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Abstract:



A new microfluidic approach to preparing anisotropic colloidal photonic crystal microparticles is developed and the self-assembly kinetics of colloidal nanoparticles is discussed. Based on the “coffee ring” effect in the self-assembly process of colloidal silica particle in strong solvent extraction environment, we successfully prepared anisotropic photonic crystal microparticles with different shapes and improved optical properties. The shapes and optical properties of photonic crystal microparticles can be controlled by adjusting the droplet size and extraction rate. We studied the self-assembly mechanism of colloidal silica particles in strong solvent extraction environment, which has potential applications in a variety of fields including optical communication technology, environmental response, photo-catalysis and chromic material.
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1. Introduction


Photonic crystal is known as a structural optical material consisting of materials with different dielectric constants arranging periodically in space [1,2]. It reflects light with characteristic wavelength. The characteristic wavelength is determined by the geometry and the dielectric constants, which brings important photonic crystal applications into a variety of fields including optical communication technology, environmental response, photocatalysis and chromic material [3,4,5].



The reflection mechanism of photonic crystal is the so-called “optical stop band”. Electromagnetic waves with specific wavelength cannot pass through photonic crystal so they are reflected. The reflected electromagnetic wavelength can be calculated by Bragg’s Law [6]:
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(1)







Where [image: there is no content] is the characteristic wavelength, d is the characteristic spacing, D is the particle size, [image: there is no content] is the reflective index of each phases, and [image: there is no content] is the volume fraction of each phase. According to Bragg’s Law, we know that the reflected electromagnetic wavelength is determined by lattice size, volume fraction, etc.



The common method to fabricate photonic crystal microspheres is preparing monodispersed droplets containing colloidal silica and then drying or solidifying microdroplets into microbeads. During the dry or solidification process the colloidal silica self-assemble into photonic crystal [7]. In the droplet formation step, microfluidic technology has been proved to be a mature platform in recent decades. It ensures the droplets’ monodispersity both in shape and in size [8,9,10,11,12,13,14]. In the self-assembly step, there are two major methods: non-close packing followed by immobilization of non-contacting colloidal particles’ array [15,16], and close packing after removing the dispersing agent of colloidal particles [17,18,19,20,21].



Kim et al. [22] successfully fabricated a non-close packed photonic crystal microsphere by photo-polymerizing ethoxylated trimethylolpropane triacrylate (ETPTA) resin droplets containing suspended negatively charged colloidal silica, which are generated by co-flow microfluidic devices. This approach was simple and easy for photonic crystal production, but the balls’ optical property was not good enough that their application was limited. Zhao et al. [23] prepared aqueous-phase solution droplets containing cross-linked monodisperse poly(methyl methacrylate) colloidal nanoparticles, evaporated them slowly in an oil-phase solution and produced colloidal crystal beads. This is a simple way to fabricate photonic crystals. However, the evaporation process needs many hours and is too long.



From the above references, we can see that two main methods to fabricate self-assembled photonic crystal particles have been studied by many scientists. However, there are still some problems that need to be solved, such as poor optical properties and the requirement of a long preparation time.



Aiming at solving this problem, Xu et al. [24] prepared colloidal crystal microbeads by solvent-extraction. They produced uniform aqueous droplets containing colloidal particles by T-junction microfluidic devices, and used organic phase as extractant to remove water from the droplets in a very short period (as fast as ~5 min). Compared with conventional evaporation-derived solidification, solvent extraction method reduced the time required significantly and maintained considerable optical properties. Besides, they controlled the packing quality of photonic balls by changing the extraction rate and surfactant.



On the base of preparing photonic crystal balls, scientists produced anisotropic colloidal photonic crystal microparticles according to the unique structure of Janus emulsions [10,25,26,27] so that they have much more potential applications. Yu et al. [25] developed a triphase microfluidic-directed self-assembly to prepare colloidal photonic crystal (CPC) supraparticles with controllable and predictable shape, and selectively introduced magnetic responsibility to them. The magnetic responsive Janus CPC supraparticles can be applied to biological analysis, optical instruments and chemical detection. Xu et al. [10] produced non-spherical microparticles with different shapes by producing colloidal aqueous suspension-gas Janus droplets in continuous oil phase. The method considerably improved both the optical performance and economy of photonic crystal microparticles fabrication.



As shown above, the solvent-extraction method prepares colloidal crystal microbeads with high efficiency and quality. However, the mechanisms of the method have not been thoroughly studied yet. On the other hand, anisotropic colloidal photonic crystal microparticles can be multifunctionalized and have great potential applications. Existing methods and devices to prepare them are all complicated and hard to control.



