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Abstract 

Ionic liquid gels (ionogels) are useful as flexible solid electrolytes owing to their high ionic 

conductivity and non-volatility. Ionogels possessing photoswitchable ionic conductivity have 

versatile electronic applications, although the fabrication of such materials remains a challenge. 

Herein, we synthesized photoresponsive ionogels by adding a low-molecular-weight gelator, 

12-hydroxystearic acid, to photoreactive organometallic ionic liquids. UV photoirradiation of 

an ionogel containing an ionic liquid [Ru(C5H5)(C6H5OC3H6CN)][N(SO2F)2] (Gel-1) 

decreased its ionic conductivity while increasing its viscoelastic modulus. This is owing to the 

photochemical formation of coordination bonds between the ionic liquid cations in the gel. The 

reaction was reversed upon heating, hence the physical properties were reversibly controlled 

by the application of light and heat. An ionogel containing an ionic liquid 

[Ru(C5H5){C6H3(OC6H12CN)3}][N(SO2F)2] with three substituents (Gel-2) was also prepared, 

which was transformed into a rubber-like solid having a coordination polymer structure upon 

photoirradiation. The photoproduct exhibited much lower ionic conductivity and higher 

viscoelastic modulus compared with the photoproduct of Gel-1. 
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1. Introduction 

There have been extensive studies on their synthesis and application of ionic liquids (ILs) 

recently [1]. Owing to their characteristic properties, such as negligible vapor pressure, flame 

retardancy, and high ionic conductivity, ILs are promising for electrochemical applications, 

such as fuel cells [2,3], solar cells [4,5], batteries [6], and sensors [7]. Recently, a number of 

studies have been conducted on IL-based solid electrolytes, which are generally fabricated by 

gelation [8–11] or polymerization [12–15] of ILs. Ionic liquid gels (ionogels) have typically 

been prepared by incorporating low-molecular-weight gelators [16–21], silica nanoparticles 

[22,23], supermolecular polymers [24,25], or covalently bonded polymers [26,27] into ILs. 

Furthermore, stimuli-responsive ionogels have been designed to respond to temperature 

changes [28–32], pH changes [33,34], ionic species [35], light [36–45], electric fields [46], and 

magnetic fields [47]. They exhibit interesting switching phenomena, such as ionic conductivity 

alteration, structural transformation, gel–sol transition, and volume phase transition in response 

to external stimuli. 

Controlling the electronic properties of ionogels via external stimuli, particularly via 

photoirradiation, is useful for novel switchable electronic devices. However, there are very few 

examples of ionogels that exhibit photocontrollable conductivity. The ionic conductivity of 

photoisomerizable ionogels varies upon photoirradiation [41], although the variation is small. 

A photo-triggered gel–sol transition accompanies a larger variation [42], although the sol state 

is less favorable for electronic devices. Most of the photoresponsive ionogels reported so far 

contain photochromic molecules such as azobenzene in the gelator or polymer framework, 

which facilitate the viscoelastic changes or gel–sol transitions by photoisomerization [42–44]. 
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Additionally, photoresponsive gels can be synthesized from ILs containing photoresponsive 

moieties, although very few examples are available because of their high melting points [45]. 

This study aims to develop ionogels whose ionic conductivity and viscoelasticity can be 

reversibly controlled by the application of light and heat. We previously reported the synthesis 

and properties of photoreactive ILs containing cationic sandwich-type ruthenium complexes, 

which undergo coordination transformation in response to external stimuli [48–52]. The ILs 

shown in Fig. 1, [Ru(C5H5)(C6H5OC3H6CN)]FSA (IL-1) and 

[Ru(C5H5){C6H3(OC6H12CN)3}]FSA (IL-2) (where FSA = N(SO2F)2), transformed into a 

highly viscous oligomer-containing liquid and an amorphous solid coordination polymer, 

respectively, upon UV photoirradiation [48,49]. In these reactions, the photodissociation of the 

arene ligand is followed by the coordination of three CN groups to each Ru ion to form 

intermolecular bonds between the cations. The reactions were reversed upon heating. These ILs 

are suitable for producing the desired ionogels because these reactions are accompanied by 

reversible changes in the ionic conductivity caused by the application of light and heat [48,49]. 

