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Photo-induced crawling motion of a crystal of 3,3′-dimethylazobenzene (DMAB) on a glass substrate having different surface properties was studied. When exposed to UV and visible lights simultaneously from different directions, crystals crawl continuously on a glass surface. On a hydrophilic surface, the crystals crawled faster than those on other surfaces but crystals showed spreading while they moved. On hydrophobic surfaces, on the other hand, the crystals showed little shape change and slower crawling motion. The contact angles of the liquid phase of DMAB on surface-modified glass substrates showed positive correlation with the water contact angles. The interaction of melted azobenzene with glass surfaces plays an important role for the crawling motion. We proposed models to explain the asymmetric condition that leads to the directional motion. Specifically by considering the penetration length of UV and visible light sources, it was successfully shown that the depth of light penetration is different at the position of a crystal. This creates a nonequilibrium condition where melting and crystallization are predominant in the same crystal.
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INTRODUCTION
The motion of artificial micro- to centimeter-sized objects, including crystals, photocatalyst particles, surface modified objects, functionalized particles, and polymers, driven by external stimuli has attracted significant attention (Xu et al., 2017; Kong et al., 2019; Dattler et al., 2020; Naumov et al., 2020). By selecting the materials, stimuli, and designing the system, diverse types of motion such as linear, rotary, and deformation can be achieved. Thus, it is of interest due to their potential application to micromotors, actuators, soft robots, and also their scientific viewpoint to reveal the mechanism. To date, various external stimuli such as electric fields, magnetic fields, pH, chemical gradient, and light have been used to induce the motion. Among those stimuli, light is very useful because it can be a powerful energy source and has spatiotemporal controllability. Light has been used to make objects move by using various types of mechanistic strategies such as photocatalytic reactions, photochromic reactions, and photothermal effects. Those generate locally nonequilibrium conditions and/or asymmetric fields in solution, within solids, or at interfaces.
Photochromic molecular switches such as azobenzenes and diarylethenes are molecules exhibiting isomerization between isomers by light (Goulet-Hanssens et al., 2020). The advantage of materials utilizing photochromic molecules is that their properties can be triggered noninvasively and reversibly. Additionally, the photochromic molecules change their molecular shape, which drastically changes molecular interactions, resulting in amplification of macroscopic properties such as mechanical motion. Azobenzene exhibits photoisomerization between the cis and trans isomers (Bandara and Burdette, 2012). Because of the difference of the absorption spectra of two isomers, trans -> cis and cis -> trans, isomerizations are generally dominant with UV and visible light, respectively. Various types of motion have been demonstrated in different states (polymer, crystal, amorphous, etc.) of azobenzene-containing materials. One of the most successful molecular systems in azobenzene-containing materials is photoactuators, especially in liquid crystal elastomers (Zhu et al., 2020; Chen et al., 2020). These polymers show contraction/expansion, bending, twisting, and oscillation by light and are expected to be used as 4D printing materials. Besides polymer materials, small molecules containing azobenzene are also known to exhibit motion by light. Single crystals of azobenzenes show bending motion, due to photoisomerization producing stress inside the crystal (Taniguchi et al., 2019). Amorphous solids of azobenzenes exhibit mass flow by a linearly polarized laser irradiation (Nakano and Suzuki, 2012; Suzuki and Nakano, 2012). Motion of an oil droplet was achieved by asymmetrical photoirradiation on a silica plate surface covered with azobenzene-containing molecules (Ichimura et al., 2000).
Recently, we found that crystals of simple azobenzenes, such as 3,3′-dimethylazobenzene (DMAB) and azobenzene, crawl on a glass surface by continuous photoirradiation of both UV and visible lights (365 and 465 nm) (Uchida et al., 2015). The motion is directional, and crystals move away from the UV light source. This crawling motion is continuous and can be achieved by a simple continuous irradiation using a light-emitting diode or Hg lamp as light sources in a fixed position. It is notable that no expensive apparatus such as a laser or positioning device is required. Nor is cumbersome temporal control necessary. It has been found that the motion of the crystals can be not only in a horizontal direction but also in a vertical one: they can climb the wall of glass surface. This crawling motion is very interesting due to its continuous behavior, even though these azobenzenes exhibit typical two state switching between trans and cis isomers. However, these crystals show phase transitions between crystal and liquid phases: melting and crystallization by trans -> cis and cis -> trans isomerization, respectively. This photochemically induced phase transition is considered as a key process for the crawling motion. In addition, we have successfully shown that the crawling motion can be induced by a single light source by using 4-(methylamino) azobenzene (Saito et al., 2019). Here, the liquid phase is readily converted to the crystal phase due to its short lifetime of the cis isomer.