Inspiring approaches from Kuang [28,29], and Wu [30] et al. show controllable three-dimensional structures of printing droplets for high-resolution patterns with a focus on coffee-ring effect and Marangoni flow. They found that depinning the three phase contact line, restraining outward capillary flow and boosting inward Marangoni flow were helpful to suppress the coffee-ring effect.



In this work, we developed an advanced microfluidic approach to prepare anisotropic colloidal photonic crystal microparticles that is simple and easy to control. According to the study of colloidal photonic crystal self-assembly mechanisms and the “coffee ring” effect in strong extraction environment, we prepared anisotropic colloidal photonic crystal microparticles with great optical properties and special shapes by controlling the extraction rate and the size of droplets containing colloidal silica.




2. Extraction Strength’s Effect on Macro-Structure of Photonic Crystal Particles


We prepared colloidal silica nanoparticles with diameter of 220 nm by the Stöber method, and dispersed them into water with solid concentration of 3% to enter the dispersed phase. Dispersed phase fluid flow was sheared by continuous phase fluid (of same composition with extractant) to form monodispersed droplets in the microchannel. Then, the droplets flowed into a culture dish filled with extractant and stayed there until extraction finished. To change the extraction rate, we chose 1-octanol including 20 wt. % octane, 1-octanol, 1-octanol including 20 wt. % n-Butanol, 1-octanol including 40 wt. % n-Butanol, 1-octanol including 60 wt. % n-Butanol, 1-octanol including 80 wt. % n-Butanol, and n-Butanol as extractant separately.



After the extraction, monodispersed droplets formed colloidal photonic crystal particles. According to Bragg’s law, when the particle size D = 220 nm, the reflective index [image: there is no content] and [image: there is no content], and the surface of the spherical ball is assumed to be in the plane of the fcc packing symmetry, the calculated value was 524 nm. We measured the optical effect of colloidal crystal particles by spectrograph, as shown in Figure 1. We obtained the reflectance peak at 530 nm. It showed that the products were qualified for optical properties.


Figure 1. Reflectance spectrum of photonic crystal particles of colloidal silica nanoparticles.
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Then we studied the extraction process of monodispersed droplets including colloidal silica nanoparticles, and found that it was influenced by the size of droplet and the composition of extractant. When the extractant was 1-octanol including 20 wt. % octane, the extraction rate was slow and the time extraction needed was from 14 minto 1 h with the size of droplet changing, as shown in Figure 2a. When that extractant was 1-octanol including 20 wt. % n-Butanol, the extraction sped up significantly and the time the extraction needed was from 3 min to half an hour, as shown in Figure 2b. When that extractant was n-Butanol, the process of extraction was completed within 3 min, as shown in Figure 2c. Moreover, the shape of particles was influenced greatly by extraction rate. They formed a toroidal even pie as the extraction sped up. With a certain extractant, the larger the droplet was, the longer the time extraction that was needed. Moreover, an increase of n-Butanol in extractant sped up extraction significantly.


Figure 2. (a–c) The relationship between time extraction process required and droplets’ diameter under the condition that extractant was 1-octanol including 20 wt. % octane, 1-octanol including 20 wt. % n-Butanol and n-Butanol separately.
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3. Results: Self-Assembly Kinetics of Colloidal Nanoparticle in Fabricating Anisotropic Colloidal Photonic Crystal Particles


We put monodispersed droplets including colloidal silica into different extractants. In the end, they self-assembled to be photonic crystal particles with different shapes, such as spheres, stomatocytes, toroidals and pies, as shown in Figure 3. Among the photonic crystal particles, there were some cracked particles because we wanted to figure out their internal structures. The results showed that photonic crystal spheres were from solid to core-shell structure with the n-Butanol’s percentage being larger. This is because the interface of extraction moved much faster than the diffusion of the nanoparticles in the droplets. The rapid shrinking of the droplet made the concentration of colloidal silica higher near the interface than in the center. Thus, the concentration of colloidal silica near the interface reached the critical concentration sooner than in the center of the droplet, causing the formation of a shell [24].


