3a, Li+, which served as monodentate coordination site (-645.32 kJ/mol), 362 

bidentate coordination site (-869.69 kJ/mol), and tridentate coordination site (-640.69 kJ/mol) 363 

with Cl-, exhibited higher binding energy compared to the coordination of PAAc with Cl- (-364 

162.19 kJ/mol). Such a strong coordination ability of Li+ with Cl- could lead to the formation 365 

of negatively charged species (LiCln
(n-1)-). When the amounts of anions (i.e., Cl-) in the 366 

eutectogel system became less, -COOH among PAAc polymer chains with the lowest binding 367 

energy (-19.43 kJ/mol) could form the interchain O-H···O=C hydrogen bonds with each other. 368 

As such, a strong PAAc network cross-linked with sufficient interchain hydrogen bonds was 369 

formed. To further investigate the effect of Li+ on the interaction of PAAc with Cl- (PAAc-Cl-), 370 

molecular dynamics (MD) simulations were conducted, and the radial distribution functions 371 

g(r) were obtained (Figure 3b). In the absence of Li+, the characteristic peaks of PAAc-Cl- pairs 372 

appeared within the 2-6 Å range, indicating distinct binding sites of PAAc-Cl- at different 373 

distances. Conversely, with the introduction of Li+ additive, peaks denoting PAAc-Cl- binding 374 

sites were not detected, suggesting a significant weakening of the union between PAAc and Cl- 375 

upon Li+ incorporation (Figure 3b). Also, Li+ possessed a strong coordination ability with Cl-, 376 

which was supported by the appearance of a sharp peak of Li+-Cl- with an intensity of 75 at 377 

2.28 Å in the radial distribution function g(r). At such a distance of 2.68 Å, the coordination 378 

shell of each Li+ ion could comprise three Cl- ions (n(r)=3 at 2.68 Å), implying the formation 379 

of LiCl3
2- (Figure S9). Supported by these simulation results, the strong coordination of Li+ 380 

with Cl- has been proven to compete for the hydrogen bonding between PAAc polymer chains 381 

and Cl-. When more Cl- were bounded with Li+, it is expected that PAAc chains were inclined 382 

to form interchain O-H···O=C hydrogen bonds rather than forming -COOH···Cl- hydrogen 383 

bonds with free Cl- in the system. We also calculated the effective crosslinking densities of 384 

PAAc/ChCl/LiCl Eu-fibers with different Li+ concentrations according to classical rubber 385 

elasticity theory. The effective crosslinking densities increased remarkably from 17.8 mol/m3 386 

to 15.5 kmol/m3 with the increase of the molar ratio of LiCl from 0 to 2 (Figure 3c). On this 387 

basis, this theoretical analysis supported that the addition of Li salts into PAAc/ChCl eutectogel 388 

system induced the decrease of -COOH···Cl- hydrogen bonding of PAAc-Cl- and the increase 389 

of O-H···O=C hydrogen-bonded crosslinks among PAAc polymer chains, which could reduce 390 
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the distance between polymer chains (Figure 3d) and thus led to the toughening of 391 

PAAc/ChCl/LiCl eutectogel.  392 

 393 

 394 

Figure 3. Simulation study of interactions in PAAc/ChCl/LiCl Eu-fiber and Li+-induced 395 

toughening mechanism.  396 

(a) Binding energies of different species in PAAc/ChCl/LiCl eutectogel system. Inset showing 397 

the molecular models representing binding between each components. (b) Molecular dynamics 398 

simulation showing the coordination of PAAc with Cl- (g(r): radial distribution function). (c) 399 

Effective crosslinking densities of PAAc/ChCl/LiCl eutectogels with different molar ratio of 400 

LiCl. (d) Schematic illustration showing the effect of adding Li salts on the polymeric structure, 401 

