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ABSTRACT 

The amplification of nano-scale motions of artificial molecular machines to the macroscopic level 

is a major challenge. In this study, a redox-responsive donor–acceptor (DA)-type foldamer, in 

which tetrathiafulvalene (TTF) and viologen units are alternatively connected, was installed in an 

organogel network as a “working unit” to induce actuation. The ion gels were successfully 

synthesized via thermal azide–alkyne cycloaddition reaction between azide-functionalized 

foldamer and the tetra-alkyne-ester crosslinker in an ionic liquid. The reaction efficiency of 

crosslink was estimated from the stress-elongation curve. It was confirmed that the foldamers kept 

their electrochemical activity in the gel. Redox-responsive actuation of the gel was confirmed in a 

0.1 M tetrabutylammonium·PF6 acetonitrile solution. Through chemical oxidation, the 

characteristic length of the gel could be increased up to 125% of its initial length, indicating the 

volume of the gel could be increased to 195%. Reversible gel size changes in response to the redox 

reactions were confirmed. The change in the gel size was induced by equilibrium shift of the 

foldamer conformation between the folded state and extended state. The actuation force during the 

reduction of the partially-oxidized gel was ca. 3.4 kPa, indicating that the gel can generate 35 gf 

cm−2. This actuation force proves a great potential for the redox-responsive foldamers to act as a 

molecular machine for realizing macroscopic actuation. 
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1. Introduction 

The polymer-based artificial muscles are attractive because it can realize lighter-weight, lower 

energy consumption, and more silent actuator than the mechanical actuators.1–5 The stimuli-

responsive gel can change its volume by altering the swelling property of the gel network or the 

crosslinking density by external stimuli.6,7 The systems of the conventional gel actuators are 

completely different from those in nature. In biological systems, the skeletal muscles can work on 

the macroscopic scale via the amplification of small motions generated by the basic “working units” 

(actin and myosin filaments) that can convert chemical energy into mechanical work.8,9 It is a great 

challenge to realize similar system to skeletal muscle using artificial molecular machines.10–14 The 

examples of the actuators assembled from the artificial molecular machines that can exhibit 

macroscopic deformation are limited. J. F. Stoddart et al. succeeded to bend the atomic force 

microscopy (AFM) cantilever by the actuation forces of the rotaxane-based molecular machines 

assembled on the AFM cantilever surface.15,16 This demonstration was detectable from the change 

in the laser light reflection angle, indicating the deformation of the AFM cantilever was too small 

to be detected by the naked eye. Recently, some groups reported macroscopic deformation of the 

gel actuator consisting of the molecular machines as the working units. N. Giuseppone et al. 

reported that mechanically active hydrogels comprised of [c2] daisy chain rotaxanes.17 

Furthermore, their group succeeded in achieving actuation based on the braiding of the polymer 

chains via the mechanical rotation of the light-driven molecular motor.18,19 A. Harada et al. also 

reported on the hydrogel actuator based on [c2] daisy chain rotaxanes.20 

In this study, the foldamer was selected as a working unit because its polymeric structure has 

good compatibility with the polymer-gel actuators (Figure 1).21–24 J. C. Barnes et al. reported on 

the redox-responsive actuation of the hydrogel consisting of linearly connected viologen 
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polymers.25 When the viologen unit was reduced to the radical cation state, the conformation of 

the viologen polymer was found to alter from the extended state to the folded state due to the 

radical-based self-assembly of the viologen units.25,26 Since a volume change of the gel occurred 

during the reduction process, the actuator could work only under anaerobic conditions inside a N2-

filled glovebox.25,27,28 This is a serious drawback for practical application.  

Based on this perspective, we aim to develop the foldamer-based gel actuators that also function 

in aerobic conditions (under oxidative condition in air). The donor–acceptor (DA)-type foldamer 

is a promising candidate as a working unit because its conformation change between the folded 

state and extended state is electrochemically controllable.29–32 In our previous study, the DA-type 

foldamers consisting of tetrathiafulvalene (TTF, electron donor) and viologen (electron acceptor) 

units were successfully synthesized, and their thermal and electrochemical properties were 

characterized.33 Here, the terminal group of the foldamer is changed from the methoxy group to 

the azide group for the chemical crosslink reaction. The ion gels were prepared via copper-free 

azide–alkyne cycloaddition (AAC) reaction34–37 between the azide-functionalized foldamer and 

the tetra-alkyne-ester crosslinker in an ionic liquid (Figure 1). Due to the negligible vapor pressure 

of the ionic liquid, a gel film with a well-defined polymer concentration and thickness was obtained 

under vacuum conditions, which enabled mechanical characterization and actuation force 

measurements using a tensile testing machine. The gel size change in response to the redox-

reaction was investigated. The actuation force in the reduction process of the partially oxidized gel 

was measured using a tensile machine in the solution. 
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Figure 1. (a) Schematic illustration of gel actuator preparation through copper-free azide-alkyne 

cycloaddition reaction between tetra-Alkyne crosslinker and 5mer-Azide redox-responsive 

foldamer. (b) Chemical structures of tetra-Alkyne, 3mer-azide, 5mer-Azide and ionic liquid 

EMIM·TFSI.  