Figure 3. (a–d) SEM images of many photonic crystal particles with the same shape. (e–h) SEM images of photonic crystal particles with different shapes, including spheres, stomatocytes, toroidals and pies. (i–m) Partial surface of photonic crystal particles (e–h) respectively. (n–p) The internal structures of photonic crystal particles. Photonic crystal spheres (a,e) were extracted by 1-octanol including 20 wt. % octane, photonic crystal particles like stomatocytes (b,f) were extracted by 1-octanol including 20 wt. % n-Butanol, photonic crystal toroidals (c,g) were extracted by 1-octanol including 80 wt. % n-Butanol, photonic crystal particles like pies (d,h) were extracted by n-Butanol. (q) The relationship between the shape of photonic crystal particles and the size of droplet, the composition of extractant. Blue dots represent that shapes of particles are spheres; green dots represent stomatocytes; yellow dots represent toroidals; orange dots represent pies. Horizontal axis means the percentage of n-Butanol in extractant, and −20.00% means extractant is 1-octanol including 20 wt. % octane, 0.00% means extractant is 1-octanol.
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Then we systematically studied the effects of above conditions on the shape of colloidal photonic crystal particles and drew a graph to figure out the relationship between the shape of photonic crystal particles and the size of droplet and the composition of extractant, as shown in Figure 3q. We found that when the percentage of n-Butanol in extractant was less than 20%, monodispersed droplets including colloidal silica self-assembled to be photonic crystal spheres. Moreover, when the percentage of n-Butanol in the extractant was more than 20% and less than 80%, monodispersed droplets including colloidal silica self-organized to be photonic crystal stomatocytes more likely. When the percentage of n-Butanol in extractant was more than 80% and less than 100%, monodispersed droplets including colloidal silica could self-assemble to be photonic crystal toroidals. In n-Butanol, monodispersed droplets including colloidal silica often self-assembled to be photonic crystal pies.



The reason why monodispersed droplets including colloidal silica self-assembled to be photonic crystal particles with different shapes is related to the “coffee ring” effect [31,32]. When a drop dries on a solid surface, its suspended particulate matter is deposited in ring-like fashion. Similar to this, when a droplet including colloidal silica flows into a culture dish filled with extractant, the colloidal silica nanoparticles deposit in a ring-like fashion in quick extraction environment. Because colloidal silica is a sphere and easy to roll, there is an internal circumfluence inside the microdroplet in a quick extraction environment, which results in colloidal silica being more likely to deposit at the margin of the droplet.



When the extraction rate was slow, the droplet including colloidal silica shrunk slowly and formed a perfect sphere. When the n-Butanol in extractant was more than 20%, faster extraction rate made photonic crystal form toroidals and pies instead of spheres. The formation process of photonic crystal toroidal was shown in Figure 4a, and the video showing the process was in the Supporting Information (Movie S1). The three phase contact line moved much faster than the diffusion of the nanoparticles in the droplets because of the fast extraction rate. The concentration of colloidal silica near the three phase contact line was higher than in the center. Thus, the circumferential region of the droplet solidified first. Radial swirling flows in the droplet moved colloidal silica towards the solidified surface continuously, as shown in schematic Figure 4b [33]. The original spherical droplet was stretched and pinched until the center broke to form a hole [34]. Finally the droplet was extracted to form a photonic crystal toroidal. However, when the n-Butanol in extractant was 80%, the extraction rate was so fast that time for the radial swirling flows was not enough to move all colloidal silica. So, the remaining colloidal silica tiled on the substrate and made photonic crystal particles like a pie.


Figure 4. (a) The formation process of photonic crystal toroidal. (b) The schematic of droplet extraction before forming toroidal.
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4. Results: Optical Characterization


From the optical images and reflectance spectrum in Figure 5 we found that photonic crystal particles with different shapes reflected green light well, and the reflectance peaks were around 530 nm following Bragg’s Law well. The photonic crystal particles like toroidals and pies showed better optical property than photonic crystal spheres. In the quick extraction process, the partial concentration of colloidal particles at the margin of the droplet was higher compared with other parts of the droplet, which resulted in the packing quality at the margin of the photonic crystal particle being better. Then, the integral optical properties were improved. As shown in Figure 3i–m, the packing quality of the photonic crystal toroidals and pies surface were better than the photonic crystal spheres. However, the margin of the photonic crystal pies did not pack well so their reflectance peak was not as sharp as photonic crystal toroidals’.


Figure 5. (a–c) Optical images and (d) reflectance spectrum of photonic crystal particles with different shapes.
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5. Polystyrene Photonic Crystal Particles


Besides colloidal silica photonic crystal particles, we could also produce polystyrene photonic crystal particles. When the extractant was 1-octanol including 20 wt. % octane, monodispersed droplets including colloidal polystyrene self-organized to be photonic crystal stomatocytes, as shown in Figure 6a,c. And when extractant was 1-octanol including 40 wt. % n-Butanol, monodispersed droplets including colloidal polystyrene self-assembled to be photonic crystal particles like bowls, as shown in Figure 6b,d. The photonic crystal particles reflected pink light well, and the reflectance peaks were around 610 nm following Bragg’s Law (the result of theoretic calculation was 620 nm) well, as shown in Figure 6e.


