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Abstract

:

A facile spray coating preparation of ultraviolet (UV) shielding Poly(methyl methacrylate) (PMMA) based colloidal photonic crystal (PC) films was presented, where the UV radiation was physically resisted by the periodic structure. The specific wavelength within the UV regime could be tuned as required by varying the size of the monodispersed PMMA colloids. Such crystal coatings could be rapidly prepared in optical glasses with controllable thickness of ~5 μm, which could simultaneously resist UV-254 with the efficiency of 77.43%. The monochromaticity of the crystal coatings ensures their potential in UV shielding materials of direct physical skin contact type.
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1. Introduction


Photonic crystals (PCs) are long-term ordered structures on a nano/micro scale. Their periodic dielectric structures can selectively modulate electromagnetic waves of certain frequencies, and the forbidden frequencies are called photonic band gaps (PBGs) [1,2]. Currently, functional photonic crystal materials, such as photonic fiber, membrane, ink, paper and sensor materials, have been developed. One of the most facile methods for the preparation of photonic crystals is the self-assembly of so-called colloidal crystals (CCs) using nano-colloids [3,4]. Many methods for the preparation of CCs have been developed, including spin coating [5], deposition [6,7,8] and methods based on induced self-assembly [9,10,11]. The CC assemblies can be either closely packed (CP) or non-closely packed (NCP) periodic face-centered cubic (FCC) structures, under gravitational, electrostatic or magnetic forces. Each colloidal particle can be considered a lattice of the crystal, whose diffraction wavelength (i.e., PBG) can be calculated according to Bragg’s law:


  m  λ   0     = 2   n a    d  111    Sin θ  ,  



(1)




where m is the order of diffraction, λ0 is the diffracted wavelength in air, na is the average refractive index of the system, d111 is the interplanar crystal spacing, and θ is the observation angle between the incident light and the normal (θ = 90° during detection).



Since CCs are formed by spontaneous arrangement, this mesa-stable structure is usually fragile due to the weak interparticle force between colloids. In our previous work, a series of PC materials were prepared using polymer hydrogels to stabilize CC composites [12,13,14]. We also proposed a simple method to fabricate a large area of ordered and robust ultrathin colloidal photonic film material that can effectively diffract monochromatic light [15]. By controlling the size of the nano-colloids, the diffraction color can be adjusted from ultraviolet (UV) to visible light. However, this method is only applicable in coating the crystal layer on a substrate with a flat surface, which limits its implementation. It has been reported that colloidal particles can be rapidly assembled on the surface of various materials by spraying coating [16]. Hence, we designed a spraying method to form three-dimensional (3D) CCs on non-flat surfaces, such as the optical lens, which is expected to be used for physical UV protection, and provide a method for the fabrication of a multilevel structure of PC materials [17].



UV radiation is harmful to lots of materials, especially organic materials, and the human body also needs UV shielding to protect vital organs, such as the skin and eyes. The core idea of this work is to modulate and combine PBGs of CC materials in the appropriate regime to achieve UV shielding, while maintaining high transparency of the materials. To this end, we did the following work: (1) selection of polymer materials, i.e., polymethyl methacrylate (PMMA) nano-colloids, with a high molecular weight, which will not penetrate the human skin; (2) dispersing a solvent of the nano-colloids, i.e., the mixture of ethanol and water, which is non-toxic and could easily be removed. Meanwhile, PMMA is a common non-toxic material with good biocompatibility, and has high transparency. Therefore, these materials were utilized to construct CC coating materials, and their application as UV protection materials when coated on the surfaces of optical glasses was also investigated.




2. Materials and Methods


2.1. Materials


Methyl methacrylate (MMA), acrylic acid (AA) and ammonium persulfate (APS) were purchased from Shanghai Chemical Agent Co., Ltd. All other reagents were of analytical grade and obtained from Sigma-Aldrich. Optical glasses (Essillor, n = 1.591, D = 75 mm, +00.00) were used as received. The glassware used in experiments was cleaned with RCA solution [5:1:1 mixture of water, hydrogen peroxide (30%) and ammonia (28%)] at 75 °C for 30 min. Ultrapure water (18.2 MΩ·cm) was used in all experiments. All materials were used as received without further purification.