In this paper, we report the syntheses and properties of ionogels Gel-1 and Gel-2, which are 

physical gels formed from IL-1 and IL-2, respectively. 12-hydroxystearic acid (12-HSA, Fig. 

2a), which is a typical low-molecular-weight gelator used for gelation of edible oils and ILs 

[53,54], was used as the gelator in this work. Upon UV photoirradiation, the viscoelasticity of 

Gel-1 increased, whereas Gel-2 turned into a rubber-like solid, and the ionic conductivities of 

the two gels were reversibly controllable by the application of light and heat (Fig. 2b). The 

changes in the physical properties associated with these reactions were evaluated by differential 

scanning calorimetry (DSC), dynamic rheology, and ionic conductivity measurements, and are 

described in the following sections. 
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Fig. 1. Reversible formation of (a) liquid oligomers and (b) coordination polymer from 

ruthenium-containing ionic liquids IL-1 [49] and IL-2 [48]. FSA– denotes the 

bis(fluorosulfonyl)amide anion. The product of the reaction in a) is a mixture of oligomers. 

 

Fig. 2. (a) Structural formula of the gelator used in this study. (b) The reactivities of Gel-1 and 

Gel-2. (c) Photographs of the ionogels. 

 

2. Results and Discussion 

2.1. Synthesis and Properties of the Ionogels 

Gel-1 and Gel-2 were formed by adding 12-HSA (5 wt%) to IL-1 or IL-2, followed by 

heating to 120 °C and subsequent cooling to ambient temperature (Fig. 2c). They were pale 

yellow soft gels, exhibiting glass transitions at –60 and –54 °C, respectively, as revealed by 
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DSC (Fig. S1). These temperatures are identical to the glass transition temperatures of the 

constituent ILs [48,55]. In both cases, gel–sol transitions were observed in the DSC traces at 

73 °C and 66 °C upon heating and cooling, respectively. The gel–sol transition behavior was 

similar to that exhibited by an organogel composed of 12-HSA (7 wt%) and dodecane upon 

heating at 70 °C [56]. 

Although pure liquid IL-1 does not crystallize [55], the IL in Gel-1 underwent cold 

crystallization at approximately –10 °C (Fig. S1a). This feature did not influence the 

characterization of the materials described below, which were conducted at ambient 

temperature or higher. The crystallized IL in Gel-1 melted at 26 °C, which is consistent with 

its glass transition temperature (–60 °C) in terms of the empirical relationship for molecular 

liquids (Tg/Tm = 2/3) [57]. Gel-2 exhibited no crystallization. 

 

2.2. Reactivities of Gel-1 

Upon UV photoirradiation, pale yellow Gel-1 changed to a yellow gel having a higher 

viscoelasticity in a few minutes. Heating the photoproduct at 120 °C for 1 min yielded the 

original gel. This reaction cycle was repeatable. 

Upon UV photoirradiation (365 nm, LED), Gel-1 changed to a yellow gel within a few 

minutes, owing to the photochemical formation of oligomer cations, as shown in Fig. 1a. The 

temporal evolution of the reaction determined from the UV-Vis and 1H NMR spectra is shown 

in Fig. 3a. The reaction was 70% complete at 3 min and 90% complete at 10 min, following 

which it became constant. The spectral changes upon photoirradiation were identical to those 

observed for IL-1 [49]. The reaction undergone by IL-1 under identical conditions is shown in 

the figure as well. The reaction of Gel-1 was slightly faster than that of IL-1, which is probably 

attributable to the effect of efficient light scattering inside the gel. The photoproduct returned 
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to its original gel state following heating at 120 °C for 1 min and subsequently cooling to 

ambient temperature (Fig. S2a). The photochemical and thermal reaction cycles were repeatable. 

The viscoelastic changes upon photoirradiation were evaluated using dynamic rheological 

measurements (Fig. 4a). In the measured angular frequency range, the storage modulus (G') 

exceeded the loss modulus (G'') before and after photoirradiation (strain 0.1%). Both G' and G'' 

were nearly independent of the angular frequency, indicating a viscoelastic solid-like behavior. 

