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Abstract

:

Solution-cast coating films of perchlorate-doped oligo(3-methoxythiophene) exhibited a gold-like luster similar to that of metallic gold despite the involvement of no metals. However, the development mechanism of the luster remains ambiguous. To understand the mechanism, we performed scanning electron microscopic analysis, variable-angle spectral reflectance measurements, and ellipsometry measurements on ClO4−-doped oligo(3-methoxythiophene) cast film with a gold-like luster. The results revealed that the lustrous color of the film was not induced by the submicron-sized regular structures (structural color), nor by the high-density free electrons (reflective response based on Drude model), but by the large optical constants (refractive index and extinction coefficient) of the film, as speculated previously.
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1. Introduction


Poly(3-alkylthiophene)s and oligo(3-alkylthiophene)s with an alkyl group at the 3-position have attracted wide-spread attention as materials with potential applications in organic field-effect transistors [1,2,3], light-emitting diodes [4,5], and photovoltaic cells [6,7]. This is based on the facts that the above thiophene compounds are chemically and electrochemically stable, and that lamellar crystallites are formed through π–π stacking interactions within their solids. In addition, an important property comparable to such high stability and crystallinity is that poly(3-alkylthiophene)s and oligo(3-alkylthiophene)s are soluble in organic solvents, such as chloroform, and can be applied to a variety of substrates to yield coating films [8,9].



On the other hand, we have chemically synthesized anion-doped oligo(3-methoxythiophene) (O3MeOT) featuring a methoxy group at the 3-position [10,11,12,13,14], and found that its coating films develop gold-like colors unlike poly(3-alkylthiophene)s and oligo(3-alktlthiophene)s. Subsequently, from X-ray diffraction (XRD) patterns and ellipsometry measurements of the films, we inferred that the gold tone coloration was due to edge-on lamellar crystallites formed by the orientation of thiophene rings perpendicular to the substrate. Specifically, it was speculated that the films have an ability to reflect light due to the large optical constants (refractive index and extinction coefficient) of the edge-on lamellar crystallites in films, exhibiting a gold-like luster. However, it is known that there are two other possible reasons for a material to develop luster. The first is the reflection of light based on Drude metallic response [15], and second is light diffraction/interference (structural colors) due to the regular structure of the materials at the visible light wavelength range [16,17]. Therefore, to clarify the origin of the luster development in the O3MeOT films, it is required to investigate the contribution of the above two reasons. In the research field of texture, gold is a specific color, and it is very important to understand the mechanism of gold coloration in color engineering [18,19]. In this study, we carried out the cross-sectional morphology, variable-angle spectral reflectance, and optical constant spectra measurements of the O3MeOT film, and evaluated the origin of its luster. The results of the evaluation are described as follows.




2. Materials and Methods


2.1. Materials


3-Methoxythiophene (>98%; Fujifilm Wako Pure Chemical Co., Tokyo, Japan) was polymerized by oxidation with Fe(ClO4)3∙nH2O (anhydrous salt content = 70.7%; Fujifilm Wako Pure Chemical). Acetonitrile (>99.7%; Kanto Chemical, Tokyo Japan), nitromethane (>98.0%; Tokyo Chemical Industry, Tokyo, Japan), and methanol (99.8%; Kanto Chemical) were used as supplied. O3MeOT was prepared as reported elsewhere [10]. The procedure is briefly discussed here. A solution of 3-methoxythiophene (0.123 g) in acetonitrile (10 mL) was placed in a glass cell and de-aerated for 30 min with nitrogen gas bubbling through the solution upon stirring at 350 rpm. This solution was instantaneously supplemented with a solution of Fe(ClO4)3∙nH2O (1.10 g) in acetonitrile (10 mL) prepared by ultrasonication for 20 min. The resulting solution was stirred at 20 °C for 60 min and suction-filtered through a membrane filter (pore size = 0.1 µm). The filter cake was washed vigorously with methanol at least three times, and the resulting deep blue powder was vacuum-dried at 50 °C for 1.5 h to yield ClO4−-doped O3MeOT. The molecular weight and perchlorate doping level of O3MeOT were 1.14 × 103 and 30%, respectively (see reference [13] and its Supporting Information). The glass plate (S1225, Matsunami Glass, Osaka, Japan) was cleaned by 10-min sonication in acetone (>99.5%; Kanto Chemical) prior to use.




