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Abstract

:

In this work, we introduce the approaches currently followed to realize photomobile polymer films and remark on the main features of the system based on a biphasic structure recently proposed. We describe a method of making a plasmonic nanostructure on the surface of photomobile films. The characterization of the photomobile film is performed by means of Dark Field Microscopy (DFM), Scanning Electron Microscopy (SEM), and Atomic Force Microscopy (AFM). Preliminary observations of the light-induced effects on the Localized Surface Plasmon Resonance are also reported.
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1. Introduction


The direct conversion of light into mechanical work [1,2] could play an important role in harvesting energy [3,4], allowing further development of the sector by giving different alternatives to the energy storage [5]; at the same time, the light-induced actuation of the material would be able to add additional properties to previously fabricated nanostructures. In particular, it would be of great interest to have nanostructures with plasmonic properties that can be modulated by photoactuation.



To this aim, different scientific problems linked to two different technologies have to be solved. One concerns the approach chosen to obtain a photomobile film, and the other concerns how to associate the nanostructure to it.



It is well known that different solutions have been proposed to get photo-induced actuation. In the recent decade, Marangoni’s effect [6] induced by light has been proposed as a basic mechanism to induce and control the motion of macro- or micro-objects floating on a liquid surface [7,8,9,10]. Its working mechanism is based on the surface tension gradient induced by light close to the object that should be moved. Photochromic capillary effects are also widely reported and studied [11,12]. However, the most popular way to obtain the direct conversion of light into mechanical work is based on the use of a particular kind of liquid crystalline polymer with the inclusion of azobenzenes moieties. The first realization of such a compound has to be attributed to Angeloni et al. [13], while the realization of very efficient acrylate azobenzene-based photomobile polymer (PMP) films was reported for the first time by Ikeda’s group [2]. These materials allow the direct conversion of light energy into mechanical work: the PMP film bends under the illumination of light with the specific characteristics and bending efficiency dependent on the intensity, polarization, and wavelength of the incident light.



In this case, the mechanism responsible for the light-induced bending of azo-benzene-based liquid crystal PMP films (azo-LC-PMP) is the cis-trans photo-isomerizations leading to the film deformation at a macroscopic level, while the liquid crystal configuration of the system allows the alignment of the molecules containing the azo-benzene groups during the thermally induced polymerization that brings formation to the film. Since photo-isomerization is strongly dependent on the wavelength and on the polarization state of the incident light, the same dependence is found in the bending process.



The different properties obtained with different compounds in the last decades are substantially based on the different lengths of the alkyl chains of the monomers forming the final polymer film. In short, two monomers are present in the system: one with the azobenzene moiety linked to two acrylate functions, while the other one has the azobenzene moiety linked to one acrylate functional group.



The consequence of the photo-isomerization of all the components of the film is the light-induced bending. UV-light is used to get cis-trans isomerization leading to bending, while visible light induces the opposite process, allowing a quick recovery of the initial condition.



A further development brought to the realization of azo-LC-PMP is its ability to oscillate under continuous illumination at a frequency of up to about 26 Hz with a lifetime of about 2.5 h, as reported by White et al. in 2008 [14]. These materials are very interesting because of the large bending angle and pretty high oscillation frequency induced by light under different conditions of wavelengths and polarization states. In order to be active, these materials require a pre-exposure step using a specific light polarization necessary to align the molecules in the system.



In general, the molecular structure of polymers suitable for realizing PMPs should be mainly based on linear or ramified chains, but never reticulated ones. This is a typical feature of thermoplastic materials where the polymer chains are linked together through secondary bonds (van der Waals forces and hydrogen bridge bonds) that can be easily broken by mechanical, thermal, or photothermal (in this case) excitation [15].



Recently, a new approach has been proposed for the realization of PMP films based on a biphasic architecture [16]. This configuration can be considered as an emerging novel research direction for the fabrication of efficient PMPs. The actuation mechanism is based on the difference in expansion coefficients (under illumination) of the two polymeric layers, resulting in the bending of the PMP film. In this case, there is no need of an additional light beam to restore the initial position of the film: when the light is switched on, the film bends; when the light is switched off, the film goes back to its initial condition. Since this approach has been chosen to obtain a polymeric film with plasmonic properties, we will briefly review its properties in the next section.



Concerning the realization of nanostructures with plasmonic properties, different patterning techniques have been developed; however, the most popular and efficient one is based on Electron Beam Lithography (EBL). It allows fabricating high-quality nanostructures using different geometries, realizing large area 2D crystals, which are often called “plasmonic crystals”, when plasmon resonance is achieved by the proper choice of materials (usually gold on silica glass), the shape of the nanoelements, and the crystal lattice.