The viscoelastic moduli increased by two orders of magnitude following photoirradiation. The 

values of G' and G'' at 10 rad s–1 before photoirradiation were 8.6 × 102 and 1.4 × 102 Pa, 

respectively, whereas those after photoirradiation (90% reaction completion) were 2.3 × 104 

and 3.9 × 103 Pa, respectively. Ionogels containing azobenzene moieties in their polymer 

backbones exhibit photo-induced changes in their viscoelastic moduli of one order of 

magnitude or lower [36–38,44], whereas ionogels containing anthracene moieties in the 

polymer chain exhibit a larger change owing to photochemical crosslinking [43]. A significant 

change in the viscoelasticity was achieved in the current materials through a unique mechanism 

of structural transformation. 

The shear-rate-dependence of the viscosities of Gel-1 and IL-1 [49] before and after 

photoirradiation is shown in Fig. 4b. Upon photoirradiation, their viscosities increased 

approximately 12 and 6 times, respectively, indicating more significant changes in the gel than 

in the pure IL. IL-1 was a Newtonian fluid before and after photoirradiation, whereas Gel-1 

was a pseudoplastic fluid whose viscosity decreased at high shear rates owing to the collapse 

of the gel structure, approaching the value of IL-1. 
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Fig. 3. Temporal evolution of the photoreactions of (a) Gel-1 (●) and IL-1 (○) [49], and (b) 

Gel-2 (●) and IL-2 (○) [48]. 

 

Fig. 4. (a) Angular frequency-dependence of the viscoelastic moduli of Gel-1 (G': ●, G'': △) 

measured before (black) and after (blue) photoirradiation for 1 h at 25 °C (strain 0.1%). (b) 

Viscosities of Gel-1 (●) and IL-1 (△) [49] measured before (black) and after (blue) 

photoirradiation at 25 °C plotted as functions of shear rate. 

 

2.3. Reactivities of Gel-2 

Pale yellow Gel-2 transformed into a yellow rubber-like solid upon UV photoirradiation. 

The photochemical reaction required several hours, exhibiting a significantly lower rate of 

reaction than that of Gel-1. Upon heating, the photoproduct returned to its original gel form 

within 3 min. This reaction cycle was repeatable. 
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Upon UV photoirradiation, Gel-2 turned into a yellow rubber-like solid within a few hours, 

in which the cations formed a coordination polymer structure, as shown in Fig. 1b. Fig. 3b 

shows the temporal evolution of the reaction, which was 60% complete at 30 min and 80% 

complete at 4 h, following which it nearly became constant, because the undissociated cations 

(~20%) were trapped inside the solid product [48]. The photochemical reaction was much 

slower than that of Gel-1, probably owing to the higher viscosity of IL-2 than IL-1 [49]. The 

evolution of the photoreaction of IL-2 is shown in the figure as well. The photoreaction of Gel-

2 was much faster than that of liquid IL-2, which may be ascribed to efficient light scattering 

inside the gel. Heating the photoproduct at 120 °C for 3 min yielded the original ionogel. The 

thermal reverse reaction of the 3-D coordination polymer was slightly slower than that of Gel-

1 (Fig. S2b). The photoreaction and the thermal reaction constituted a repeatable cycle. 

The viscoelastic moduli of Gel-2 before and after photoirradiation are shown in Fig 5a. Prior 

to photoirradiation, G' exceeded G'' in the measured angular frequency region (strain 0.5%), 

which indicates elastic behavior. Photoirradiation for 4 h increased G' and G'' by approximately 

one and two orders of magnitude, respectively (80% reaction completion). G' and G'' measured 

at 10 rad s–1 before photoirradiation were 1.5 × 104 and 3.7 × 103 Pa, respectively, whereas 

those after photoirradiation were 4.1 × 105 and 2.4 × 105 Pa, respectively. The photoproduct 

exhibited elastic behavior (G' > G'') above approximately 5 rad s–1, which indicates that the 

material is in the glass-rubber transition region. The viscoelastic moduli of the photoproduct 

are comparable to those of the photoproduct of IL-2 (G' = 4.7 × 105 Pa, G'' = 2.0 × 105 Pa, at 

10 rad s–1), demonstrating that the gelator has a negligible effect on the viscoelastic moduli of 

the coordination polymer. 