2.2. Coating Solution and Film Preparation


A coating solution was prepared by dissolving O3MeOT (0.010 g) in nitromethane (0.99 g, 0.87 mL) and the solution was stirred at 22 °C for 90 min. The resulting solution was aged for one day [11] and applied to a glass plate (100 mm × 100 mm × 1.1 mm) by the bar coating method with a 5-mm-diameter Teflon rod. This was dried under ambient conditions to afford a film. The quantity of the applied solution was 2500 µL. In our previous studies, O3MeOT films of 15 × 25 mm2 in size have been prepared by the dip coating method. However, in this study, a large-area film was required for the variable-angle spectral reflectance measurements; therefore, the film was prepared using the bar coating method. From the cross-sectional image of the film shown later, the film thickness was determined to be 2.1 μm.




2.3. Instrumentation and Method of Film Characterization


The cross section of the O3MeOT film was observed using a scanning electron microscope (JSM-6700F, JEOL, Tokyo, Japan). Variable-angle spectral reflectance measurements were carried out using a goniospectrometer (GCMS-4, Murakami Color Research Laboratory, Tokyo, Japan). Optical constants of the film were measured using a variable-angle spectroscopic ellipsometer (alpha-SE, J. A. Woollam Co., Lincoln, NE, USA) which covers 380–900 nm and permits a scanning of the incident angle from 65° to 75° with an accuracy of 0.01°. Ellipsometric data were fitted using the J. A. Woolam CompleteEASE software version 6.37.





3. Results and Discussion


3.1. Appearance and Morphology of a Coating Film


Figure 1 shows a photograph and scanning electron microscopy (SEM) images of an O3MeOT film coated on a glass substrate. The surface of the film depicts the reflected images of letters and rulers placed perpendicular to the film, indicating the specular reflection property. The reflection spectrum of the bar-coated film of O3MeOT in the present study (Supplementary Figure S1) agrees in intensity and shape with the previously reported reflection spectrum of the drop-cast film [11,12,13]. Therefore, these two films are considered to be optically identical. In the SEM image of the cross-section of the film (Figure 1b) and its partially enlarged image (Figure 1c), no layered or lattice submicron structure causing light interference or submicron structure causing Tyndall scattering was observed. These observations reduced the possibility that structural color is the origin of the film gloss.




3.2. Variable-Angle Spectral Reflectance Measurements


Subsequently, the possibility of the origin of a structural color was examined from the spectroscopic perspective. Figure 2 presents the schematic of a goniometric system for measuring spectral reflectance. The incident light angles, θi, with respect to the normal of the film surface, were 15°, 30°, 45°, 60°, and 75°. The detection angle θr of the reflected light was set in the range of −80° to 80° at 5° intervals. The O3MeOT film is considered to have a strong specular reflection component based on the results in Figure 1a, therefore, the measurements were performed at 1° intervals in the range of 10° before and after the specular reflection angle. In these measurements, a barium sulfate plate was used as the reference material, and thus the measured reflection intensity of the O3MeOT film is the relative reflection intensity to that of barium sulfate.



Figure 3 depicts the θi and θr dependences of the reflection spectra of the O3MeOT film. First, θi was fixed and the specular reflection spectra were recorded while θr was changed. Then, θi was changed and the spectra were measured in the same way to obtain the spectra shown in Figure 3. For any incidence angle θi, the reflectance was maximum when the relationship θi = θr was satisfied (i.e., specular reflection condition), and no light reflection occurred in cases where θr > θi + 2° or θr < θi − 2°. For each incidence angle θi, the reflection spectra satisfying θi = θr (i.e., the specular reflection spectra) were extracted from Figure 3 and compared as shown in Figure 4a. Assuming that barium sulfate is a perfect reflecting diffuser, according to Lambert’s cosine law [20], the luminous intensity Iθr of the reflected light from the barium sulfate surface at θr is given by Equation (1).


Iθr = In∙cos θr



(1)