2.2. Preparation of CC Films


Monodisperse PMMA latexes (117 nm, 138 nm, 162 nm and 200 nm) were prepared via the universal emulsifier-free polymerization procedure that we previous developed [18]. The preparation process was as follows: 200 mL ultrapure water, 20 mL MMA and 1.5 mL AA were added to the three-neck flask with oil bath heated to 100 °C, and rapid stirring was sustained at 300 RPM to keep the system homogeneously mixed. After the system was boiled, 0.4 g APS was added for the initiation of the polymerization, and the mixture rapidly changed to milky white. After 0.5~1 h of polymerization, the reaction was ended by transferring the flask into ice bath. After the resulting emulsion was cooled to room temperature, the PMMA colloid emulsion was dialyzed with ultrapure water for 7 to 14 days, to remove unreacted organic molecules and ionic impurities. The purified colloids were dried and dispersed in ethanol/water (1/3) solvent and stored in the glass jar. The ethanol/water solvent could facilitate the dispersing of the PMMA colloids to form homogeneous suspension. The PMMA latex containing 10% colloids was added to the spray gun container, and the air pressure was adjusted to 2 bars, the flow rate was 2 m/min, and the spray was carried out at a distance of 10 cm from the substrate (optical glasses). The experimental method is shown in Figure 1.




2.3. The Characterization of PC Films


Structural and morphological characterizations of the crystals were conducted using a scanning electron microscope (SEM, Hitachi, S-4800, Japan) operating at an acceleration voltage of 3–10 kV, and the samples were sputter coated with a thin layer of Au. The PBG of the crystal film was confirmed by measuring the reflection spectra and integral visible transmittance using a fiber optic spectrometer (Ocean Optics, USB 4000-XR1-ES, with DH-2000-BAL light source, Winter Park, FL, USA). Spectra were captured between the wavelengths of 200 and 800 nm. For the UV shielding test, a deep UV light of 254 nm was exited and a UV photometer (LS-126, China) was detected at a fixed distance of 2 cm. Optical photographs were taken with a digital camera (Canon, EOS 6D, Japan) with macro lens (Tamron, 272E, Japan).





3. Results and Discussion


The design of this experiment utilizes the spraying method to realize the rapid assembly of nano-colloids. The crucial factor is the cooperative control of the interaction between the colloids and the volatilization of the solvent [19], such that rapid and high quality stacking of the PMMA colloids could be achieved while maintaining the high transparency of the coating.



Figure 2 shows the SEM images of PMMA CCs that self-assembled via spray coating. It can be observed that PMMA colloids have good monodispersibility, that is, the particle size is uniform, and the self-assembled PMMA colloids have an ordered CP structure. Figure 2A,B show the top view and cross section of the CC sample self-assembled by 117-nm PMMA colloids, respectively. The hexagon arrangement suggested (111) the direction of the FCC structure, as each colloid was surrounded by six neighboring colloids. Interestingly, the colloids were packed and connected by small necks, which might have been formed in the process of solvent evaporation and crystal assembly, due to the reaction of the surface carboxyl group from the AA. On the other hand, the necks might have also resulted from the rapid assembly of the CCs. The necking formed during the spray process between neighboring colloids (also c.f. Figure S1) could enhance the mechanical strength of the PMMA CCs [20].



Figure 2C shows the long-range ordered flat surface of the 117-nm CC formed at the liquid–air interface, which plays an important role in the Bragg diffraction properties of the photonic material. Figure 2D shows the two-layer structure formed by the assembly of 200-nm PMMA microspheres with larger particle sizes. The first layer was labeled with L1 and the second with L2 to guide the eye. The hexagonally ordered structure could be observed in both layers, but the sample showed a slight NCP structure with longer necking between the colloids. It is speculated that this resulted from the incomplete assembly, caused by the mismatched rate between the assembly and the solvent evaporation for the low layered crystals. The proposed self-assembly process is shown in Figure 3. In the process of the spraying assembly, the movement of the colloids was driven by the surface tension of the solvent and the repulsive force between the colloids [19]. When the droplets are thin and the layers of the crystal are low, the adhesive force of the bottom colloids is greater than that of the surface tension, resulting in larger neighboring spacing (Figures S1 and S2). As the droplet thickness increases, the volatilization of the solvent slows down, leading to the complete assembly of the upper surface colloids during solvent volatilization. Then, a secondary layer will assemble following the upper assembled layer as a template. Subsequently, the layer-by-layer assembly occurs, and the crystal can be formed as the solvent is completely removed. Therefore, the crystal with more layers has closer packing, which is consistent with the results reported [16].