 

2.  Experimental Section 

2.1. Ion Gel Preparation: 3mer-Azide (67.5 mg, Azide group: 5.0 × 10−5 mol) and 1-ethyl-3-

methylimidazolium bis(trifluoromethanesulfonyl)imide (EMIM·TFSI) (114.4 mg) were 

dissolved in acetone (1.0 mL). tetra-Alkyne (17.5 mg) was dissolved in 1.0 mL acetone. The 

solution of tetra-Alkyne (0.50 ml, Alkyne group: 5.0 × 10−5 mol) was added to the 3mer-Azide 
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solution. The acetone was removed by evaporation under reduced pressure at 20 °C. The ionic 

liquid solution was cured between orthogonally arranged two glass slides (2.5 cm × 7.5 cm) at 

70 °C for 24 h under reduced pressure using a vacuum oven (ETTAS AVO-250V). The gap 

between two glass slides was controlled with a spacer (Thickness: 0.15–0.25 mm). The ion gel 

was peeled off from the glass slides, cut to an appropriate size and shape and used for instrumental 

analysis. The thickness of each sample gel was checked with an optical microscope. For 

electrochemical analysis, the gel was prepared on glassy carbon electrode at 70 °C for 24 h under 

reduced pressure.  

 

2.2. Chemical Redox Reaction of Organogel: The ion gel was immersed in 0.1 M 

tetrabutylammonium hexafluorophosphate (TBA·PF6) acetonitrile solution (4 mL) for 5 min in 

three times for exchanging the swelling solution. For chemical oxidation, the organogel was 

immersed in the 0.1 M TBA·PF6 acetonitrile solution (4 mL), then 50 mM Fe(ClO4)3 acetonitrile 

solution (1 mL) was added to the solution. After an appropriate reaction time, the organogel was 

picked up from the solution and immersed in the 0.1 M TBA·PF6 acetonitrile solution (4 mL) for 

2 min in three times for removing Fe(ClO4)3 and for reaching the equilibrium under the same 

environment as the initial condition. The characteristic length of the gel, which was defined as the 

sum of the lengths of two diagonals of the rectangle-shaped gel, was measured. The ascorbic acid 

(176 mg) was dissolved in 1 mL water then diluted with 9 mL acetonitrile for preparing 100 mM 

ascorbic acid solution. For chemical reduction, the organogel was immersed in the 0.1 M TBA·PF6 

acetonitrile solution (4 mL), then 100 mM ascorbic acid solution (1 mL) was added to the solution. 

After an appropriate reaction time, the size of the organogel was measured through the same 

procedure as that for chemical oxidation. 
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2.3. Actuation force measurement: The ion gel was immersed in 0.1 M TBA·PF6 acetonitrile 

solution (4 mL) for 5 min in three times for exchanging the swelling solution. For chemical 

oxidation, the organogel was immersed in the 0.1 M TBA·PF6 acetonitrile solution (4 mL), then 

50 mM Fe(ClO4)3 acetonitrile solution (1 mL) was added to the solution. After 4 min, the organogel 

was picked up from the solution and immersed in the 0.1 M TBA·PF6 acetonitrile solution (4 mL) 

for 2 min in three times for removing Fe(ClO4)3 and for reaching the equilibrium under the same 

environment as the initial condition. The gel was set to an immersion type tensile tester (Stency, 

AcroEdge). The gel sample was immersed in the 0.1 M TBA·PF6 acetonitrile solution (80 mL) 

using a solution bath. After applying 5% strain on the organogel sample, 100 mM ascorbic acid 

solution (20 mL) was added to the solution bath. The actuation force of the sample in response to 

the chemical reduction of the partially-oxidized gel was monitored with keeping a constant sample 

length until the color of the gel turned to green.  