 402 

3.4. Versatility of Li+-induced toughening effect 403 

Upon the verification of the toughening mechanism of Li+ ions, we investigated the versatility 404 

of preparing tough eutectogels by forming dense hydrogen-bonding associations with other 405 

types of Li salts. We formed three-component DESs with different Li salts, including halide Li 406 

salt (i.e., lithium bromide (LiBr)) and organic Li salts (i.e., Lithium bis(trifluoromethane 407 

sulfonyl) imide (LiTFSI) and lithium acetate (CH₃COOLi, LiOAc)) (Figure 4a), and then 408 

conducted the one-pot photopolymerization to transform these transparent liquids into the 409 

eutectogels. Though eutectogels could be formed with different Li salts, the toughening effects 410 
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varied. For example, PAAc/ChCl/LiBr eutectogel exhibited Young’s modulus (38 MPa) that 411 

was comparable to PAAc/ChCl/LiCl eutectogel, which could be attributed to the similar 412 

property of Br- as halide anion with that of Cl- (Figure 4b). While eutectogels with LiTFSI also 413 

demonstrated promisingly strong mechanical properties, the toughening effect in the gel with 414 

LiOAc was not as obvious as that in the gel system with LiTFSI. Different from the hydrogen 415 

bonding interaction between Cl- ions and -COOH groups, the observed enhancement of 416 

mechanical properties in the case of LiTFSI could be attributed to the establishment of a 417 

network of hydrogen bonds between the TFSI- anions and polymer chains. In this system, the 418 

hydrogen atoms within the PAAc chains (-CH) acted as donors for the hydrogen bonds, while 419 

the electronegative atoms, such as fluorine (F) and nitrogen (N) in the TFSI- anions served as 420 

the acceptors.[60, 61] However, in the case of LiOAc, it was likely that the CH3COO- anions  421 

competed with the inter-chain hydrogen bonding (O-H···O=C), leading to a decrease in the 422 

strength and density of cross-links within the polymeric matrix.[62] These changes in hydrogen 423 

bonding also resulted in the degradation of toughening effect as well as optical transparency 424 

(Figure 4c). Overall, such a proof-of-concept study revealed that it was applicable to utilize 425 

different Li salts to realize the toughening of the eutectogels. Further investigation on the effect 426 

of different species of anions on the physical, chemical, and mechanical properties of the 427 

eutectogels could broaden the versatility of the toughening strategies that were enabled by the 428 

Li+-induced dense hydrogen-bond network.  429 

 430 

 431 

Figure 4. Versatility of Li+-induced toughening mechanism in eutectogels with other types 432 

of Li salts.  433 

(a) Schematic illustration showing the effect of adding Li salts on the polymeric structure. (b) 434 
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Tensile stress-strain curves of PAAc/ChCl/Li+ Eu-fibers with different Li salts. (c) Optical 435 

transparency of PAAc/ChCl/Li+ eutectogel with different Li salts. 436 

 437 

3.5. Multifunction of tough Eu-fibers 438 

Apart from the strong mechanical properties, the tough Eu-fibers also exhibited glassy-to-439 

rubbery transition at near-body temperature, imparting the fibers with multifunction in smart 440 

shape-memory behavior. We verified that the amount of Li+ leading to the changes in the form 441 

of hydrogen bonding could make an effect on the glass transition temperature (Tg), which could 442 

in turn tune the mechanical performance of the PAAc/ChCl/LiCl Eu-fibers in response to 443 

temperature changes. We performed dynamic mechanical analysis (DMA) and DSC to 444 

investigate the Tg of the PAAc/ChCl/LiCl eutectogels with different molar ratios of LiCl 445 

(Figure 5a and S10). The results showed that the Tg of eutectogel increased from -40 oC to 41 446 

oC, which could be ascribed to the increasing interchain bonding in the polymeric network that 447 

was induced by the increasing amount of Li+. As such, the effect of Tg could be further reflected 448 

by the changes in the tensile property of the Eu-fiber in response to the temperature changes. 449 

Under the condition of room temperature (20 oC~30 oC), the Eu-fiber demonstrated strong and 450 

tough mechanical properties with an obvious plastic deformation behavior at low strain (~10%). 451 

When the temperature increased from 40 oC to 70 oC, the Eu-fiber became softer and more 452 

elastic without showing plastic deformation. The breaking stress and Young’s modulus of the 453 

Eu-fiber could respectively decrease from 14.31 MPa and 120.9 MPa at room temperature to 454 

0.21 MPa and 0.63 MPa at 70 oC, whereas its breaking strain increased from 245% to 1,030% 455 

(Figure 5b). Such a glassy-to-rubbery transition could be ascribed to the dissociation of 456 

hydrogen bonds between the polymer chains at the high temperature, especially above the Tg 457 

of the Eu-fiber.[63] When hydrogen bonds became weaker and less, the chain mobility 458 

increased and thus the deformation pattern of Eu-fiber changed from plastic to elastic.  459 