Materials showing photochemically induced phase transitions between solid and liquid phases by the isomerization of azobenzene have been of interest because of their potential applications (Yamamoto et al., 2018; Norikane et al., 2020). This concept is simple; the trans isomer of azobenzene in the solid state melts by the irradiation of UV light due to the photoisomerization. Then, the cis isomer in the liquid state returns to the solid state via photochemical isomerization by visible light irradiation or thermal isomerization. After our report of the photoinduced crystal-to-isotropic phase transition in macrocyclic azobenzenes in 2011 (Norikane et al., 2011; Uchida et al., 2013), it has been shown that this phase transition is possible in different classes of molecules such as crystalline small molecules (Hoshino et al., 2014; Norikane et al., 2014; Baroncini et al., 2015; Ishiba et al., 2015; Norikane et al., 2016a; Norikane et al., 2016b; Hu et al., 2018; Yue et al., 2018), glassy branched middle molecules (Akiyama and Yoshida, 2012; Akiyama et al., 2014a; Akiyama et al., 2014b; Akiyama et al., 2014c), and viscous macromolecules (Akiyama et al., 2017; Zhou et al., 2017). Accordingly, the research area has been expanded to various kinds of smart materials such as reworkable adhesives (Akiyama and Yoshida, 2012; Akiyama et al., 2014a; Akiyama et al., 2014b; Akiyama et al., 2014c; Norikane et al., 2016a), photoresists (Norikane et al., 2014), gas storage (Baroncini et al., 2015), solar thermal fuels (Ishiba et al., 2015; Dong et al., 2018; Hu et al., 2019), self-healing (Zhou et al., 2017), switching enzymatic degradation of biolpolymers (Kikkawa et al., 2017), and swimming crystals (Norikane et al., 2016b).
The crawling motion of a crystal is intriguing because an object (crystal) is traveling on a solid surface (i.e., solid/air interface) under an ambient atmosphere. This is in contrast with numerous examples of stimuli responsive and self-propelling motion of small objects in solution or at solid/liquid interface (Dong et al., 2018). This crawling motion would be a candidate for a “carriage vehicle” to transport objects/chemicals on a solid surface without a flow channel. However, so far, the speed of the crawling motion is quite slow (up to 10 microns per min), and more importantly, the mechanism of the motion is not clear. Understanding the mechanism of the crawling motion is a prerequisite to establishing a system that can accelerate the speed and precisely control the shape and position of the crystals. It is presumed that the motion is driven by crystallization and melting at the front and rear edges of the crystal, respectively, via photochemical conversion between the crystal and liquid phases induced by the trans–cis isomerization of azobenzenes. Interaction between the azobenzene (either solid or liquid phase) and the glass surface may play an important role in the crawling motion. Thus, it motivates us to study this interaction.
In this work, we studied the crystal motion of DMAB on glass substrates with various surface wettability to reveal the effect of the interaction between the azobenzene and the glass surface. We used a hydrophilic glass, treated by KOH/EtOH solution, and two hydrophobic glasses, functionalized with 1,1,1,3,3,3-hexamethyldisilazane (HMDS) and 1H,1H,2H,2H-perfluorodecyltriethoxysilane. The crawling motion was observed by using a laser confocal microscope, and we found that the crawling motion was fastest on the hydrophilic surface although the shape of crystals became thinner during the motion. We proposed models to simulate the asymmetric condition that leads to the directional motion. It is shown that the depth of light penetration of UV and visible lights are different at the position of a crystal so there is a nonequilibrium condition where melting and crystallization are predominant in the same crystal.