 

3. Results and Discussion 

3.1. Synthesis and gel preparation. Two types of the foldamers containing different number of 

DA units (3mer-Azide, and 5mer-Azide), and the crosslinker tetra-Alkyne were synthesized 

according to Scheme S1. The chemical structure of all compounds was confirmed via 1H- and 13C-

NMR spectroscopy as well as high-resolution electrospray ionization mass spectrometry (HR-ESI-

MS) (Figures S1–S7). The ion gels were prepared via copper-free AAC reaction between the 

azide-functionalized foldamer and the tetra-alkyne-ester crosslinker in an ionic liquid 

EMIM·TFSI. Utilization of an ionic liquid gave some advantages: (i) Gels can be prepared under 

vacuum condition, which contributes to remove the gas bubbles arising from the solvent 



 8

evaporation. (ii) One can avoid the volume and polymer concentration changes by solvent 

evaporation. (iii) One can prepare the gel with a well-defined shape and thickness, which facilitates 

mechanical characterization of the gel using a tensile machine. The ion gels prepared from 3mer-

azide and 5mer-azide refer to 3mer and 5mer gels, respectively. After the reaction at 70°C for 

24h, the mechanically-tough green-color ion gel was obtained (see the supplementally video). The 

polymer concentration of the gel was set to be 40 wt%. When the polymer concentration was set 

to be 30%, the gels was mechanically too weak to peel off from the glass slide. 

Although the TTF and the viologen have no visible-light absorption over 500 nm wavelength, 

the foldamer shows the absorption peak around 750 nm wavelength. This peak arises from the 

charge transfer (CT) between the donor (TTF) and the acceptor (viologen) units.32,38,39 The CT 

absorption band intensity of the ion gel was measured by UV-Vis spectrum measurement. The 

concentration of the 3mer unit in the ion gel was calculated to be 0.19 M. From the thickness of 

the gel (0.14 mm) and absorbance at 750 nm (1.666), the molar extinction coefficient (ε) of the CT 

band was calculated to be 620 M–1 cm–1. In the solution state, the ε value of the model 3mer at 750 

nm was 490 M–1 cm–1 (Concentration: 5.0 ×10–4 M in EMIM·TFSI, 20°C).33 This result suggests 

larger CT band intensity in the gel than that in the solution. In the case of the gel, the foldamer 

units were immobilized in the gel network and these were placed nearby. Therefore, it is 

considered that CT between the DA units belonging to the different foldamer chains became 

possible. This issue will be discussed later again.  

Figure S8 shows IR spectra of the starting materials and the ion gel. The samples of the tetra-

Alkyne (Figure S8b) and 5mer-azide (Figure S8c) were found to exhibit characteristic IR peaks 

corresponding to C≡C stretching (open circles) and N3 stretching (filled circles), respectively. 

These peaks were disappeared in the spectra of the ion gel (Figure S8d). Strong C=O stretching 
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peak was observed for tetra-Alkyne (Figure S8b, open triangle). That peak in the 5mer ion gel 

was small, but detectable in the IR spectra (Figure S8d, open triangle). In order to obtain more 

intensive peaks of the polymer network, the solvent of the gel was removed through exchanging 

the solvent from EMIM·TFSI to dichloromethane followed by the evaporation of the solvent 

under reduced pressure. The IR spectrum of the 5mer gel after removing the ionic liquid was shown 

in Figure S8e. The spectrum gave no C≡C stretching nor N3 stretching peaks but intensive C=O 

stretching peak. 

 

3.2. Mechanical property of foldamer ion gel.  The mechanical properties were characterized 

with a tensile machine. The elastic modulus (Ge) was obtained from the fitting for the initial stage 

of the stress-elongation curve by the equation (1).40 

σstress = Ge(λ – λ–2)  (1) 

 where σstress and λ are stress and elongation, respectively. The values of Ge, fracture stress (σf), 

and fracture strain (εf) are summarized in Table 1. The foldamer ion gel exhibited a typical S-

shaped stress–strain curve (Figure 2).40–42 The Ge value of the 3mer ion gel was larger than that 

of the 5mer ion gel. This result can be attributed to the higher crosslink density of the 3mer ion 

gel. The reaction efficiency of crosslink (p) can be estimated from the value of Ge (The p value of 

1.0 means the completion of AAC reaction in 100% yield, see the Supporting Information).43,44 

The calculated p value of the 3mer and 5mer ion gels were 0.70 and 0.71, respectively, indicating 

that the reaction efficiencies were similar in the two cases. Comparing these values with the 

reported value for tetra-PEG ion gel synthesis using copper-free AAC reaction (p = 0.90),37 the 

reaction efficiency in this study was low. Complete disappearance of the C≡C stretching and N3 
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stretching IR peaks (Figure S8e) indicates that the copper-free AAC reaction proceeded almost 

perfectly. Therefore, it is considered that short ethylene oxide chains of the tetra-Alkyne and the 

folded conformation of the foldamer would facilitate to form the loop structure, in which both 

terminal azide groups of the foldamer react with the same tetra-Alkyne unit. The larger εf value 

of the 5mer gel than the 3mer gel reflects higher capability of the end-to-end distance change of 

the 5mer foldamer due to the compact conformation in the initial state by polymer folding. 