Upon heating the photoproduct at 120 °C for 10 min, the reverse reaction occurred to yield 

the original ionogel, and the viscoelastic moduli were restored (Fig 5a). The changes in 
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viscoelastic moduli at 10 rad s–1 during and after repeated photoirradiation and heating cycles 

are shown in Fig 5b, which shows that the viscoelasticity was repeatably controllable. 

 

Fig 5. (a) Angular frequency-dependence of the viscoelastic moduli (G': ●, G'': △) of Gel-2 

before (black) and after photoirradiation for 4 h (green), and after heating the photoproduct at 

120 °C for 10 min (orange), measured at 25 °C, strain 0.5%. (b) Changes of viscoelastic moduli 

of Gel-2 (G': ●, G'': △) at 10 rad s–1 during repeated cycles of UV photoirradiation (4 h) and 

heating (120 °C for 10 min), measured at 25 °C, strain 0.5%. 

 

2.4. Ionic conductivities of Gel-1 and Gel-2 

The ionic conductivities of the gels were measured before and after UV photoirradiation. 

Photoirradiation of the gels leads to the formation of intermolecular coordination bonds, thereby 

decreasing the mobility of the cations, and the ionic conductivities of the gels are reversibly 

controlled by the application of light and heat. 

The ionic conductivities of Gel-1 and Gel-2 at 25 °C were 2.6 × 10–4 and 2.5 × 10–5 S cm–1, 

respectively (Table 1). These values are significantly lower than those of ionogels containing 

imidazolium ILs (e.g., 4 × 10–1 S cm–1 for 1-allyl-3-butylimidazolium 

bis(trifluoromethanesulfonyl)amide/12-HSA) [58] because of the low ionic conductivities of 

the organometallic ILs (IL-1: 4.0 × 10–4 S cm–1, IL-2: 3.0 × 10–5 S cm–1) [49]. The ionic 

conductivities of the gels were only slightly lower than those of the pure constituent ILs, 
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whereas their viscosities were significantly higher (Fig S3), as typically observed in ionogels 

comprising low-molecular-weight gellators [17,58]. 

Upon photoirradiation, the ionic conductivity of Gel-1 decreased by one order of magnitude 

from 2.6 × 10–4 to 1.2 × 10–5 S cm–1 in 30 min (Fig 6a). This is due to the oligomerization of 

the cations, which increases the viscosity of the liquid. The oligomer cations and FSA anions 

are the carrier ions, and the change in ionic conductivity is comparable to that of IL-1. In 

contrast, the ionic conductivity of Gel-2 decreased by two orders of magnitude upon 

photoirradiation, from 2.5 × 10–5 to 3.3 × 10–7 S cm–1 in 3 h (Fig 6b). The change was larger 

than that of Gel-1, which is ascribed to the formation of the cation network, wherein the 

movement of the carrier ions (FSA anions and undissociated cations (~20%)) is significantly 

hampered in the photoproduct. Furthermore, the ionic conductivities of these gels following 

photoirradiation were slightly lower than those of the photoproducts of IL-1 (3.7 × 10–5 S cm–

1) and IL-2 (4.8 × 10−7 S cm–1). In both cases, the ionic conductivity was restored following the 

heating of the photoproduct at 120 °C for 10 min; hence, the cycling of the ionic conductivity 

was repeatably controllable. These results further demonstrate that the responsivity can be tuned 

by the choice of IL in the gel, which is advantageous for device applications. 

 

 

Fig 6. Ionic conductivity changes exhibited by (a) Gel-1 and (b) Gel-2, measured at 25 °C 

during repeated cycles of UV photoirradiation and heating at 120 °C (10 min). 
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2.5. Temperature-dependence of Ionic Conductivity 

The temperature-dependence of the ionic conductivity of the gels was measured before and 

after the photoreaction. The activation energies for ion transport increased following 

photoirradiation. The effect of the thermal reverse reaction on the conductivities was observed 

at elevated temperatures. 