EXPERIMENTAL
3,3′-Dimethylazobenzene (DMAB) was purchased from Tokyo Chemical Industry Co., Ltd. and purified by silica gel column chromatography and subsequent recrystallization. Its purity was confirmed by NMR. Cover glasses (Matsunami Glass Ind., Ltd, square microscope cover glass No.1, 18 mm × 18 mm, thickness: 0.12–0.17 mm) were used as the glass substrates. Hydrophilic glass was prepared by dipping a cover glass in a saturated KOH/EtOH solution for 1 h and the glass was washed with EtOH. We prepared two hydrophobic surfaces (hydrophobic A and B). Hydrophobic A: by dipping a cover glass in an HMDS (1,1,1,3,3,3-hexamethyldisilazane) without dilution for overnight, then washing with ethanol. Hydrophobic B: a cover glass cleaned by a UV ozone cleaner (Nippon Laser & Electronics Lab.). Then, by spin coating (3,000 rpm for 45 s) onto the cover glass with a solution of 1H,1H,2H,2H-perfluorodecyltriethoxysilane (1 vol% solution in ethanol), followed by curing (100°C, 10 min). Surface contact angles of water and DMAB were measured by using a contact angle meter (Kyowa Interface Science Co., Ltd., DMe-210 and DM-500).
To obtain similarly sized crystals on a substrate without disturbing the substrate surface, we used sieves. A glass substrate was placed under a stainless steel sieve (45 and 20 μm) and crystals of DMAB were passed through these sieves (Supplementary Figure 1). This method is different from the one in the previous report where we recrystallized from the melted state on a glass substrate (Uchida et al., 2015).
For the motion of the crystals on a substrate, photoirradiation was carried out with 365 and 465 nm using the experimental setup shown in Figure 1A under ambient temperature. LED’s were used for 365 nm (CCS Inc., HLV-24UV365-4WNRBTNJ) and 465 nm (CCS Inc., HLV2-22BL-3W). The light intensity was monitored using a Newport 1917-R optical power meter with an 818-ST-UV photodetector. The intensity of the 365 and 465 nm in this study were 200 and 50 mW cm−2, respectively. The motion of the crystals was observed using a Keyence VK-X100 laser confocal microscope with a laser wavelength of 658 nm. Microphotographs were taken every 1 min. The velocity of the crystal motion was measured based on the front edge and the center of the crystals as shown in Figure 1C. The position of the center of a crystal was defined as a centroid of each image.
[image: Figure 1]FIGURE 1 | (A) Schematic diagram of the experimental setup for the observation of the crawling crystals. UV (365 nm) and visible (465 nm) light were irradiated from opposite directions. The angle between the direction of light and the plane of glass was 30° for each light source. The photomicrograph was taken every minute. (B) Molecular structure of DMAB and its photoisomerization scheme on irradiation with UV and visible light. (C) Examples of microscope images of DMAB crystals during the crawling motion, displaying the definition of the distance of the motion. The moving distance of the crystal motion was defined by measuring the positions of the front edge (black lines) and the center of the crystal (red dashed lines). The front edge was defined at the end at the right side of the crystal. The center of the crystal (x marks) was defined by an image analysis software.
RESULTS AND DISCUSSION
The crystal samples examined here were prepared by scattering the crystals of DMAB on a glass substrate through a mesh as shown in Supplementary Figure 1. This method is different from the one in our previous report where small pieces of crystals of DMAB, formed by cooling the melted state sandwiched between two cover glasses, were obtained by peeling the cover glasses (Uchida et al., 2015). In the previous method, it was difficult to control the size of the crystals. In addition, the surface of the glass substrate is not in a “fresh” condition in the previous method because the whole surface of glass plates had contacted the DMAB crystal before detaching them. In order to reduce the surface contamination, it is desirable to place crystals, having suitable size for the crawling motion, directly on a glass substrate. We have attempted to deposit and grow small crystals on a fresh glass substrate by sublimating DMAB, but it did not work. The deposited compound formed small liquid droplets instead of forming crystals. The deposited droplets were in the supercooled state and were stable for hours. They slowly evaporated even at ambient condition at room temperature without forming crystals and finally disappeared from the substrate. We have also tried to deposit a concentrated solution on a glass substrate by a micro manipulator or an inkjet printer. However we obtained only liquid droplets and did not form microcrystals. In addition, we have applied a reprecipitation method by dropping DMAB solutions into water (poor solvent), but only oil droplets were formed in the solution. Alternatively, we then adopted the method of scattering through the mesh. Although the crystal shape cannot be controlled, this method is currently the most efficient way to place a lot of microcrystals of DMAB on a large area of solid surface without disturbing the freshly prepared surface. Actually, we have prepared the crystals on a glass surface without surface treatment, and we confirmed the motion of the crystals. The irradiation condition and the behavior were similar to those reported in the previous report (Uchida et al., 2015).