 460 

Owing to this glassy-to-rubbery transition behavior, Eu-fiber could demonstrate the smart 461 

shape memory effect at the near-body temperature. For example, we programmed an Eu-fiber 462 

(dyed with 0.01 wt% Sudan I for better visualization) from a coil shape to a flat shape at 40 oC, 463 
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and then cooled the programmed fiber at room temperature to fix the programmed flat shape. 464 

When the fiber was again heated above 37 oC, we observed that the fiber restored its original 465 

shape (i.e., coil shape) within 30s (Figure 5c, Video S1). Such a shape-memory behavior was 466 

aroused from the temperature-dependent phase behavior of the Eu-fiber. As discussed above, 467 

PAAc/ChCl/LiCl eutectogoel exhibited the Tg around 30~40 oC. Above Tg, the supramolecular 468 

network consisting of hydrogen bonds, was in a state of high entropy and exhibits mobility, 469 

leading to the great deformability of fiber. Upon cooling to room temperature, the hydrogen 470 

bonds were reestablished, resulting in a fixation of the shape into a temporary configuration. 471 

This process imparted strain energy into the polymer network. Upon reheating, the fiber 472 

regained mobility and allowed for molecular movements, thus releasing the stored strain energy 473 

and enabling the structure to revert back to its original state.[64] Since the shape-memory effect 474 

of Eu-fiber occurred at a temperature close to that of human body temperature, it is foreseen 475 

that Eu-fiber could be applied as temperature-sensing material for wearable temperature 476 

monitoring and fever detection.  477 

 478 

With the existence of ChCl and LiCl in the gels, the Eu-fiber exhibited a promising ionic 479 

conductivity. PAAc/ChCl/LiCl Eu-fiber exhibited ionic conductivity ranging from 4 × 10-3 S/m 480 

to 6 × 10-3 S/m with the different molar ratios of LiCl (Figure 5d). They also exhibited excellent 481 

dehydration properties and good stability at a relative humidity of 40% due to their solvent-482 

free nature. The mechanical properties and ionic conductivities of Eu-fibers during a storage 483 

period of 7 days at a temperature of 25 oC and relative humidity of 40% were investigated. 484 

During the storage period, the fibers reached an equilibrium state and absorbed water 485 

equivalent to 12% of their own weight. Figure S11 illustrates the observed changes, with 486 

Young's modulus decreasing from 57.93 MPa to 13.57 MPa, the ionic conductivities increasing 487 

from 6 x 10-3 to 3.1 x 10-2 S/m. The subtle fluctuations observed in the mechanical and 488 

conductive properties offered compelling evidence regarding the robust and enduring 489 

performance stability of Eu-fibers following extended storage periods. Moreover, the resistance 490 

change of the gel fiber was highly dependent on the stretching strain particularly at high 491 

temperature conditions. Herein, we used (R-R0)/R0 to define the relative resistance change of 492 
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the Eu-fiber in response to the strain change, where R0 was the resistance of the fiber at the 493 

pristine status (at 0% strain) and R was the resistance measured under stretch. The (R-R0)/R0 494 

value of the Eu-fiber increased with the increasing strain and demonstrated a high linearity and 495 

a good reversibility in the stretching range of 0~300% (Figure 5e and f, Figure S12a). 496 

Furthermore, the Eu-fibers exhibited stable strain sensing performance during 4000 s at a 100% 497 

strain (Figure S12b). The reason for these resistance changes upon stretching could be 498 

attributed to the deformation of the polymeric network of the Eu-fiber in the tensile direction 499 

during the stretching process, which led to changes in the ion conduction path and the increase 500 

in the resistance of the fiber. Such a strain-dependent electrical property endows the Eu-fiber 501 

with the capability of a strain sensor and excellent stability at high temperature for applications 502 

of wearable motion detection. 503 

 504 

More importantly, owing to large amounts of reversible non-covalent crosslinks in the 505 

polymeric network, eutectogel could be fully dissolved into water with the dissociation of 506 

hydrogen bonds and then reformed into a gel by the reconstruction of the bonding in the 507 

polymeric network. As a proof of concept, we dissolved a batch of Eu-fiber (dyed with 0.01 508 

wt% Sudan I for better visualization) into a bath of hot water to form an aqueous solution of 509 