The ionic conductivities of Gel-1 and Gel-2 are shown in Fig 7 (left). As the temperature 

increased from 10 to 120 °C, their conductivities increased from 6.4 × 10–5 to 8.8 × 10–3 S cm–

1, and from 7.0 × 10–6 to 1.7 × 10–3 S cm–1, respectively (Fig 7, left). No change was observed 

at the gel–sol transition temperature (73 °C), indicating that the gelator had little effect on the 

ionic conductivity. The Arrhenius plots deviated from a straight line, as is typically observed 

in ionogels [59], and the temperature-dependence (T) obeyed the VFT (Vogel-Fulcher-

Tamman) equation [60–62], 

𝜎(𝑇) =
A

√𝑇
exp⁡(

−𝐸𝑎

𝑘𝐵(𝑇−𝑇0)
), 

where A is proportional to the number of carrier ions in matrix, Ea and T0 are the activation 

energy for ion transport and the ideal glass transition temperature, respectively [59,63]. The 

calculated values of the parameters are summarized in Table 1. The parameters A were similar 

for Gel-1 and Gel-2, whereas their activation energies Ea differed at 75 and 122 meV, 

respectively. The higher activation energy for Gel-2 is consistent with the higher viscosity of 

the IL in the gel. The activation energies were in the range typically observed from ionogels 

(50–150 meV) [59,64]. 

The temperature-dependence of the ionic conductivity of the ionogels following 

photoirradiation is shown in Fig 7 (right). During the heating process, the plots for the 

photoproducts of Gel-1 and Gel-2 were linear up to approximately 75 and 65 °C, respectively, 

and the ionic conductivities were lower than they were prior to photoirradiation. However, 

inflection points occurred at higher temperatures due to the thermal reverse reaction, and the 
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ionic conductivities became identical to those prior to the photoreaction. The change was 

continuous in the photoproduct of Gel-1 because the photoproduct in the gel is in liquid state, 

whereas the photoproduct of Gel-2 exhibited a somewhat discontinuous change between 75–

120 °C, which is the thermal reaction temperature range of the photoproduct of IL-2 [48]. In 

both cases, the ionic conductivities measured during cooling from 120 °C were identical to 

those of the original ionogels. 

The temperature-dependences of the ionic conductivities of the photoproducts were fitted 

using the Arrhenius equation (T) = ∞ exp(−Ea/kBT) [65,66]. The plots are straight lines and 

not well fitted using the VFT equation. The calculated values of the parameters are summarized 

in Table 1. The activation energies Ea for Gel-1 and Gel-2 after photoirradiation were 992 and 

780 meV, respectively, which are much higher than the values exhibited prior to the 

photoreaction, reflecting the formation of intermolecular coordination bonds. The ∞ value of 

Gel-1 (3.2 × 1011 S cm–1) was much higher than that of Gel-2 (1.4 × 107 S cm–1) after 

photoirradiation, because the cation oligomer can be a carrier ion, whereas the coordination 

polymer cation is immobile. However, these analyses are tentative because the photoproducts 

were in a transient thermal state, and their actual conduction mechanism is complex. 
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Fig 7. Temperature-dependence of the ionic conductivities of (a) Gel-1, (b) Gel-2, and their 

photoproducts (●: heating, ○: cooling). The conductivities of the photoproducts were initially 

measured up to 120 °C, that temperature was maintained for 10 min, and subsequent 

measurements were performed during cooling. 

 

 

3. Conclusion 

Photoreactive ionogels containing organometallic ionic liquids were developed, and their 

ionic conductivities and viscoelasticities could be reversibly controlled by the application of 

Table 1. Ionic conductivities of Gel-1 and Gel-2 before and after UV photoirradiation, and the parameters for their 

temperature-dependence 

Compounds 25 °C (S cm–1) Ea (meV) A (S K1/2 cm–1)a T0 (K)a ∞ (S cm–1)b 

Gel-1 before photoirradiation 2.6 × 10–4 74.9 19.1(3.9) 186.9(6.4)  

 after photoirradiation (30 min) 1.2 × 10–5 992   3.2(0.4) × 1011 

Gel-2 before photoirradiation 2.5 × 10–5 122 17.0(2.2) 166.3(3.1)  

 after photoirradiation (3 h) 3.3 × 10–7 780   1.4(0.5) × 107 

aParameters for the VFT equation. bParameters for the Arrhenius equation. Values in parentheses are standard 

deviations. 
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UV light and heat. This controllability originates from the reversible structural transformation 

of the photoreactive ILs in the gel. Transformations between gels with different viscoelasticities 

or between gels and rubber-like solids were achieved depending on the substituents of the ILs, 

and the resulting change in the ionic conductivity was very large. This study demonstrated a 

novel strategy for fabricating stimuli-responsive ionically conducting gels. Ionogels such as the 

ones developed in this work can act as photoswitchable solid electrolytes, which may facilitate 

the development of novel electronic devices. Although a low-molecular-weight gelator was 

used in this study, physical gelators whose properties can be tuned in a wider range can be 

applied in its place. These investigations are currently underway in our laboratory. 