In this study, the motion of the crystals was analyzed by defining the position of the crystal at the front edge and the center as shown in Figure 1C. The crystal motion involves the change in the crystal shape. Especially when the crystals deform into thinner shape, the area projected on a plane becomes larger. In this case, the position of the front edge moves much faster than the center when the crystal is spreading to the moving direction. Therefore by evaluating the position of both the front edge and the center, we can discuss the degree of spreading of the crystals.
The most prominent motion was observed on the hydrophilic glass. Figure 2A shows the photomicrographs of the DMAB crystals on the hydrophilic glass. The movie of the motion can be found in Supplementary Video 1. Originally we observed the particles with the size of ca. 10–40 μm and they were in the crystal phase confirmed by the polarizing optical microscope. The simultaneous UV and visible light irradiation changed those crystals into a “spread” shape within a few minutes and the crystals started crawling toward the visible light source. The spreading was observed as shown in the 3D images (Figure 3A) observed by a laser confocal microscope. By looking at how the crystals change their shape over time, there are mainly two types of crystal morphology. One is spreading equally to the x and y direction forming a flattened shape. In this case, the crystals become thinner during the motion but their centers definitely move. The profile analyses of the crystal by a laser confocal microscope revealed that a crystal of the original height of ca. 20 μm (with similar x and y dimensions) changed its shape to have a height of 4 μm and diameter of ca. 50 μm (“crystal a” in Figure 4). Notably, the profile of the crystal is asymmetric, in other words the front side of the crystal has a steeper edge than its rear end. Another case is a spreading toward two opposite directions of the crystal forming a rod-like shape (“crystal c” in Figure 4). Interestingly, this rod-like shape crystal crawls regardless of the relative orientation of the rod to the direction of the light source. The rod-like crystal became longer with time. The profile of both edges of the long side of a crystal is symmetrical and steep. It is in contrast with the first case that has an asymmetrical profile. The occurrence of these two types of the spreading phenomena is probably due to the crystal orientation at the original state. The original crystal orientation determines how the crystal spreads because the original crystal acts as a “seed” and the crawling motion is a combination of melting and growth of the crystal. Since the crystal is attached on the glass surface, it is difficult to turn the crystal orientation. It is a rather interesting fact that the crawling motion was observed in either case. The speed of the motion seems to depend on the orientation of the crystal; therefore the motion can be precisely controlled by using originally oriented crystals. The velocity of the crystals reported here is based on the average of each speed of crystal in different orientations. The velocity on the hydrophilic glass was thus 2.5 μm min−1 when the position of the center of crystal was averaged, while the front edge moves at 3.3 μm min−1 (Table 1). This velocity was more than four times faster than that observed on an untreated glass surface (0.6 μm min−1 at the center of the crystal).
[image: Figure 2]FIGURE 2 | Photomicrographs for the crawling motion of DMAB crystals on three different glass surfaces [(A) hydrophilic, (B) hydrophobic A, and (C) hydrophobic B] after irradiation for t = 0, 10, and 20 min, respectively. Scale bar: 100 μm.
[image: Figure 3]FIGURE 3 | 3D photomicrographs observed by a confocal laser microscope on three different glass surfaces [(A) hydrophilic, (B) hydrophobic A, and (C) hydrophobic B] after irradiation for t = 0, 10, and 20 min, respectively.
