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Introduction

In recent years many efforts have been devoted by the scientific community to explore new mechanisms allowing objects to transform energy from the surrounding medium into motion.

Prominent examples are micromotors or microswimmers. [1] The common point of all these approaches is that symmetry needs to be broken in one way or the other in order to generate directed motion, [2][3][4][5][6] thus leading to systems which can be used for various applications ranging from biosensing and drug delivery to environmental remediation. [7][8][9][10] In many of these examples locally modified electrokinetics are responsible for the motion, [6,[11][12][13][14] but also other energy sources such as light or magnetic fields have been studied in this context. [15][16][17] One concept which has emerged as an efficient approach to break the symmetry of chemical systems in a straightforward way, and thus to induce either directly or indirectly motion, is bipolar electrochemistry (BPE). [13] With BPE, redox reactions can be performed in a wireless way on the surface of conducting or semi-conducting objects when they are placed in an electric field between two feeder electrodes. [18][START_REF] Bouffiar | Electroanalytical Chemistry: A Series of Advances[END_REF][START_REF] Fosdick | [END_REF][21] We've recently proposed BPE to actuate conducting polymers in a wireless way. [22] In this case actuation is due to a differential change in volume as a consequence of ion movement in and out of the polymer upon its localized oxidation and reduction. This leads to an artificial muscle type behavior, which has already been explored previously with various conducting polymers such as polypyrrole (PPy), polyaniline (PANI) and poly (3, 4 dioxythiophene) (PEDOT) by classic electrochemical addressing. [23][24][25][26] Since such polymeric films can be obtained as freestanding films, different types of devices have been elaborated, able to move in specific directions. [27][28][29] However, all these devices require a direct connection to an external power supply. BPE is able to circumvent this problem because electrochemical reactions can be carried out on an object without the need of a physical connection to a power supply. In this contribution we suggest to use electrochemistry as the basis for a triple breaking of symmetry:

-morphological asymmetry generation during the synthesis of a freestanding polymer film -polarization asymmetry due to the presence of an electric field -mechanical strength asymmetry obtained via differential post-synthesis reactions In fine, the combination of these three different types of asymmetry allows a conducting polymer object to perform directed crawling motion.

Results and discussion

In order to achieve efficient directed crawling of the conducting polymer object, it is crucial to break the symmetry of the system in three distinct ways. The first type of introduced asymmetry concerns the morphology of the film ensuring its inhomogeneous response to the surrounding environment. [29,30] Thus, we first prepared robust polypyrrole films of different thickness for which the surface morphology at the two faces is different. The film surface which is facing the electrolyte during the synthesis is found to be rough and porous, whereas the opposite side (in contact with the gold substrate) is smooth and compact as shown in Figure 1a and b respectively. As the movement of charge compensating ions into and out of the polymer film strongly depends on the roughness of the polymer, the rough face is more appropriate for ion exchange than the smooth one. Therefore, the as-synthesized film is a good and intrinsic analogue of a classic bilayer film, often used for actuation.

The second symmetry break is related to the unequal incorporation of counterions through the two interfaces when bipolar reduction and oxidation occurs at the two extremities of the object (Figure 1c). The oxidized form of the polymer, as it is obtained during the synthesis without any post-treatment, is rather stiff due to the inter-chain interactions or cross-linking due to the anions immobilized in the polymer matrix. Reduction of the conducting polymer causes either the removal of anions from the polymer or an insertion of cationic species into the polymer matrix in order to maintain charge neutrality. Which pathway is used for charge compensation depends on the size of the anion that is present during the polymerization. If the anions are small, usually they will leave the polymer during reduction and get reintegrated during the oxidation. Thus, reduction leads to shrinkage and oxidation results in swelling.

However, for large anions, like in the present case where we employ bulky dodecyl benzene sulfonate, an opposite effect is encountered. During reduction, cations move into the polymer and induce a volume increase (Scheme 1), whereas upon oxidation cations are released and cause shrinking. [18,[START_REF] Bouffiar | Electroanalytical Chemistry: A Series of Advances[END_REF] Scheme 1 Electroactivity of polypyrrole during reduction (top line) and oxidation (bottom line)

Cations are crossing the polymer/electrolyte interface preferentially at the rough face of the polymer strip due to the significantly higher active surface area. Thus, the rough face tends to swell and the polymer strip is bending upwards (Figure 1d, left side). In contrast to that, the part of the polymer which is facing the negative feeder electrode is undergoing an oxidation reaction. Therefore, cations are expelled through the rough face due to its higher porosity, thus triggering a more pronounced shrinking. Consequently, the polymer strip tends to bend downwards (Figure 1d, right side). first order approximation of the potential gradient in the bipolar cell, which in reality is not linear close to the feeder electrodes and around the bipolar object.

