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1. Materials 

All of the following chemical reagents were used as received from Sigma-Aldrich. 

[N-Isopropyl acrylamide (NIPAm), Ethyleneglycol dimethacrylate (EGDMA, 

crosslinker), Diethoxyacetophenone (DEOP, Photo-initiator)]. Deionized water were 

obtained via Milli-Q. Ethanol (AR) and acetone (AR) were supplied by Beijing 

Chemical Works. All photo images in this work were taken by the photo camera 

Cannon 60D. All of following ionic liquids were purchased from Lanzhou Yulu Fine 

Chemical Co. Ltd.. [1-Methyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

([C1MIM][NTf2], ≥  99%), 1-Ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ([C2MIM][NTf2], ≥  99%), 1-Propyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide ([C3MIM][NTf2], ≥ 99%), 1-

Ethyl-3-methylimidazolium tetrafluoroborate ([C2MIM][BF4], ≥ 99%), 1-Propyl-3-

methylimidazolium tetrafluoroborate ([C3MIM][BF4], ≥  99%), 1-Butyl-3-

methylimidazolium tetrafluoroborate ([C4MIM][BF4], ≥  99%) ，  1-Pentyl-3-

methylimidazolium tetrafluoroborate ([C5MIM][BF4], ≥  99%), 1-Butyl-3-

methylimidazolium hexafluorophosphate ([C4MIM][PF6], ≥  99%), 1-Pentyl-3-

methylimidazolium hexafluorophosphate ([C5MIM][PF6], ≥  99%), 1-Hexyl-3-

methylimidazolium hexafluorophosphate ([C6MIM][PF6], ≥  99%)，  1-Ethyl-3-

methylimidazolium trifluoromethanesulfonate ([C2MIM][OTf], ≥ 99%), 1-Propyl-3-

methylimidazolium trifluoromethanesulfonate ([C3MIM][OTf], ≥  99%), 1-Ethyl-

2,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide ([C2MMIM][NTf2], ≥ 

99%), 1-Propyl-2,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide 

([C3MMIM][NTf2], ≥  99%), 1-Butyl-2,3-dimethylimidazolium 

bis(trifluoromethylsulfonyl)imide ([C4MMIM][NTf2], ≥  99%), 1-Propyl-1-

methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([C3MPY][NTf2], ≥  98%), 

1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([C4MPY][NTf2], 

≥ 99%)]. 

 

2. Instrumentation 

 

Impedance measurement. The impedance of Cu–ionogel system was investigated 

using the electrochemical workstation (CHI 604E, Chenhua Instrument, China). The 

samples were cut into rectangle shape (10 mm in length, 5 mm in width, 2 mm in 

thickness) and placed between two pieces of copper electrodes. 

 

Surface morphology characterization. The surface morphology of copper electrode 

were characterized using three-dimensional optical profilometer (Contour GT-X, 

Bruker). The surface morphology of patterned ionogels were characterized using 

optical microscope (Eclipse LV100N POL, Nikon). 

 

Nano Computed tomography characterization. The internal structure of phase-

separated ionogels were characterized using Nano CT (Nano CT 3DX, Rigaku). 

 



S3 
 

3. Supplementary Figures (1-16) 

Fig. 1. Preparation of PNIPAm ionogel. (a) Photo-induced polymerization of 

PNIPAm ionogel. NIPAm monomers were dissolved in ionic liquids ([C1MIM][NTf2]) 

at 80℃. To prevent the crystallization of NIPAm monomers during the preparation of 

ionogel, the homogenous solution was kept at 40℃ when photo-induced 

polymerization. The homogeneous solution was curing under UV illumination at 40℃ 

for 15 min. (b) Photographs show the UCST phase behavior of as-prepared PNIPAm 

ionogel (20 wt% of NIPAm). 
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Fig. 2. Thermodynamic behaviors of PNIPAm ionogel. (a) Optical transmittance of 

ionogel as a function of temperature. (b) Temperature-sweep rheological profiles of 

PNIPAm ionogel (20 wt% of PNIPAm using [C1MIM][NTf2] as solvent). As shown in 

Fig S2a, the UCST of PNIPAm ionogel is about 49°C (defined as the temperatures at 

which the transmittance reaches 90%). While the temperature-sweep rheological 

profiles (Fig S2b) show the ionogel is soften at 44.2°C with an abrupt decrease in the 

storage modulus (G') and a peak in loss factor (tan δ). These results give an accurate 

description of the thermoplasticity of PNIPAm ionogel. At room temperature, the 

glassy state PNIPAm aggregates form a continuous phase in ionogel due to the strong 

phase separation, resulting in a rigid and opaque plastic. Increasing the temperature to 

44.2°C, the glassy PNIPAm aggregates destroyed and the mutual miscibility between 

PNIPAm and ILs increased, resulting in a soft and elastic ionogel. Further increasing 

temperature above the UCST, ionogel turned into a homogeneous and transparent state. 
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Fig. 3. Temperature dependence of transmittance at 658 nm for ionogels with 

different PNIPAm content. (a) 3 wt%. (b) 5 wt%. (c) 10 wt%. (d) 15 wt%. (e) 20 wt%. 