Figure 6. Optical images (a,b), SEM images (c,d) and reflectance spectrum (e) of polystyrene photonic crystal particles with different shapes.
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In this work, we prepared anisotropic photonic crystal microparticles of colloidal silica and polystyrene nanoparticles respectively. Both kinds of photonic crystal microparticles reflected light and followed Bragg’s law well. Surface of silica spherical particles is easier to physically and chemically modified. While polystyrene nanoparticles melt more easily and dissolve in organic solvent. So photonic crystal microparticles of colloidal silica may have more potential applications than photonic crystal microparticles of polystyrene nanoparticles.




6. Experimental Details


6.1. Chemicals, Materials and Characterization


The microfluidic device was fabricated on a polymethyl methacrylate (PMMA) plate by using a Computerized Numerical Control (CNC) machine tool with end mills (Ф = 0.2 mm and Ф = 0.3 mm), as shown in Figure 7a. The width and the depth of microchannel of dispersed phase are both 0.2 mm, and these of continuous phase are both 0.3 mm. Dispersed phase fluid flow (green fluid in the figure) was driven into the microchannel, then sheared by continuous phase fluid (yellow fluid) to form monodispersed droplets. Then, the droplets flowed into a culture dish filled with extractant. We controlled the size of monodispersed droplets by changing the flow rate of the continuous phase.


Figure 7. (a) The structure of the microfluidic device. (b,c) The SEM images of monodispersed colloidal silica nanoparticles.
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To prepare the dispersed phase, we prepared colloidal silica with diameter of 220 nm by the Stöber method that was first described in 1968 [35], and dispersed colloidal silica into water with solid concentration of 3% as the dispersed phase. 1-octanol and n-Butanol extract water fast and will not hurt optical property of photonic crystal. To change extraction rate, we chose 1-octanol including 20 wt. % octane, 1-octanol, 1-octanol including 20 wt. % n-Butanol, 1-octanol including 40 wt. % n-Butanol, 1-octanol including 60 wt. % n-Butanol, 1-octanol including 80 wt. % n-Butanol, and n-Butanol as extractant separately. The continuous phase was the same as the extractant.



We observed the formation and extraction processes of colloidal crystal droplets by an optical microscope (Olympus, Tokyo, Japan) equipped with a camera (B742U, Pixelink, Ottawa, ON, Canada). The optical effect of colloidal crystal particles was measured by spectrograph and the shape was observed under SEM (MERLIN Compact, ZEISS, Oberkochen, Germany) (All the experiments were carried out at room temperature).




6.2. Colloidal Photonic Crystal Droplets Preparation


We prepared monodispersed colloidal silica with uniform size and good sphericity by the Stöber method. With ammonia as the catalyst, tetraethyl orthosilicate hydrolyzed in ethanol and created monodispersed colloidal silica spherical particles. The Stöber method could select to produce highly monodispersed silica spherical particles within a certain diameter range by changing reaction condition. Besides, surface of silica spherical particles produced by this method is easy to physically and chemically modified, which resulted that we could functionalize the particles and enlarge their application area.



In experiments, we produced highly monodispersed silica spherical particles with diameter from 140 nm to 220 nm by adding more ammonia. According to Bragg’s Law, we knew that the reflected electromagnetic wave of colloidal photonic crystal closely packed by silica spherical particles with diameter of 220 nm was green light. So we chose colloidal silica spherical particles with diameter of 220 nm to do our experiments, as shown in Figure 7b,c.





7. Conclusions


In this work, we developed a new approach to preparing anisotropic colloidal photonic crystal microparticles. The approach is simple and controllable. According to the study of colloidal photonic crystal self-assembly kinetics and the “coffee ring effect” in strong extraction environment, we produced anisotropic colloidal photonic crystal microparticles with different unique shapes, via adjusting the extraction rate and the size of droplets containing colloidal silica. The fabricated particles showed good optical properties. In addition, we also produced polystyrene photonic crystal particles, which showed similar mechanisms with colloidal silica photonic crystal particles. The result provides important theoretical contributions and has potential applications in a variety of fields including optical communication technology, environmental response, photo-catalysis and chromic material.








Supplementary Materials


The following are available online at http://www.mdpi.com/2073-4352/6/10/122/s1. Movie S1: The extraction process of droplet.
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