 

 

Figure 2. Stress-strain curves of 3mer (red) and 5mer ion gels (blue). 

 

Table 1. Mechanical properties of foldamer ion gels (average ± standard deviation, n = 3) 

Sample 
Ge

a 

kPa 

f 
b 

kPa 

f 
c 

% 

3mer ion gel 19 ± 3 55 ± 13 82 ± 11 

5mer ion gel 14 ± 2 44 ± 15 142 ± 6 

a Elastic modulus, b Fracture stress, c Fracture strain 
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3.3. Electrochemical property of foldamer ion gel.  For the electrochemical analysis, the ion 

gels were prepared on the glassy carbon electrodes and their electrochemical properties were 

analyzed by cyclic voltammetry (Figure S10). Figure 3a shows cyclic voltammograms of the 

3mer and 5mer ion gels. It was confirmed that the foldamer maintained its electrochemical activity 

after gelation. The peaks originating from the redox reactions of the TTF and the viologen units 

were detectable in the positive and negative potential regions, respectively.45–47 Table 2 

summarizes the half-wave potential of each redox reaction. It was not feasible to determine the 

second reduction potential of the viologen unit because of a solubility issue that pollutes the 

electrode surface with the aggregation of the gel network.33 The CV curve in Figure S12 indicates 

that the working electrode was not able to detect the current flow below −0.85 V because of the 

surface pollution. The anodic peak current of the TTF first oxidation reaction varied linearly with 

the square root of the scan rate (Figure 3b). This result indicates that the redox process is diffusion 

controlled, and the electron hopping between the TTF units inside the gel occurs.48 However, it 

was nonviable to oxidize the whole part of the ion gels with 0.2 mm thickness presumably due to 

the limitation of electrochemical reaction imposed by the electron hopping. 

 

Table 2. Half-wave potentials (vs Ag/Ag+) of foldamer ion gelsa 

Sample 
E−1

b 

V 

E+1
c 

V 

E+2
d 

V 

3mer ion gel −0.36 +0.39 +0.79 

5mer ion gel −0.35 +0.38 +0.80 

a Nitrogen purged EMIM·TFSI, Scan rate: 200 mV s−1. b First reduction potential (Viologen 
radical cation/Viologen dication), c First oxidation potential (TTF/TTF radical cation), d Second 
oxidation potential (TTF radical cation/TTF dication). 
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Figure 3. (a) Cyclic voltammogram of 3mer ion gel (red) and 5mer ion gel (blue) on a glassy 

carbon electrode (0.07 cm2). Scan rate: 200 mV s–1. Electrolyte: nitrogen purged EMIM·TFSI. 

Counter electrode: Pt wire. Reference electrode: Ag/Ag+. (b) Scan rate dependency of anodic 

peak current of the first oxidation peak of 3mer ion gel. Fitting line was depicted in red. 

 

3.4. Chemical actuation of foldamer organogels 

Prior to the chemical oxidation experiment of the foldamer gel, the swelling solution of the gel 

was substituted; the ionic liquid was replaced with an organic solvent (acetonitrile) due to the 

solubility issue with the chemical oxidant [Fe(ClO4)3] and reductant (ascorbic acid). In order to 
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suppress the gel network expansion caused by osmic pressure,49 0.1 M TBA·PF6 acetonitrile 

solution was used as the swelling solution. 