Among the few examples where an ordered structure, i.e., a 2D crystal made by micropillars/microwells, is modified by the action of light, we remind of the one recently reported by Pirani et al. [17,18]. In addition in this case, the photo-isomerization of azobenzene moieties is exploited. Nevertheless, this structure did not include plasmonic properties.



On the other hand, the realization of PMP films that are able to host plasmonic crystals is a real challenge for Material Science. In the past two decades, advanced technologies based on plasmonics have been developed such as Localized Surface Plasmonic Resonance (LSPR) [19,20,21] and Surface Enhanced Raman Scattering (SERS) [22,23,24,25,26] allowing the detection of monomolecular layers and measurements of refractive index changes at the nanoscale. The implementation of these techniques is usually obtained by realizing metallic nano-elements (nanopillars or nanocavities) on rigid substrates [27,28]. The fabrication of these structures on flexible supports might provide new potential applications for these technologies (e.g., by adapting plasmonic devices for topical investigations) [29,30]. Some advances in this field are represented by plasmonics structures realized on flexible and extensible soft polymers used for molding and the transfer of previously realized nanopatterns [31,32,33,34].



However, the realization of a plasmonic nanostructure on a photomobile polymeric surface has not been reported yet, which is probably because those structures are realized by a lithographic process that requires solvents (developers and removers), critically affecting their implantation on PMP films.



The aim of the present work is to give a demonstration that by using our unconventional approach for the realization of a photomobile polymer film, it is possible to transfer on it a gold nanostructure that keeps its plasmonic properties; then, it is possible to realize a plasmonic PMP film. In the next section, we briefly review the properties of the photomobile material before describing the focus and the achievements of this research in Section 3.




2. A New Approach: Modulation of the Surface Tension at a Biphasic Interface


We have recently proposed a novel, fast, and inexpensive approach to processing PMP films [16]. In this case, PMP is obtained by the photopolymerization of an organic mixture sandwiched between two slide glasses. The mixture components have different polymerization rates; they are di-pentaerythritol-penta/hexa-acrylate (DPEPA), 1-vinyl-2-pyrrolidinone (NVP), and 4-aminophenol (4-AP) (Sigma-Aldrich, St. Louis, MO, USA). Bis (2,4,6-trimethylbenzoyl) phosphines (CIBA, Basel, Switzerland) is used as a photoinitiator. Details are reported in Castagna et al. [16]. In short, an 8:1 molar ratio of NVP to DPEPA and illumination by one side of the sample allows getting an asymmetric photopolymerization process; therefore, the fabricated film results in a flexible system that is composed by a harder DPEPA-co-NVP network and a softer doped-NVP part, in which a presence of oligomers is identified. The Scanning Electron Microscopy (SEM) (Raith 150, Dortmund, Germany) images show a brush-like morphology in the DPEPA-co-NVP side, when dissolving the film in N-methyl-pirrolidinone (Sigma-Aldrich, St. Louis, MO, USA); while a viscous component is on the other side of the film. The basic film structure can be seen as made by two different inter-digitized parts: one more rigid, but flexible, (the reticulated one) acting as a sort of supporting skeleton for the system, while the second acts as the effective light-activated motor of the system. The phase separation process, occurring in the bulk during photopolymerization, is responsible for the observed bristles structure. Actually, the resulting observed morphology is reminiscent of the one obtained by phase separation in holographic polymer dispersed liquid crystals (HPDLCs), where an alternating sequence of liquid crystal-rich and polymer-rich regions is obtained [35,36,37]. Here, soft doped-NVP plays the same role of inert LC in HPDLCs. Thus, in our case, as mentioned, the doped-NVP-richer part is the actual motor of the PMP film.



Some preliminary observations [16] suggested that 4-AP-doped NVP could act as a driving motor for the light-induced motion of a composite film when included in the PMP mixture, as a result of the light-induced changes of the surface tension at the interface between the DPEPA skeleton and the NVP-rich side. The reduction of surface tension gradient increases the tendency of NVP to escape when illuminated by light. As a consequence, the thin highly reticulated film of DPEPA tends to bend. By using in place of NVP a different similar compound—for instance, N-methyl-pyrrolidinone (NMP), which has a structure similar to NVP, but does not allow the formation of oligomers/polymers—no movement is observed under illumination, underlining the need to include NVP in the system.