Introduction of a third type of asymmetry is possible if the conducting polymer is already completely oxidized before the bipolar experiment. In this case, further oxidation at the positively polarized extremity during the first polarization step will lead to over-oxidation and a partial degradation of the polymer at this location. The polymer becomes less electroactive and less suitable for ion exchange at this extremity, thus leading to weaker bending. To confirm this third break of symmetry between the two extremities, scanning electron microscopy images of the polymer strip have been recorded after the bipolar experiment (Figure 2). The end of the polymer strip which was facing the negative feeder electrode during the first bipolar cycle shows an extremely different morphology compared to the part of the polymer which was facing the feeder anode. This asymmetry can even be seen at a macroscopic scale (Fig 2a). The polymer extremity participating in the first oxidation reaction shows cracks on the surface (Figure 2b), and their density gradually decreases when going towards the extremity that participated in the reduction reaction. The latter one has almost the same smooth microscopic morphology than the as-synthesized polymer support (Figure 2c), indicating the intrinsic stability of the polymer even after many switching cycles. This additional third asymmetry is a crucial ingredient for the directed motion of the polypyrrole film, because it allows inhomogeneous bending and relaxation.

Most importantly, the bipolar actuation is switchable. After changing the polarity of the feeder electrodes, the direction of polymer bending is reversed. This feature is extremely important for directional motion, however reversibility alone is not enough as it would lead only to a stationary periodic actuation. As mentioned above, the additional requirement for inducing net motion in a specific direction is that the bending of the two extremities during the bipolar electrochemical process is unequal. In the case of an initially fully oxidized polymer, the over-oxidation of the polypyrrole extremity facing the negative feeder electrode during the first polarization cycle introduces this additional asymmetry. The polymer at this extremity undergoes a partial degradation (vide supra), which makes it stiffer and therefore distinguishable from the opposite extremity. At the same time the effective length of the polymer object which is experiencing the electric field is decreased during this first cycle due to the over-oxidized section. Thus, for the subsequent cycles the overall polarisation of the object is less and no over-oxidation occurs at the opposite extremity when this one gets positively polarized. The resulting unequal mechanical properties of the two ends of the polymer strip enable now a net motion in the direction of the polymer extremity which was initially facing the positive feeder electrode, because this end shows stronger bending compared to the over-oxidized end which is stiffer. This mechanism is schematically illustrated in Figure 3. An as-synthesized fully oxidized polymer strip (10x1 mm) is positioned in the centre of the bipolar electrochemical cell at the bottom in such a way that the smooth surface is facing upwards and the rough surface downwards. A potential difference of 20 V is applied between the graphite feeder electrodes placed 5 cm apart from each other. The maximum potential difference V that might be experienced by the two extremities of the polymer strip can be extracted from the following equation: (1) with E being the potential difference between the feeder electrodes, L the distance between the feeder electrodes (5cm) and l the length of the polymer strip (1cm). This leads to a theoretical potential difference of 4V between the two ends of the polymer. However, there are various sources of potential loss in the bipolar cell such the resistance created by the Nafion membranes, which are separating the electrode compartments, and an important potential drop at the feeder electrodes. In order to estimate the real potential drop along the polymer object, electrical connections have been attached at its two extremities and their potential difference was measured while applying 20 V to the feeder electrodes. A typical V value of 1.4-1.6 V was measured in this case. These values are high enough to allow the simultaneous reduction and oxidation of polypyrrole when comparing with a typical cyclic voltammogram of such a polymer film. The extremity of the strip which is facing the positive feeder electrode participates in the reduction reaction, leading to the insertion of cations during the first bipolar cycle. When switching the polarity after 5 s, the polymer extremity, which previously underwent the reduction reaction, is now oxidized, accompanied by the expulsion of cations. The swelling, which was a result of the reduction reaction in the previous cycle, allows a faster expulsion of the cations during oxidation of this extremity.

Hence, the downward bending occurs faster. The previously over-oxidized polymer extremity now undergoes a reduction reaction, but an overall upward bending is not observed due the over-oxidized state of the polymer which introduces irreversible morphological and mechanical changes (vide supra).

In conventional electrochemistry the amplitude of bending depends on thickness. The thickness of the polymer should not be too high because otherwise it resists to bending due to its stiffness, but should also not be too low because otherwise the ion movement is not sufficient to generate enough volume change for efficient bending. [23,31] Therefore, it is crucial for obtaining a bipolar crawler to optimize the thickness of the polymer. In order to illustrate the importance of this parameter we synthesized polymer films with different thickness and studied their dynamic behavior. As an example, we compare here two films which have been obtained after the same reaction time (2 hours), but at different potentials i.e. 0.7 and 0.8 V. Their thickness is 60 and 85 μm, respectively. The bending of the latter one is less pronounced (Figure 4b) compared to the first one (Figure 4e). In addition to the difference in thickness, also another parameter might be influencing the difference in bending amplitude. The polymerization kinetics is slower in the case of 0.7, V which leads to the formation of shorter polymer chains with a smaller degree of cross-linking and therefore higher flexibility. [32] Furthermore, more positive oxidation potentials might also lead to a deeper degradation-cross-linking gradient in the thicker film obtained by electropolymerization at a more anodic (0.8 V) potential than the thinner one (0.7 V). [33] The characteristic response time to a change in polarity of the feeder electrodes is also faster in the case of films obtained at 0.7 V. All these phenomena increase the ability to produce more pronounced crawling motion with the thinner film. Red: positive feeder electrode; blue: negative feeder electrode; gray: no potential at the feeder electrodes. The scale bar in the SEM images is 100 μm.