The spectral characterization results of the obtained crystals are shown in Figure 4A. The PBG of the 117-nm PMMA CC coating is ~258 nm, and the full width at half max (FWHM) of the diffracted peak in units of wavelength is ~15 nm. According to the relationship between the interfacial spacing of the FCC and the particle size of the colloids, Equation (1) can be written as:


   λ   0     = 2   n a      2 3    D ,  



(2)




where D is the diameter of the colloids, and the average crystal refractive index na can be calculated by the following equation:


   n a 2   =    ∑ i      n i 2   φ i  ,  



(3)




where the volume factor (φPMMA = 0.74 and φair = 0.26), refractive index (nPMMA = 1.49 and nair = 1). Therefore, the calculated na = 1.379. Thus, Equation (2) can be rewritten as:


   λ   0     = 2.252  D ,  



(4)







According to the above equation, the theoretical diffraction peak of the 117-nm PMMA CC is 263.5 nm, while the detected diffraction peak is located at 258 nm, which has a blueshift of ~5.5 nm from the theoretical calculation. Then, the effective refractive index na value is calculated as 1.350, and the overall packing factor of the PMMA is calculated as 0.72, which is close to the result reported elsewhere [20].



It can be observed from the diffraction spectra that several additional weak peaks appeared at the side of the most intense peak of 258 nm. Such regularly spread peaks are called Fabry–Pérot fringes (FP), and are due to isoclinic interference, which arises from multiple beam interference, with light reflected between the top and bottom faces of the crystal. FP is a non-destructive method for the thickness measurement of thin films; the fewer the colloids layers within the crystal film, the broader the FP interference fringes, with a looser distribution. On the contrary, the weaker the interference peak, with the greater the crystal’s thickness, and the smaller the spacing between the FP fringes, until they disappear [21]. Generally, the FP fringe occurs as the crystal sample has flat top and bottom faces with uniform thicknesses, which are usually less than 8 μm. Under the condition of the vertical incidence of the detection light source, if the maximum wavelength that can be detected after crystal interference is    λ   l     , then:


   p l   λ   l     = 2   n a   T ,  



(5)




where    p l    is an integer, T is the thickness of the crystal film, and the wavelength relation at the interference peak p in the direction of the shorter interference wavelength is:


  ( p +  p l  )  λ   p     = 2   n a   T ,  



(6)




where p is a positive integer, which numbers the interference fringe from    λ   l     , and    λ   p      is the wavelength of subsequent fringes at shorter wavelengths. Combining Equations (5) and (6), the film thickness T can be predicted as follows:


  T =   p  λ   p     λ   l      2  n a   (  λ   l    −  λ   p    )   ,  



(7)







Accordingly, L, the number of assembled layers of the crystal film, can be calculated by the ratio of the film’s thickness to the crystal plane’s spacing; that is:


  L =  T   d  111     =   p  λ   p     λ   l       λ   0    (  λ   l    −  λ   p    )   ,  



(8)






  K =   2  n a   (  λ   l    −  λ   p    )    λ   p     λ   l      ×   10  4  ,  



(9)







The detectable FP fringes are labeled in Figure 4B. The longest interference fringe observable,    λ   l     , is in this case at 387 nm, and taking the above calculated actual average refractive index na = 1.350, the correlation coefficient K value of the sample can be calculated [22]. Detailed results are listed in Table S1. The thickness of crystal film is calculated as between 4680 and 5140 nm, with an average value of 4986 nm, that is, ~5 μm (maximum error of 6% and average error of 3%). The number of assembled layers is calculated as between 49 and 54 layers, and the average value is 52 layers (maximum error of 6% and average error of 3%). Despite the possible errors caused by calculation, the PMMA crystal array sample has excellent ordering and flatness, with a reliable thickness of ~5 μm and ~52 layers of colloids stacking (the error analysis of T and L is shown in Figure S3). It can be found that the overall error of the calculation results is less than 3%. Thus, the overall flatness and diffraction performance of the crystal film are comparable with that of the previously reported coating material [15,23].