(f) 25 wt%. (g) 30 wt%. (h) UCST of ionogels as a function of the PNIPAm content. 

For samples with low weight fraction (3 wt% and 5 wt%) of PNIPAm, free standing 

ionogels can not be obtained. Consequently, binary PNIPAm/ILs mixture were used to 

characterize their UCST. Ionogels with high PNIPAm content (more than 10 wt%) were 

cut into rectangle shape (20 mm×8 mm×1.5 mm) and placed on the inner wall of cuvette. 

We define the CP (i.e. UCST) values as the temperatures at which the transmittance 

reaches 90%. All error bars represent the mean ± standard deviations (n ≥  3 

independent experiments). 
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Fig. 4. DSC profiles of ionogels with different PNIPAm content ([C1MIM][NTf2]). 

The glass transition temperature of PNIPAm ionogels were indicated on each DSC 

curves. 
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Fig. 5. Temperature dependence of transmittance at 658 nm for PNIPAm ionogels 

under different cooling rate. (a) We define the cloud point (i.e. UCST) values as the 

temperatures at which the transmittance below 90%. (b) and (c) Photographs showing 

ionogels treated with different cooling rates. 
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Fig. 6. Weight retention of phase-separated ionogel as a function of time (25 wt% 

PNIPAm/[C1MIM][NTf2] ionogel). Taking 25 wt% PNIPAm/[C1MIM][NTf2] ionogel 

(UCST ~ 45℃) as an example, a time dependent mass variation of phase-separated 

ionogel at room temperature was recorded. For current sample, only less than 7 wt% 

solvent was expelled from the phase-separated ionogel (i.e. T<UCST) when held at 

room temperature for 4 days. Consequently, the solvent trapping degree (Dst) can be 

define as follow: 

D𝑠𝑡 = 1 −
Solvent loss

Total solvent content
= 1 −

7%

75%
= 90.7% 

 It is worth noting that though the frozen of polymer-dense phase can keep the 

volume unchanged of ionogel in macroscale, the solvent at the superficial zone of 

ionogel will be inevitably expelled from the ionogel. Therefore, it can be concluded that 

ionogel with smaller specific surface area will exhibit more excellent solvent trapping 

capability (when held at phase-separated state). 
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Fig. 7. Tensile stress-strain curves of PNIPAm ionogels with different PNIPAm 

content ([C1MIM][NTf2]). (a) 15 wt%, (b) 25 wt%, (c) 30 wt%, (d) 35 wt%. 
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Fig. 8. Extracted images of 2D filling ratio from Nano CT scanning base on the 

difference in density (under a selected threshold). (a)-(c) 2D Nano CT images of 

PNIPAm ionogels with different polymer content. The white and black areas represent 

the heavy (solvent-rich region) and light (polymer-rich region) element, respectively. 

(d) Average value of d0 varies with the polymer content. d0 is the spacing between 

adjacent polymer-rich (or solvent-rich) regions. These results qualitatively indicate the 

volume increase of vitrified-polymer-dense phase as increasing the polymer content 

from 12 wt% to 30 wt% (scale bar 20 μm). All error bars represent the mean ± standard 

deviations (n ≥ 3 independent experiments). 
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Fig. 9. DSC profiles of PNIPAm ionogels. (a) DSC results of PNIPAm ionogels using 

[C3MPY][NTf2] as solvent. (b) DSC results of PNIPAm ionogels using 

[C3MMIM][NTf2] as solvent. (c) DSC results of PNIPAm ionogels using [C5MIM][PF6] 

as solvent. (d) DSC results of PNIPAm ionogels using [C5MIM][BF4] as solvent. 