Switching-off the incident beam results in restoring the original shape of the material and, as a consequence, of the whole PMP film. In this way, the viscoelastic properties of the 4-AP-doped NVP together with the re-adaptation of the harder polymeric network of DPEPA brings the film to the original position. The working mechanism of the described PMP film is depicted in Figure 1, in which the initial position (Figure 1a) is obtained when the light is switched-off, while the bending (Figure 1b) under light illumination.



The demonstration of the photomobile properties of this film has been given in a simple experiment reported by Castagna et al. [16]. It is remarkable that the bending direction of the polymeric stripe is not dependent on the illumination side (Figure 1b), while the amount and rate of bending increase with the light intensity and depend on the used wavelength.



The advantages of this approach over the other methods to realize PMPs relies on the very easy and extremely cheap way to obtain these films. As a matter of fact, the PMP film is obtained in one step: the photopolymerization synthesis, using commercially available compounds. Large bending angles are obtained, and the film is easily activated (low energy doses are required to move the film). The drawback is the slow relaxation time (the time required to restore the initial position of the film), being governed by diffusion and capillary forces. At the present state of the art, this prevents the achievement of high oscillation frequencies.



One basic property of the used mixture is a strong shrinking effect under photopolymerization [38,39,40,41,42,43,44,45,46] with the potential to act as a glue [47,48,49,50,51,52,53,54]. As mentioned, the PMP film is made by a double-layered structure realized by an asymmetric photopolymerization process [16]. As a consequence, the PMP film component with a higher degree of polymerization is the first one interacting with the incoming polymerizing light (as confirmed by Attenuated Total Reflectance/Fourier Transform Infra-Red (ATR/FT-IR) measurements [16]). This is mainly made by the polymerized, highly cross-linked, multi-acrylate present in the mixture. In these conditions, when polymerized, multi-acrylate is able to act as a glue. The polymer shrinkage is well assessed in acrylate/multi-acrylate systems [38,39,40,41,42,43,44,45,46]: it is due to the conversion of sp2 carbon to carbon double bonds to sp3 carbon–carbon bonds under polymerization. In the first case, the intermolecular distances are in the range of approximately 4–5 Å, while in the second case, they are reduced (C-C bonds length is approximately 1.4 Å). This property makes the material suitable for realizing a plasmonic photomobile film, as described in the next section.




3. Plasmonic Photomobile Films


The basic idea to achieve the goal of realizing a plasmonic nanostructure on a photomobile film is based on exploiting the “glue” property of our PMP film in order to pull up gold from nanopillars-based plasmonic nanostructures. We show that this process, in our experimental conditions, gives rise to a complementary gold nanocavities-based pattern nestled on the surface of the PMP film, as explained in the following.



The nanostructure is previously fabricated on Indium Tin Oxide (ITO)-glass slides by a standard Electron Beam Lithography (EBL) technique onto a polymeric electronic resist followed by gold evaporation [25,26]: due to the lift-off process of the resist, the nanopattern is formed by gold nanopillars on the substrate. The mixture to prepare PMP is made by approximately 65% of mixture A (composed by NVP (90%) and oxidized-4-AP (10%)), 35% of mixture B (composed by DPEPA (approximately 97%) and Irg819 (approximately 3%)) blended together. The fabrication process of the plasmonic PMP film is sketched in Figure 2. The PMP mixture is placed by capillarity in a sandwich formed by two glass slides separated by 100 µm Mylar spacers. The internal surface of one glass slide is made by the previously fabricated nanostructure based on gold nanopillars through the EBL (steps (1), (2) in Figure 2) as similarly described in previous papers [25,26]. Two types of plasmonic quasi-crystals were fabricated: (1) an octagonal pattern with gold nanopillars with a diameter d = 750 nm and minimum interparticles distance a = 180 nm; and (2) a dodecagonal pattern with gold nanopillars with d = 500 nm and a = 1000 nm. In both structures, the height of the gold nanopillars is approximately 60 nm.



Then, step (3) in Figure 2, the photopolymerization is induced by irradiation with a UV-A lamp (Philips TL-D 18W BLB) lasting 40 min. During the illumination, the distance between the lamp and the sample was set at 2 cm. At the end of the process, the sandwich is opened from the non-structured side and left in aerobic conditions for a week. At this stage, the PMP film is easily removable from the glass surface by the use of a cutter. The strong shrinkage of multi-acrylate gives rise to the exfoliation of the gold nanostructures, producing finally the plasmonic PMP.