 Figure 4a shows the change in the UV–Vis spectrum for the 3mer organogel in response to the 

chemical oxidation. As mentioned above, the 3mer gel shows absorption peak around 750 nm 

wavelength due to CT interaction [Figure 4a (i)]. At partially oxidized state, not only the peak of 

the TTF radical cation at the wavelength of 600 nm, but also that of the TTF radical dimer was 

observed at 770 nm [Figure 4a (ii)].50–52 In case of the model 3mer in solution, the TTF radical 

dimer formation was not observed because the model 3mer molecule had only one TTF unit and 

each molecule was isolated in the solution.33 This result suggests that the TTF units belonging to 

the different foldamer chains can form radical dimers in the gel. This result is consistent with the 

finding of the larger CT band intensity in the gel compared with that observed in the solution as 

discussed above. When the TTF unit was completely oxidized, no peak was observed in the range 

of 500–900 nm wavelength, indicating the formation of the TTF dication [Figure 4a (iii)].33,46 

 Figure 4b shows the change in the gel size during chemical oxidation. Since the size of the gel is 

sensitive to the solution condition, the chemical oxidant (or reductant) was removed by immersing 

the organogel in the stock solution of 0.1 M TBA·PF6 acetonitrile solution before measuring the 

characteristic length of the gel at each time. The characteristic length of the gel increased 

monotonically with time. After complete oxidation, the characteristic lengths of the 3mer and 5mer 

organogels increased to 119 ± 2% and 125 ± 1% (average ± standard deviation, n = 5) of their 

initial states, respectively. This change in dimension was attributable to the equilibrium shift of 

the foldamer from the folded state to the extended state due to the electrostatic repulsive force 

between the TTF dication and viologen units.33 It is considered that the larger deformation of the 

5mer organogel than the 3mer organogel reflects the larger change in the end-to-end distance of 
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the foldamer by the conformation change (folded state and extended state). The change in the 

characteristic length of the gel in response to the conformation change of the foldamer looks to be 

smaller than the expectation from the image shown in Figure 1a. This is because the foldamer in 

this study has low degree of polymer folding (<0.5) in its initial state (neutral TTF at room 

temperature).33 When the oxidized organogel was reduced by ascorbic acid, the gel shrank to its 

original size. The repeatability of the gel size change in response to the redox reaction was 

confirmed (Figure 4c). 

 The actuation force in the reduction process of the oxidized organogel in the solution was 

measured using an immersion type tensile tester (Figure 4d). The partially-oxidized organogel 

was utilized for actuation force measurement, because the completely oxidized organogel lost the 

mechanical toughness and it was easily broken during the measurement. The actuation forces of 

the 3mer and 5mer organogel were found to be 3.4 ± 1.3 and 3.2 ± 0.8 kPa (average ± standard 

deviation, n = 3), respectively. When the gel was completely reduced, the color of the gel turned 

to green (inset in Figure 4d), indicating the CT interaction between the DA units recovered. Since 

this experiment was done under aerobic condition (oxidative condition in air), the reduction of the 

viologen unit was not observed. 
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Figure 4. (a) Absorption spectra of 3mer organogel at different oxidation states. (i) Initial state. 

(ii) Partially oxidized state. (iii) Completely oxidized state. (b) Change in characteristic length in 

chemical oxidation process for 3mer organogel (red color) and 5mer organogel (blue color) 

(average ± standard deviation, n = 5). Inset shows photograph of 5mer organogel at initial state 

(upper left) and at completely oxidized state (right). (c) Cyclability test of gel size change. Odd 

and even number steps correspond to the neutral and dication states of the TTF unit in the foldamer 

gel (average ± standard deviation, n = 5). (d) Actuation force measurement in reduction process of 

partially oxidized 5mer organogel in the solution (gel thickness 0.27 mm, width 5.4 mm). Inset 

shows photograph of 5mer organogel before applying 5% strain (bottom left) and after chemical 

reduction (bottom right). The change in the stress was plotted after adding the ascorbic acid 

solution. 
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4. Conclusion 

The ion gels consisting of the DA-type redox-responsive foldamers were successfully prepared 

via copper-free AAC reaction between azide-functionalized foldamer and tetra-alkyne crosslinker 

in the ionic liquid. The reaction efficiency of crosslink was estimated to be ca. 70% from the elastic 

modulus of the ion gel. Compared with the model foldamer in the solution, the observations of a 

larger CT band intensity and the TTF radical dimer formation in the 3mer gel suggest that the DA 

units belonging to the different foldamer chains can interact with each other in the gel network. 

Through chemical oxidation, the characteristic length of the organogel increased up to 125%, 

indicating the volume of the gel could be increased to 195%. The actuation force of 3.4 kPa in the 

reduction process of the partially-oxidized organogel corresponds to 35 gf cm−2. It should be noted 

that larger actuation force can be expected if the degree of polymer folding in the initial state, the 

reaction efficiency of crosslink, and the mechanical toughness of the completely oxidized 

organogel could be improved. Therefore, it was concluded that the DA-type foldamer is a 

promising molecular machine for realizing macroscopic deformations. 
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