  



S12 
 

 

Fig. 10. Tg, UCST and mechanical performance of PNIPAm ionogel. (a), Tuning the 

UCST and Tg of ionogels by varying the mixing ratio of cations in ionic liquids blends 

([C3MMIM][NTf2]/[C3MPY][NTf2]). (b), Thermoresponsive stiffness-changing 

properties of the ionogels in a (PNIPAm content: 20 wt%). All error bars represent the 

mean ± standard deviations (n ≥ 3 independent experiments). 
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Fig. 11. DSC profiles of PNIPAm ionogels. (a) DSC results of PNIPAm ionogels using 

ionic liquid blends ([C3MMIM][NTf2]/[C3MPY][NTf2]) as solvent (weight fraction of 

[C3MMIM][NTf2] in their blends). By varying the combination of the cation in their 

blends, the Tg of PNIPAm ionogels can be tuned to exhibit a linear variation from 44.8℃ 

to 53.4℃. (b) DSC results of PNIPAm ionogels using ionic liquid blends 

([C5MIM][PF6]/[C5MIM][BF4]) as solvent (weight fraction of [C5MIM][PF6] in their 

blends). By varying the combination of the anion in their blends, the Tg of PNIPAm 

ionogels can be tuned from RT to 50.5℃. 
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Fig. 12. Mechanical characterization of PNIPAm ionogels. (a) Photograph of phase-

separated [C5MIM][PF6]-PNIPAm ionogels (20 wt% PNIPAm content, UCST ~ 

66.3℃). (b) Stress-strain curves of [C5MIM][PF6]-PNIPAm ionogels at RT and 70℃. 

(c) Photograph of phase-separated [C5MIM][BF4]-PNIPAm ionogels (20 wt% PNIPAm 

content, UCST ~ 58.3℃). (d) Stress-strain curves of [C5MIM][BF4]-PNIPAm ionogels 

at RT and 70℃. 
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Fig. 13. Applications of PNIPAm ionogels. (a) Large-strain shape memory (900%). 

(b) Mechanical energy storage. (Ionogels composed of 20 wt% PNIPAm and 

[C1MIM][NTf2]). 
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Fig. 14. The shape memory behavior of PNIPAm ionogel is characterized by 

quantitative thermal mechanical cycles using dynamic thermomechanical analysis. 

(a) Quantitative thermal mechanical cycles for shape memory properties of PNIPAm 

ionogel. (b), Rf and Rr results from the tensile test with respect to different crosslinking 

density of the PNIPAm ionogel. (Ionogel composed of 20 wt% PNIPAm and 

[C1MIM][NTf2]). 
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Fig. 15. Applications of PNIPAm ionogels. (a) Demonstration of ionogel that can be 

used as an intelligent gripper. In soft state, the ionogel can be deformed and wrapped 

on the target object. Cooling at RT, the coil shape ionogel is fixed and hard enough to 

bear the weight of the target object. (b) and (c) By attaching a thin ionogel layer on the 

one side of the pneumatic device, a smart pneumatic-thermal hybrid actuation device is 

realized. The different bending angle of the soft gripper at constant pneumatic pressure 

(P = 103 kPa) is originated from the thermo-induced stiffness-changing of the PNIPAm 

ionogel. (Ionogel composed of 20 wt% PNIPAm and [C1MIM][NTf2]). 
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Fig. 16. Surface morphology of copper electrode used in Figure 4 in the main text. 

The surface morphology of copper electrode were characterized using three-

dimensional optical profilometer (Contour GT-X, Bruker). As shown in the analytical 

results (right table), the surface roughness Ra ~ 4 μm. 
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4. Supplementary Tables (Table 1-Table 3) 

Table 1. Comparison of the stiffness-changing property of polymer content 

materials and references for Figure 2F in the main text. 
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Table 2. Mechanical properties of three representative samples at 25°C and 70°C 

are summarized. E25°C and E70°C: Young’s moduli of at 25°C and 70°C, respectively; 

σ25°C and σ70°C: fracture stresses at 25°C and 70°C, respectively. WoE25°C and WoE70°C: 

work of extension (WoE) at 25°C and 70°C, respectively (WoE was defined as the area 

under the stress-strain curve). 
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Materials 
Stiffness-changing 
ratio: R (Ehard/Esoft) 

Responsive 

temperature: Tsoft 
[℃] 

Temperature 

sensitivity: R/ΔT 
[1/℃] 

Ionic 
conductivity 

Our ionogels 
4403 ~ 137741 

(tunable) 
37 ~ 70 

(tunable) 
367 ~ 2504 
(tunable) 

Yes 

Phase separated 
hydrogel ~1800 70 40 No 

Shape memory 
polymer ~ 475 130 6.3 No 

Phase change 
polymer composite ~ 31 62 0.8 No 

Bottlebrush 
elastomers ~3300 37 275 No 

Table 3. Thermomechanical performance of polymer-based stiffness-changing 

materials. The resulting ionogel shows unprecedented properties (stiffness-changing 

ratio and temperature sensitivity) that surpass all reported polymer-based stiffness-

changing materials (ΔT = Tsoft -Thard: Temperature difference between two stable states). 
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