[image: Figure 4]FIGURE 4 | Profile of DMAB crystals on hydrophilic glass surface observed by laser confocal microscope. (A) Photomicrographs of crystals on hydrophilic glass at t = 0, 10, and 20 min of irradiation. Letters a, b, and c indicate the crystals selected to analyze those profiles along with the arrows. (B) The profile of each crystal with irradiation time at t = 0, 10, and 20 min.
TABLE 1 | Static contact angles of water and DMAB (at 60°C), and velocity of DMAB crystals at their center and front edge on different surfaces.
[image: Table 1]On hydrophobic surfaces, the crawling motion was also observed but the velocity of the motion was slower than that on the hydrophilic surface. Figure 2B shows the snapshots of the motion on the hydrophobic A surface. The time-lapse movie is shown in Supplementary Video 2. The average velocity on this surface was 0.7 and 1.5 μm min−1 at the center and the front edge of the crystal, respectively (Table 1). By the simultaneous irradiation of the UV and visible light, the crystal changed to “spread” shapes, but this time the degree of the spreading was less than the crystals on the hydrophilic surface (Figure 2B). For example, a crystal with its original diameter of ca. 30 and 15 μm in height deformed and the diameter and the height became ca. 40 and 10 μm, respectively, after 10 min of irradiation (Figures 5A,B). Interestingly, this crystal exhibited a motion that is like an inchworm movement. During the initial 10 min of irradiation the front edge moved forward, and the shrinking of the rear edge was observed at the subsequent 10 min. This is presumably due to the effect of pinning of the liquid phase of the DMAB by this hydrophobic surface. Pinning behavior was also observed on this surface when we attempted to measure dynamic contact angle and sliding angles by using liquid droplets of DMAB at elevated temperature (at 60°C). Not all crystals exhibited such inchworm-like crawling behavior but we found it frequently on this surface. On the hydrophobic B surface, on the other hand, the velocity of the crawling motion was 0.3 and 1.4 μm min−1 at the center and the front edge of the crystal, respectively (Table 1). Those are slightly slower than that observed on the hydrophobic A surface. On this surface, the crystals did not show noticeable spreading by the photoirradiation (Figures 2C, 3C and Supplementary Video 3). In addition, the height of the crystals did not change as shown in Figures 5C,D.
[image: Figure 5]FIGURE 5 | Profile of DMAB crystals on hydrophobic glass surfaces observed by laser confocal microscope. (A) Photomicrographs of crystals on hydrophobic A glass at t = 0, 10, and 20 min of irradiation. Letter d indicates the crystal selected to analyze its profile along with the arrow. (B) The profile of the crystal d with irradiation time at t = 0, 10, and 20 min. (C) Photomicrographs of crystals on hydrophobic B glass at t = 0, 10, and 20 min of irradiation. Letter e indicates the crystal selected to analyze its profile along with the arrow. (D) The profile of the crystal e with irradiation time at t = 0, 10, and 20 min.
Figure 6 shows the plot of the velocity of the crawling motion against the water contact angle of the surface. As can be clearly seen from the plot, the speed of the motion increases on a hydrophilic surface. The average velocity on a hydrophilic surface was 2.5 μm min−1 analyzed at the center of crystals. Indeed it is more than four times faster than that on an untreated glass surface (0.6 μm min−1). On the other hand, the velocity values on the two hydrophobic surfaces and untreated glass are similar. It is interesting that there is no significant effect on the velocity from the surface wettability in these glass surfaces, although there was an observed difference in crystal shape between the hydrophobic surfaces as shown in Figures 3B,C. On the hydrophobic A surface, crystals exhibit more spreading than those on the hydrophobic B surface. Those observations indicate that the difference in spreading of crystals is caused by the surface wettability, but this does not affect the speed of the crawling motion, probably because the extent of spreading is too small.
[image: Figure 6]FIGURE 6 | Plot of the velocity of the crystal against the water contact angle of different surfaces. Error bars represent standard error.