When the PMP film is peeled-off from the sandwich, step (4) in Figure 2, a reproduction of the nanopattern is obtained on the PMP surface film. This is firstly checked by Dark Field Microscopy (DFM) imaging (see Figure 3, which contains the images of the nanostructure on the rigid substrate (a) and on the PMP film (b). The same pattern can be observed even if the details cannot be seen due to the limited spatial resolution). Details are clear in Figure 4 and Figure 5, reporting data obtained by Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) (Digital Instruments, Dimension 3100-Nanoscope IV, Veeco, New York, NY, USA). The efficiency of the transfer process of the nano-pattern is investigated by LSPR; in fact, the LSPR peak of the nanopillars on the ITO–glass substrate falls in the red region, having a maximum extinction at λ = 663 nm, while the LSPR peak for the nanostructure on the NPV-based PMP is located at λ approximately 949 nm. This remarkable shift is due to the difference between the refractive indices of the nanostructures substrate, being the polymer refractive index higher than the ITO glass slide.



A comparative analysis between the nanostructures with octagonal symmetry realized on the glass substrate and the ones obtained on the PMP film is performed by DFM and Scanning Electron Microscopy (SEM) and shown in Figure 3 and Figure 4.



By looking at Figure 4, the pattern realized on the solid substrate (see Figure 4a) is exactly reproduced on PMP (Figure 4b). In order to investigate the details of the copy process, it is useful to increase the image magnification, as reported in Figure 4c. We notice the apparent “donut” shape highlighted by the darker part in the center of each single gold element of the pattern. This result points out a refractive index difference between the edge (white) and the center (dark) of the rings that corresponds to a different gold concentration, which is higher at the edges and lower in the center. We can explain this observation taking into account that the roughness on the tip of the pillars does not allow a uniform gold exfoliation.



An additional demonstration of the result of the exfoliation method is shown in Figure 5 where topography (Figure 5a–c) and phase (Figure 5d) measurements obtained by AFM are reported for a plasmonic substrate with dodecagonal symmetry.



All these measurements highlight the following: (1) the good reproduction of the quasi-periodic nanostructure; (2) the presence of nanocavities; (3) the presence of roughness into each single nanocavity; (4) the reproducibility of the method to get any periodic and aperiodic nano-configuration. They are in good agreement with the SEM measurements reported in Figure 4, where the roughness in the center of each single gold nanopillar is evident.



The Localized Surface Plasmon Resonance (LSPR) is strongly dependent on the particular shape of each single nano-element; therefore, we expect the resonance peak of the nanocavity structure to be located in a different position with respect to that of the pillars’ structure; moreover, we expected the shape of the resonance to be affected by the PMP substrate.



The measurement of the LSPR peak has been performed using a conventional set-up. A white light of a halogen source (HL 2000-Ocean Optics) is coupled to an Olympus microscope by an optical fiber and focused inside the structure under investigation by an objective (M 40×, NA 0.65) through a diaphragm. The sample is positioned on an XYZ microstage that allows the careful selection of the structure to be investigated. The transmitted signal is collected by an optical fiber with a core of 50 μm and detected using a spectrometer (USB4000-Ocean Optics). A scheme for the set-up is reported in a previous paper [21].



The results of the LSPR measurements are shown in Figure 6. At this stage, we have measured the LSPR peak shift under illumination with a laser pointer (λ = 405 nm; P ~25 mW; spot area ~1 cm2).



These data on one side highlight the plasmonic properties of the realized nanostructure; on the other side, they point out the present limitations given by the weak resonance. The reason lies in the limited amount of gold that has been exfoliated and in the homogeneity of the created nanoholes. The improvement of these parameters is the goal of the forthcoming investigation on this subject.



As already mentioned, the location (949 nm) of the resonance shows a remarkable change with repect to the nanopillar structucture realized on an ITO substrate (633 nm). Additionally, under illumination, we observe a reduction of the overall transmittance, a slight change in the shape, and a small peak shift (approximately 0.5 nm), which goes back to the initial position when the laser pointer is switched off. Actually, this shift is of the same order of magnitude of the spectral sensitivity of the system; therefore, no definite statement can be done on this result, even if the reproducibility of this measurement is high, being observed many times.



Finally, the photomobility of the system is assessed by using a laser light to induce the motion of a PMP-metacrystal film having aperiodic dodecagonal symmetry. The effect is observed exploiting an optical microscope with objective 100×, N.A. 0.90, whose focal area is easily identified in the image pattern and is shown between the dashed white lines in Figure 7 (see also Video S1, Supporting Information). (The shape of the area in focus is determined by the non-uniform shape of the PMP film).