 

4. Experimental 

4.1. General Considerations 

[Ru(C5H5)(C6H5OC3H6CN)]FSA (IL-1) [55] and [Ru(C5H5){1,3,5-

C6H3(OC6H12CN)3}]FSA (IL-2) [48] were synthesized according to previously reported 

methods. 1H nuclear magnetic resonance (NMR) spectra were recorded using a Bruker Avance 

400 spectrometer. Fourier-transform infrared (FT-IR) spectra were acquired using a Thermo 

Nicolet iS5 spectrometer fitted with an attenuated total reflectance (ATR). UV-vis absorption 

spectra were recorded on a JASCO V-570 UV/VIS/NIR spectrophotometer. Differential 

scanning calorimetry (DSC) measurements were performed using a TA Instruments Q100 

differential scanning calorimeter at a sweep rate of 10 K min–1. Dynamic viscoelasticities were 

measured using a TA Instruments DHR-1 rheometer equipped with an 8 mm parallel plate. The 

frequency-dependence of the dynamic viscoelasticity was measured at 25 °C. The ionic 

conductivities were measured using a Solartron 1260 impedance analyzer. The ionogels were 

sandwiched between gold interdigitated electrodes (gap dimension: 200 µm) and quartz glass 
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plates, which were further sealed with epoxy resin. The Japan High Tech heating/cooling stage 

10013L was used for temperature control. 

 

4.2. Preparation and Reaction 

Gel-1 and Gel-2 were prepared by dissolving IL-1 and IL-2 (20 mg), respectively, with 12-

hydroxyoctadecanoic acid (1 mg) in dichloromethane (1.5 mL), followed by heating at 90 °C 

to evaporate the solvent. The sample was subsequently heated at 120 °C for 10 min and allowed 

to cool to ambient temperature. The gel obtained was dried in vacuum for 12 h. UV 

photoirradiation experiments were conducted on samples sandwiched between two quartz 

plates at 10 °C. The sealed electrodes were photoirradiated for ionic conductivity measurements. 

A Hamamatsu LIGHTNINGCURE LC-L1V5 UV-LED (365 nm, 600 mW cm–2) was used as 

the light source. Thermal reactions were performed inside a preheated oven, and measurements 

were performed after standing the samples at room temperature for 15 h. The dissociation rates 

of the cations in the photoproducts were determined from the ratio of [Ru(C5H5)(NCCD3)3]
+ 

and the remaining sandwich complex in the 1H NMR spectra (CD3CN). The experimental error 

for the dynamic viscoelasticity measurements (Fig. 5b) was large because the sample was 

unloaded and reloaded after each cycle. The photoirradiation and heating cycles were 

performed under an argon atmosphere. 
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Graphical abstract 

 

 

Ionogels composed of photoreactive organometallic ionic liquids and a low-molecular-weight 

gelator were prepared. These gels reversibly transformed into a gel having higher viscoelasticity 

or a rubber-like solid upon application of light and heat, thereby enabling reversible control of 

their ionic conductivity and viscoelasticity. 

 

- Ionogels containing photoreactive organometallic ionic liquids were prepared. 

- The gels were repeatedly hardened and softened by application of light and heat. 

- The ionic conductivities of the gels were reversibly controlled using light and heat. 
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Fig. S1. DSC traces of (a) Gel-1 and (b) Gel-2. 

Fig. S2. Temporal evolutions of the reactions undergone by Gel-1 (●) and Gel-2 (○) upon heating 

at 120 °C. 

Fig. S3. Photographs of (a) Gel-1 and (b) Gel-2 before and after photoirradiation. 
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Fig. S2. Temporal evolutions of the reactions undergone by Gel-1 (●) and Gel-2 (○) upon heating 

at 120 °C. 
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