In the above discussion, the surface wettability is evaluated based on the water contact angle. However, instead of water contact angle, we have to clarify the interaction of DMAB to the glass surface. Thus, verification is necessary for whether the water contact angle is a reliable parameter for assessing the effect of the surface qualitatively. We measured the contact angles of DMAB droplets. Since DMAB crystallizes at room temperature, the measurements were conducted at 60°C, above the melting point of DMAB (53°C and 43–46°C for trans (Yamamoto et al., 1971; Uchida et al., 2015) and cis (Badger et al., 1953; Uchida et al., 2015), respectively). It was found that there is an almost linear positive correlation between the DMAB contact angle and the water contact angle (Table 1 and Supplementary Figure 2). This result shows that the water contact angle can be used as a parameter to discuss the effect of wettability of DMAB. By using the droplet of DMAB, the contact angle hysteresis was also measured. On hydrophilic glass, the advancing angle and receding angle were 10.2° and 6.3°, respectively. On hydrophobic B glass, their values were 65.5° and 48.5°, respectively, for the hydrophobic B surface. On the other hand, we could not determine the dynamic contact angles for the hydrophobic A surface due to the pinning of the droplet.
Here, let us discuss the mechanism of the crawling motion, by pointing out the possible factors that affect the motion. As mentioned in the introduction, it is presumed that the crawling motion is driven by crystallization and melting at the front and rear edges of the crystal, respectively, via photochemical conversion between the crystal and liquid phases induced by the trans–cis isomerization of azobenzenes. However, the photoirradiation is carried out uniformly on the whole crystal, which means that both the front edge and the rear edge of the crystal are irradiated. First, let us consider the gradient of light intensity created by the distance from the light source. When looking at one crystal, the difference of the distance from the light source between the front edge and the rear edge is ca. 20 μm, that is, the size of the crystal. In our experimental condition, the distance from the crystal to the light source is about 3 cm. Since the light intensity decreases by an inverse-square law, the intensity decrease was calculated to be only ca. 0.13% from one end to the other. Therefore the light intensity gradient by the distance of the light source is not the main factor for the crawling motion.
Second, it should be noted that there might be an effect of a shadow created by the crystal. Since the light is from 30° above the plane of the glass surface, a shadow can be formed when the slope of the crystal edge is more than 30°. Figures 4, 5 clearly show that most of the initial state of crystals has the shape of a steep enough edge for creating a shadow. In these crystals, one edge of the crystal is irradiated selectively by one light source and the other edge is irradiated by another light source. It seems to be a very efficient way for melting and crystallizing the crystal at the opposite edge selectively. This model was our initial hypothetical model for explaining the crawling motion. However, this model cannot explain two experimental observations. 1) On hydrophobic surfaces the crystals kept their shape that may have a shadow but the velocity is quite low and the motion seemed inefficient. 2) On hydrophilic surfaces, the crystals change their shape to become very thin such that the shadow becomes small or disappears, but the velocity of the thin crystals is faster than those on other surfaces. Therefore, creating the shadow is not always effective for the crawling motion, and instead, surface wettability seems to have a more strong impact on the velocity.
Next, there still remains the question of why those very thin crystals still crawl. It should explain the reason for the directional motion without the “shadow hypothesis”. How do two light sources create an asymmetric environment for directional motion? To get closer to the answer of this question, we would like to discuss according to the path length and the penetration of each light on the surface of a crystal. A simple model is shown in Figure 7 with a crystal that is thin enough to have no shadow. Let us consider the crystal surface at the rear side of the crystal. Because the crystal surface has a slope and the surface is facing to the UV light source, the angle of the UV light to the surface is greater than that of the visible light. Here we can expect that UV light would reach deeper inside the crystal, if the penetration length (shown as arrows in Figure 7) of each light is identical, which will be assumed for the moment simplify this explanation (penetration depth will be discussed later). If UV light reaches deeper into the crystal, the surface of the crystal melts to the liquid phase due to the trans - > cis photoisomerization. Thus, in this side of the crystal, the melting can occur more than the crystallization. At the front edge of the crystal, on the other hand, we can expect that the crystallization takes place more than the melting because the visible light reaches deeper in the crystal. Overall, the melting and crystallization are continuously taking place in the same crystal which can be regarded as a nonequilibrium condition that creates an asymmetric environment. Actually, at the interface of the crystal and liquid of DMAB, adsorption and desorption of DMAB molecules (mainly trans isomer) is taking place and there is a local equilibrium at each position of a crystal. The melted azobenzene liquid shows wetting and spread on the surface isotropically if there is no parameter that controls the direction of the wetting. The melted liquid portion of the crystal is actually pulled by the growing part of crystal at the front edge. Due to the affinity between the substrate surface and the liquid phase, the dewetting process at the rear edge of the crystal is slow so the shape of the crystal becomes thinner during the crawling motion. For now there is no clear evidence that the spreading of the liquid state is the only factor for the crawling motion. We think the growing of the crystal is a more important factor. The growing speed of the crystal can be influenced by the surface energy. Further study is required to distinguish two factors such as the spreading of the droplet and the growing of the crystal.