PAAc/ChCl/LiCl, and then ejected the solution into a mold to re-form a dumbbell-shaped gel 510 

film (Figure 5g). Especially, the mechanical and electrical property of the recycled eutectogel 511 

was similar to that of the Eu-fiber before recycling (Figure 5h). The electrical conductivity of 512 

the recycled eutectogel was around 5.1 x 10-2 S/m according to the equation σ = L/RS, where 513 

R was measured by an LCR meter. The value closely aligned with the electrical conductivity 514 

of the original Eu-fiber, which stood at approximately 4.8 x 10-2 S/m. For safety and 515 

environmental considerations, the commendable recyclability of Eu-fibers held promise for 516 

facilitating the reutilization of Li salts. Notably, the complete dissolution of eutectogels into 517 

water with the dissociation of hydrogen bonds allowed for the recycling of disabled or damaged 518 

eutectogels in the production of fresh ones. This also enabled the separation and refinement of 519 

Li salts via chemical processes. Therefore, Eu-fiber could be recycled to reduce the waste of 520 

materials recourses, particularly in addressing the adverse impact of Li+ disposal on safety and 521 
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the environment, which could greatly benefit the sustainability of green chemistry.  522 

 523 

 524 

Figure 5. Eu-fibers with multifunction in shape memory behavior, strain sensing, and 525 

recyclability. 526 

(a) Glass transition temperatures (Tg) of PAAc/ChCl/LiCl eutectogels with different molar 527 

ratios of LiCl. (b) Tensile stress-strain curves of PAAc10/ChCl5/LiCl1.5 Eu-fiber measured at 528 

different temperatures. (c) Digital images showing the shape recovery process of Eu-fibers that 529 

restored from the programmed shape to its original coil shapes (Eu-fiber was dyed with 0.01 530 

wt% Sudan I for better visualization) (Scale bar: 1cm). (d)  Ionic conductivity of 531 

PAAc/ChCl/LiCl eutectogel synthesized with different molar ratios of LiCl. (e) Relative 532 

resistance changes of Eu-fiber under different stretching strains at 50 oC. (f) Relative resistance 533 

changes of Eu-fiber for 50%, 100%, 200%, and 300% strain at 50 oC. (g) Recyclability of 534 

eutectogel (Eu-fiber was dyed with 0.01 wt% Sudan I for better visualization) (Scale bar: 1 535 

cm). (h) Tensile stress-strain curves of pristine Eu-fiber and the recycled eutectogel film. 536 
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 537 

4. Conclusion 538 

In summary, this work demonstrates a simple and versatile spinning approach based on one-539 

pot photopolymerization and Li+-induced toughening effect to fabricate super-strong and 540 

conductive Eu-fibers toughen with dense hydrogen-bond networks. The obtained Eu-fibers 541 

exhibit superb breaking strength (15.5 MPa), Young’s modulus (103.8 MPa), toughness (38 542 

MJ/m3) with promising stretchability (>300%). Such super-strong mechanical properties can 543 

be attributed to the superior coordination of Li+ with Cl- that leads to the formation of 544 

negatively charged ion pairs (LiCln
(n-1)-). As a result, when there are fewer free Cl- anions in 545 

the polymer matrix, -COOH groups of PAAc tend to form stronger interchain hydrogen bonds 546 

rather than forming hydrogen bonds with Cl-. Moreover, the utilization of DESs endows the 547 

Eu-fibers with good temperature tolerance and conductivity (4~6 × 10-3 S/m), making it 548 

perform as a promising candidate to flexible ionic conductors for strain sensing applications. 549 

In addition, the newly developed eutectogel demonstrates the shape memory behavior near the 550 

human body temperature, which can allow for the application as temperature-sensitive 551 

materials in temperature monitoring and fever detection. Owning to the reversible hydrogen 552 

bonds in the conformation of the polymeric network, such type of eutectogel can be recycled, 553 

so that waste of materials resources can be effectively avoided. Further exploration of the 554 

materials combination for DESs and eutectogel and the engineering of the fiber processing 555 

could greatly benefit the materials library for these new types of ionic gel fibers, and thus 556 

promote the development of robust and multifunctional smart materials for the next-generation 557 

soft electronics.  558 
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