The focus area (Figure 7a) is shifted under illumination, due to PMP surface deformation (Figure 7b). When the light is switched off (Figure 7c,d), the PMP film restores its initial position in a few seconds (Figure 7d). It has to be remarked that the motion starts quickly under light illumination, while the restoring time (the time used to restore the initial position of the PMP film) corresponds to several seconds. The onset of light-induced actuation is consistent with the properties of the PMP film [16], whereas the restoring forces are probably due to the energy dissipation, depending on the thermal capacity and affecting the interfacial tension gradient of the biphasic PMP film inducing its bend, as described above. The motion at the micro-scale is also reasonably amplified by the plasmonic effect generated by the incident light (λ = 785 nm light, approximately 3 mW on the sample). In fact, motion is not recorded when illuminating regions with gold on the surface but away from the nano-patterned structure, thus confirming the plasmonic role in the observed PMP mobility.




4. Conclusions


We have discussed different approaches in PMP manufacturing focusing on a novel approach based on light-induced modulation of the surface tension at the polymer interface. We have shown that these materials are suitable to develop a novel method to modify the PMP properties in order to get a nano-patterned photomobile polymer with plasmonic properties. This is achieved by using a novel organic mixture that under photopolymerization allows obtaining sensitive PMPs and exfoliation of the nanostructures. The plasmonic properties are highlighted by the LSPR whose intensity decreases under illumination with a moderate power light source. The plasmonic-related motion of the polymer is also recorded.
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Figure 1. Sketch of the working mechanism of photomobile polymer (PMP) based on di-pentaerythritol-penta/hexa-acrylate (DPEPA)-co-NVP (1-vinyl-2-pyrrolidinone) film: (a) before light irradiation; (b) under light irradiation (from either side of the film). 
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Figure 2. Sketch of the plasmonic photomobile polymer (PMP) fabrication procedure. (1) Plasmonic crystal is fabricated on a rigid glass slide substrate (plasmonic crystal on glass slide, PCGS); (2) PMP mixture is placed in a sandwich consisting of PCGS and another glass slide separated by mylar spacers; (3) ultraviolet irradiation on the PCGS side; (4) after irradiation, the PMP film is peeled off from the system, resulting in the plasmonic PMP structure. 
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Figure 3. Dark Field Microscopy (DFM) of plasmonic aperiodic crystals (octagonal symmetry) placed: (a) on a rigid substrate (glass slide) and (b) its complementary nestled on PMP film. Magnification: 20×. The image is collected by an Olympus optical microscope equipped by a Charge Coupled Device CCD camera connected to a computer. The length scale is shown by the white bar (150 µm) at the bottom of the figures. 
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Figure 4. Comparative analysis of (a) octagonal symmetry of plasmonic quasi-crystal on glass (SEM image; columns diameter: approximately 750 nm) and (b) the complementary transferred on the surface of the PMP film (DFM; Magnification: 50×). (c) Zoom of the structure shown in (b). 
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Figure 5. Atomic Force Microscopy (AFM) topography (a–c) and phase (d) images on dodecagonal plasmonic crystals implanted on PMP film. The side of the square image in (a,b) is 5 µm; in (c,d), it is 2 µm. The colored bar on the right in (a,c,d) explains the color scale in the images. 
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Figure 6. Localized Surface Plasmonic Resonance (LSPR) measurement: resonance and peak shift under laser pointer illumination; black line: initial curve; red curve: under illumination; green, blue: after switch-off; light blue: final configuration. λ = 405 nm; power ~25 mW; spot area = 1 cm2. 






Figure 6. Localized Surface Plasmonic Resonance (LSPR) measurement: resonance and peak shift under laser pointer illumination; black line: initial curve; red curve: under illumination; green, blue: after switch-off; light blue: final configuration. λ = 405 nm; power ~25 mW; spot area = 1 cm2.



[image: Crystals 10 00660 g006]







[image: Crystals 10 00660 g007 550] 





Figure 7. Dark field microscopy analysis of the laser-light-induced motion of a dodecagonal symmetry plasmonic crystal nestled on the PMP film surface. The area in focus of the microscope objective is edged by dashed white lines. (a) light off: initial position; (b) light on: shift of the focus area under illumination (λ = 785 nm; power on sample approximately 3 mW); (c) light OFF: inertial motion after irradiation; (d) light OFF: restoring of the initial position. 
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