[image: Figure 7]FIGURE 7 | A simple schematic diagram showing the penetration length of light. See the text for the detail.
The simple model described above is based on a very rough assumption that the penetration length of two wavelengths of light is the same. However, as a matter of course, those penetration lengths are different because the extinction coefficient (ε) of azobenzene is different at different wavelengths. Here let us discuss the depth of light penetration. According to the Lambert–Beer law, the light intensity (I) at certain optical path length (L) in the sample is expressed for UV and visible lights as follows:
[image: image]
[image: image]
Here, I0 and C are the initial intensity of light and the concentration, respectively. By using Eqs 1, 2, we have simulated the decay of the light intensities of each wavelength inside the crystal as shown in Supplementary Figure 4. In this simulation, for simplicity, the angle of light is fixed at 90° to the plane of the crystal, and reflection and scattering are omitted. The value of [image: image] and [image: image] are fixed as constant values of 5,000 and 500 M−1cm−1, respectively, and the density value (Uchida et al., 2015) of 1.17 g mol−1 from crystal data was used for the calculation of the concentration. In the graph, a steep decay of the UV light is due to the relatively large [image: image]. On the other hand, it should be noted that the visible light can penetrate far deeper inside the crystal. Importantly, the intensity of the visible light [image: image] becomes predominant over that of the UV light [image: image] in the crystal deeper than ca. 0.24 μm. This result clearly matches with the experimental results that a crystal does not melt completely but melting is taking place only at the periphery of the crystal when two lights are irradiated simultaneously.
With those things in hand, estimation of the light intensity was carried out by considering our experimental conditions including oblique light directions, refractive index, refraction angle, and slope angle of the crystal. According to the Snell’s law, the incoming light on to the surface of crystal is refracted as shown in Figure 8 and Eqs 3, 4:
[image: image]
[image: image]
Here, [image: image] and [image: image] are the angle of UV and visible light from the normal of the crystal surface, respectively, [image: image] and [image: image] are the refracted angle of UV and visible light from the normal of the crystal surface, respectively, and [image: image] is the relative refractive index of the crystal. Thus, Eqs 3, 4 are written as follows:
[image: image]
[image: image]
[image: Figure 8]FIGURE 8 | A schematic diagram showing the model for simulating the angle, path length, and penetration depth of light at the rear edge of a crystal. See the text for the details.
As shown in Figure 8, the angle of the light source to the plane of the glass and the slope of the crystal surface to the plane of the glass are defined as θ and α, respectively. The relationship between [image: image], [image: image], θ, and α are the following:
[image: image]
[image: image]
By using these relationships, Eqs 5, 6 can therefore be written as the following:
[image: image]
[image: image]
On the other hand, by considering the optical path lengths of each light ([image: image] and [image: image]) at certain depth ([image: image]) from the surface of the crystal, relation of those values are as follows:
[image: image]
[image: image]
and the ratio of the two optical path length is as follows:
[image: image]
According to Eqs 9, 10, 13, the ratio of the optical path length is a function of θ, α, and [image: image]. By using the value of [image: image] in the literature (Auwers and Heimke, 1928) and θ = 30° at our experimental condition, the ratio is plotted as shown in Supplementary Figure 5. It clearly shows that the optical path length of the visible light becomes greater than that of the UV light when the slope of the crystal becomes steeper.