where In is the luminous intensity at θr = 0°. The reflectance value of the O3MeOT film in Figure 4a is the specular reflection luminous intensity of the O3MeOT film with reference to Iθr. However, it is not desirable to use Iθr as a reference value since the reference luminous intensity is a function of θr. Therefore, the reflectance value in Figure 4a was multiplied by cos θr and corrected to the relative reflectance value with reference to In (Figure 4b). The reflection spectrum of a vacuum-evaporated gold film on a glass plate is also shown for comparison (Figure 4c,d). In the corrected spectra (Figure 4b,d), the spectra were approximately equal in reflection intensity and shape when the spectra were measured at angles θr (= θi) = 15°, 30°, and 45°. However, at θr = 60° and 75°, the spectral shapes were comparable, but the reflection intensities were different from the above spectra. This is probably because the barium sulfate surface is not a perfect reflecting diffuser [21], and larger deviations may occur at larger θr. In the case of the O3MeOT film (Figure 4b), the maximum reflection intensities at angles θr (= θi) = 60° and 75° were deviated by about 30% and 56%, respectively, compared to those at θr (= θi) = 30°. Also, for the vacuum-evaporated gold film (Figure 4d), the maximum reflection intensities at angles θr (= θi) = 60° and 75° were deviated by about 20% and 86%, respectively, compared to those at θr (= θi) = 30°. Aside from these reflection intensity issues, it is important to note that the shape of the specular reflection spectrum is approximately the same regardless of θr, i.e., the reflection color of the film does not change with θr. In the case of many materials having structural colors, it is known that they exhibit different colors depending on the value of θr [22,23,24,25,26]. In other words, the reflection spectrum shows a θr -dependence when θi is constant. Therefore, it can be concluded that the lustrous color of the O3MeOT film, which has no viewing angle dependence, is not based on the color development mechanism by structural color. In some other metal-free organic glossy materials, similar variable-angle spectral reflectance measurements have been performed to prove that their gloss is not based on the structural color [27,28]. On the other hand, there are some reports of θr-independent structural colors [29,30]. In this case, however, submicron-sized particles or pores are required to be distributed in a short-range order. As can be observed from the SEM image in Figure 1b,c, no such structure was found in the O3MeOT film, indicating that its lustrous color is not due to the θr -independent structural color either.




3.3. Ellipsometry Measurements


The refractive index (n) spectra and extinction coefficient (κ) spectra of the O3MeOT and vacuum-evaporated gold films obtained by ellipsometry are shown in Figure 5. The peak position of the refractive index spectrum of the O3MeOT film was located at a longer wavelength than the peak position of the corresponding extinction coefficient spectrum. This is due to the wavelength dispersion of the collective velocity of light in typical dielectrics [31]. As shown in Equation (2), the specular reflectance (R) depends on n and κ, and the R value is positively correlated with both n and κ [11,13,14,27].


  R =     (  n − 1  )  2  +  κ 2       (  n + 1  )   2  +  κ 2     



(2)







The shapes of the refractive index and extinction coefficient spectra of the vacuum-evaporated gold film (Figure 5b) were completely different compared to the O3MeOT film (Figure 5a). It was observed that above 500 nm, the refractive index of the film was low, while its extinction coefficient was very high. This behavior is typical of metals. For common metals [15], the real part of the relative permittivity is less than zero at wavelengths longer than the wavelength corresponding to the plasma frequency of free electrons (Langmuir wavelength), and therefore, above the Langmuir wavelength, the refractive index has a low value. On the other hand, the extinction coefficient takes a very high value in the wavelength region that is longer than the Langmuir wavelength, resulting in a high specular reflectance above the Langmuir wavelength. These results confirmed that although the specular reflection spectral shapes of the O3MeOT and metallic gold films were similar (see Figure 4b,d), the mechanisms for developing these spectral shapes were completely different. Therefore, we confirmed that the lustrous color of the O3MeOT film is not induced by a mechanism based on Drude metallic response (the screening of electromagnetic waves by free electrons). Based on a series of experimental results in this study, we can conclude that the reason for the glossy appearance of the O3MeOT film is due to the fact that the O3MeOT molecules form compact lamellar crystallites in the film [10,11,12] and the crystallites develop very large optical constants (see Figure 5a), as has been speculated [13,14].





4. Conclusions


In summary, it was revealed that the glossy appearance of the O3MeOT film is due to the reflection of light based on the very large values of the optical constants, as shown in Figure 5a. Thereby, this study concluded that the origin of the gold-like luster is not based on the structural color or free electrons. The finding of this study provides a basis for controlling the luster and color of oligomer films, and was concluded to be important from the perspective of color engineering. Moreover, the above finding relies on the concepts of molecular orientation and thus contributes to the development of organic electronics similar to those based on poly(3-alkylthiophene).
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Figure 1. Photograph (a) and cross-sectional SEM images (b,c) of the O3MeOT film. 
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Figure 2. A schematic of the instrumental setup for variable-angle spectral reflectance measurements of the O3MeOT film. 
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Figure 3. Reflection spectra of the O3MeOT film measured as a function of detection angle, θr. Incident light angle, θi: (a), 15°; (b), 30°; (c), 45°; (d), 60°; (e), 75°. 
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Figure 4. Specular reflection spectra of O3MeOT film before correction (a); O3MeOT film after correction (b); vacuum-evaporated gold film before correction (c); vacuum-evaporated gold film after correction (d) by Lambert’s cosine law. 
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Figure 5. Refractive index (n) and extinction coefficient (κ) spectra of the O3MeOT (a) and vacuum-evaporated gold film (b). 
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