The relationship between spraying time and film thickness was also analyzed (c.f. Figure S4), and a linear plot indicated that the stacking/assembling of PMMA colloids could be controlled by spraying time; thus the resulting thickness of the crystal coating could be controlled as required.



The UV shielding performances of PMMA CCs prepared with various particle sizes were investigated, and all the CC coated samples were controlled, with ~5 μm in thickness, and exposed under UV irradiation at a fixed distance of 5 cm. As listed in Table 1, all the crystal samples constructed by different PMMA colloids showed related PBGs that were consistent with calculated values, which proved the good assembling of the PMMA CCs. The PBGs could be tuned to cover the whole UV regime as needed, by using PMMA colloids with different diameters. The CC film constructed by 117-nm PMMA colloids possessed the stop-band of 258 nm, which is compatible with the excitation wavelength of the UV light, and thus has the better resisting ability, of UV-254, than other samples. The CC coating reflected ~77.43% of the UV radiation, while maintaining the transparency of the substrate glasses, which also coheres with the reflection percentage of ~80% in Figure 4A. Considering that the electromagnetic waves with longer wavelengths could penetrate at lower angles, the angle-dependence of the Bragg diffraction actually occurred since the colloidal photonic crystal was FCC structured, and the angle-dependent propagation is unavoidable, with an acceptable percentage less than ~3%.



Considering that UV protection needs to shield UV-254 to UV-365 at the same time, three kinds of PMMA colloids were combined to produce a full UV shielding coating, as shown in Figure 5. We originally expected that a broad diffraction peak would appear over the 250 to 365 nm region, yet three independent but connected peaks were detected. For the purpose of whole-UV-region protection for glass, skin and other surfaces, further combinations would need to be investigated.




4. Conclusions


In summary, a facile approach to UV shielding colloidal photonic films was demonstrated, where the UV radiation was resisted by the periodic structure, without chemical reactions. Specific wavelengths within the UV regime could be tuned as required by varying the size of the monodispersed PMMA colloids. Such crystal coatings could be rapidly prepared on the optical glasses, that simultaneously had UV-254 resistance of 77.43%. The monochromaticity of the crystal coatings ensures their potential in UV shielding materials that are in direct physical contact with skin. We also anticipate that such UV shielding system can be a promising candidate as coating material for fine surfaces and aero surfaces.
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Figure 1. Illustration of the: (A) construction of PMMA CC; (B) Bragg diffraction of the CC and (C) UV shielding test of CC coated glasses. 






Figure 1. Illustration of the: (A) construction of PMMA CC; (B) Bragg diffraction of the CC and (C) UV shielding test of CC coated glasses.



[image: Crystals 10 00502 g001]







[image: Crystals 10 00502 g002 550] 





Figure 2. SEM images of PMMA self-assembled CCs: (A) Top view of 117-nm CC; (B) Cross section of 117-nm CC; (C) Large-scale top view of 117-nm CC; (D) Top view of 2-layer 200-nm CC. 
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Figure 3. Schematic diagram of the self-assembly process of sprayed PMMA colloids. 
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Figure 4. (A) Diffraction spectra of PMMA assembled crystal, and the evident FP fringes are labeled by arrows (Inset: FP fringe plot); (B) An enlarged view of the FP interference fringes. 
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Figure 5. Diffraction property of the CC coating sample combining 117-nm, 138-nm and 162-nm PMMA colloids. 
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Table 1. UV-254 shielding performance of PMMA photonic crystal diffraction.
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	DPMMA (nm)
	λ0 (nm)
	λCalculated (nm)
	UV 254

Intensity (μw/cm2)
	UV Resisting

Efficiency (%)





	air
	–
	–
	2162
	–



	117
	258.0
	263.5
	488
	77.428



	138
	312.5
	310.8
	1326
	38.668



	162
	366.0
	364.8
	1777
	17.808



	200
	456.5 (Figure S5)
	450.4
	1922
	11.101
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