Finally, let us consider the light intensity. By combining Eqs 1, 2, 9–12, we can estimate the light intensity of each light ([image: image] and [image: image]) at certain depth as follows:
[image: image]
[image: image]
By using Eqs 14, 15, we have simulated the light intensities when the slope α = 5, 15, and 25°. The simulated results are shown in Supplementary Figures 6A, 7A, 8A. It should be noted that those curves are different. When α increases, the simulated curve of the UV light intensity becomes relatively gentle decay, while the curve of the visible light intensity becomes sharper decay. As a result, the intersection between two curves (UV and visible light) shifts to the deeper d value (di) from 0.21 to 0.23 μm. This result agrees well to the simple “arrow” model (Figure 7), that UV light can reach deeper inside the crystal when the crystal surface is facing to the UV light source.
Similar to the above discussion, we simulated the light intensity at the front edge of the crystal in the condition with the slope α = 5, 15, and 25° as shown in Supplementary Figures 6B, 7B, 8B, respectively (the definition of the angles is shown in Supplementary Figure 9). At this edge of the crystal, the simulated curve of the UV light intensity becomes steeper decay when α increases. The intersection of two curves shifts to the shallower di from 0.20 to 0.18 μm. By using the results of the simulation, we can discuss the nonequilibrium condition created in a crystal on the surface. Let us consider a crystal having a symmetric shape such that the slope angles of the rear and the front edge are identical. When α = 5°, the di of the rear edge is 0.21 μm where that of the front edge is 0.20 μm. As α increases, the difference of di at two edge becomes more prominent. The di of the rear and the front edge are 0.23 and 0.18 μm, respectively, when α = 25°. These results indicate that the degree of melting is different at the different edges of a crystal and it may produce an asymmetric condition in a crystal.
Those simulations shown above are still primitive approximations. We used fixed value for the molar extinction coefficients ([image: image]and [image: image]) and refractive index ([image: image]). However, the actual absorbance of the sample changes due to the photoisomerization of azobenzene and the isomer distribution varies by the position and the depth of a crystal. For example, the absorption of UV light decreases with trans to cis photoisomerization. In addition, the absorption changes when the crystal melts due to the change in intermolecular interactions. The values of refractive index may differ between crystal and liquid phases as well as trans and cis isomers. Thus, the light penetration depth and the angle of propagation should be more dynamic so that the degree of the penetration changes when the crystal changes its shape due to the change of the isomer ratio. However, even by using primitive assumption, the simulation qualitatively revealed the difference in the light intensity of UV and visible light in the crystal. These results clearly prove the existence of the nonequilibrium condition that leads to the crawling motion.
Finally, we would like to mention about the surface roughness of the glass surface. We have attempted to see the effect of the roughness of the glass surface, however the effect seemed to be very small compared to the effect of the wettability. In addition, the surface of the glass we used was difficult to control the roughness with reproducibility to conduct a series of experiments to assess the effect of the roughness. Alternatively, we are currently investigating the effect of the roughness by using other substrates with controlled roughness. We will report the results elsewhere.
CONCLUSION
To understand the mechanism of the photo-induced crawling motion of the crystal of DMAB, the effect of surface property was investigated by using glass substrate with different surface treatments. On a hydrophilic surface, the crystals crawled faster, but the spreading of crystals was observed during the motion. On hydrophobic surfaces, the crystals showed little shape change and slower crawling motion. The contact angles of the liquid phase of DMAB on surface modified glass substrates showed positive correlation with the water contact angles. Thus, the liquefied DMAB spread more on hydrophilic surface. Therefore, the interaction of melted azobenzene with glass surfaces plays an important role for the speed of crawling motion. We developed models that those explain the asymmetric condition that leads to the directional motion. A shadow model was simple, but only this model could not explain the fact that thinner crystals still show the crawling motion on the hydrophilic surface. By considering the penetration length of UV and visible light sources, it was successfully shown that the depth of light penetration is different at the positions of a crystal so this creates a nonequilibrium condition where melting and crystallization are predominant in the same crystal. The model shown here is yet primitive, but it will contribute to revealing the mechanism of the crawling motion in more detail by considering dynamic change in parameters. In addition, by establishing more precise simulation models, it may provide the way to design novel crystal systems for improved crawling motion.
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