When comparing the crawling behavior of both polymer strips upon potential switching it becomes obvious that the thinner film shows a more efficient motion. The fast switching and strong bending in the case of the thin film is responsible for the directional crawling illustrated in Figure 5. The polymer is travelling over a distance of ~4 mm when switching the orientation of the electric field 25 times (see Supplementary information video S1). The speed of motion can be modulated by changing different parameters like salt concentration, thickness of the polymer, applied voltage and switching frequency. Therefore, it is rather difficult to make a direct correlation between the applied voltage and the final crawling velocity. 

Conclusion

We explored the possibility to use bipolar electrochemistry for triggering a crawling motion of a thin polypyrrole film. The synergetic combination of three different types of symmetry breaking is used to induce global locomotion of the object. An initial asymmetric surface roughness of the synthesized polymer allows preferential ion exchange on one side of the film, which in this way constitutes an intrinsic bilayer architecture. The second source of asymmetry is the polarization of the polymer object by the electric field present in solution.

This allows carrying out a reduction reaction at one extremity of the film, whereas the opposite extremity undergoes an oxidation. Finally, the third break of symmetry originates from an irreversible electrochemical transformation of one end of the film due to its overoxidation during the first polarization cycle. This makes the two extremities distinguishable in terms of mechanical behavior in the subsequent polarization cycles and thus leads to directed crawling motion during reversible bending and relaxation. The main advantage of the here presented proof-of-concept experiments is that, in contrast to classic electrochemical actuation of conducting polymers, the movement can be induced in a wireless way. This, combined with a future downscaling of the object's size, opens very interesting perspectives in the frame of polymer based artificial muscles analogs with advanced functionalities.

Experimental Section

Synthesis of polypyrrole

Polypyrrole was synthesized by potentiostatic polymerization in aqueous medium following a literature protocol. [29] A three electrode electrochemical cell (Reference electrode: Ag/AgCl, counter electrode: gold coated glass, working electrode: gold coated glass) was used for the polymerization. 0.2 M pyrrole (Sigma Aldrich) and 0.2 M sodium dodecylbenzene sulfonate (Sigma Aldrich) was dissolved in 10 ml of distilled water. Parallel orientated gold coated electrodes (1.2 x 1.5 cm) were kept at a distance of 2.5 cm. For generating thin and thick polymer films a potential of 0.7 and 0.8 V was applied for polymerization during 2 hours, respectively. After completion of the polymerization process, the polymer was washed thoroughly with distilled water, dried under a N 2 stream and finally peeled off the surface using a sharp blade. For the partial reduction of the polypyrrole film, the polymer was immersed in monomer free 0.1 M sodium dodecylbenzenesulfonate solution and -1 V was applied for 1 hour vs Ag/AgCl. After completion of the reduction process, the film was washed in water, dried and peeled off the working electrode with the help of a sharp blade.

The as-synthesized or partially reduced polypyrrole films were used for the subsequent studies.

Characterization

The surface morphologies of the prepared films were characterized using a tabletop electron microscope (Hitachi, TM-1000) after Au sputtering on the polymer surface to reduce electric charging.

Wireless bipolar motion

Wireless bipolar motion was accomplished in a bipolar cell equipped with two graphite electrodes (1 cm diameter) separated by a distance of 5 cm. The rectangular polymer film (10 x 1 mm 2 ) was kept in the center (laying at the bottom) of the bipolar cell filled with 0.5 M LiClO 4 . A potential of 20 V was applied between the two graphite electrodes, and the polarity of the electrodes was switched every 5 seconds. To avoid parasitic effects of gas bubbles generated at the feeder electrodes, the center part of the bipolar cell containing the polymer strip is separated by two Nafion membranes. Phenomena of bending and generated locomotion were recorded with a macroscope (LEICA Z16 APO) in the video mode. Several dozens of polymer strips were characterized with respect to their dynamic behavior, and in all cases they behave similarly from an qualitative point of view. However, one can observe some variations in the efficiency of motion from one polymer strip to another, because thicknesses and defects are not necessarily completely identical.
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 1 Figure 1 a) Top face (facing the electrolyte during polymerization), and b) bottom face
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 2 Figure 2 a) Low magnification SEM image of the polymer strip after bipolar switching at 20

Figure 3 a

 3 Figure 3 a) Asymmetric shape of the polypyrrole strip during potential switching. b)
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 4 Figure 4 a) Thick polypyrrole film in the absence of electric field b) in the presence of electric field after the 8 th bipolar cycle and c) corresponding SEM image of the film section.
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 5 Figure 5: Different stages of polypyrrole film deformation during crawling motion a) before
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