
















and diameter distributions of the resultant PS microspheres. It can be observed from

the SEM images that the prepared microspheres exhibit spherical morphology and

uniform size. These PS microspheres are highly monodisperse, and hence can be

close-packed into long-ordered arrays. The corresponding DLS analyses further

confirm that PS microspheres obtained by the emulsion polymerization method have

good monodispersity, narrow particle size distribution and less than 5% coefficient of

variation, which can be used as building units of photonic crystals.

Figure 1. (a-c) Typical SEM images and (d-f) diameter distributions of PS

microspheres with different average diameters: (a, d) 181 nm, (b, e) 214 nm and (c, f)

250 nm.

Hydrogels are powerful smart materials with three-dimentional network, which

are widely used in sensing, tissue engineering, and biomedical applications owing to

their stimuli-responsive capacity, biocompatibility, and the ability to capture metal

ions or nanoparticles.23 To confer the CPC materials with multifunction, hydrogel

monomers BA and AA were introduced to grow hydrogel shells on the PS cores,

affording P(St-co-BA-co-AA) latex. Then a biphase microfluidic flow-focusing

device was constructed for the generation of monodisperse photonic crystal supraballs

(Figure 2a). We chose methysilicone oil as continuous phase and P(St-co-BA-co-AA)

latex as discontinuous phase. In a typical procedure, the latex phase was cut off by the



continuous oil phase, resulting in uniform photonic supraballs with the assistance of

surface tension between oil and water. After solvent evaporation, the photonic

supraballs were self-assembled from monodispersed colloidal microspheres, ascribed

to the close-packed lattice arrangement caused from minimization of the interfacial

free energies. The as-prepared CPC supraballs with brilliant green structural color are

shown in Figure 2b, which have uniform spherical morphology and an average

diameter of 258 m (Figure 2b-c). The results indicate we constructed an effective

platform to fabricate high-quality CPC supraballs.

Figure 2. (a) Schematic representation of microfluidic device for preparation of

monodisperse photonic supraballs. (b) Optical microscopy image and (c) the

corresponding diameter distribution of the as-synthesized photonic supraballs.

As described in the Young–Dupre’s equations, the velocities of oil flow and latex

flow are main factors in controlling the size of the CPC supraballs. Figure 3a and 3b

show the relationships between droplet diameter of the photonic supraballs and oil



flow velocity (with a fixed latex flow velocity at 0.6 ml/h), latex flow velocity (with a

fixed oil flow velocity at 16 ml/h), respectively. The drop diameter decreases with the

oil flow velocity while increases with the latex flow velocity. Accordingly, the optimal

conditions of the oil flow velocity and latex flow velocity were fixed at 20 mL/h and

0.1 mL/h, respectively. Moreover, by controlling the surface tension between the oil

phase and the water phase, various spherical supraballs with different structural colors

ranging from blue-violet, yellow to red could be facilely prepared by tuning colloidal

sizes (Figure 2c-e). The as prepared photonic supraballs exhibit iridescent structural

colors and present outstanding uniformity in size. Thus, by tuning the velocities of oil

flow and latex flow, we are able to control the surface tension between oil phase and

latex phase, and hence prepare a series of monodispersed photonic supraballs with

high optical performance potentially used for anti-countering, sensing and displays.

Figure 3. Relationship between droplet diameter of the CPC supraballs and (a) oil

flow velocity (with a fixed latex flow velocity at 0.6 ml/h), (b) latex flow velocity

(with a fixed oil flow velocity at 16 ml/h). (c-e) Optical photographs of CPC

supraballs constructed by P(St-co-BA-co-AA) latex with different diameters.

We further investigated the fabrication of CPC supraballs with Janus structures



by employing a triphase microfluidic device. As shown in Figure 4a, the

methysilicone oil was chosen as continuous phase, P(St-co-BA-co-AA) emulsion and

TMPTA/Fe3O4 nanoparticles were used as discontinuous phases, respectively. The

converged two discontinuous phases were cut by continuous phase into biphasic

droplets with CPC hemispheres and magnetic hemispheres. While applying UV light

at the terminal of the microfluidic device, Janus CPC supraballs were successfully

prepared. Bright blue CPC hemispheres and black hemispheres with clear boundaries

can be observed in the optical image of Janus PC supraballs shown in Figure 4b. It is

worth mentioning that the immiscibility among the water, TMPTA(as surfactant) and

methysilicone oil makes sure the isolation of the two hemispheres in a supraballs

which eliminated the diffusion of the colloidal particles in the formation progress of

CPC hemispheres. The isolation of the two hemispheres was further confirmed by

SEM image shown in Figure 4c and it can be seen that two sides, well-ordered

colloidal particles and flat polymer, are obviously separated.

Figure 4. (a) Schematic illustration of a triphase microfluidic device for the



fabrication of magneto-responsive Janus CPC supraballs. (b) Optical microscope

image of the obtained Janus supraballs with the blue hemispheres (CPC part) and the

black hemispheres (magnetic part). (c) SEM image of the equator for a Janus

supraball.

Besides, we further explored the potential applications of as-obtained Janus PC

supraballs. As shown in Figure 5a, a display panel with patterned “NF”(standing for

the abbreviation school name “NFLS”) was created using Janus PC supraballs as pixel.

Initially, the pattern show ruleless color (OFF state) for the disorientation of these PC

supraballs. While applying the magnetic field under the panel, all of the pixels

oriented with blue hemispheres upwards (ON state) and the display panel show bright

blue “NF” pattern. Therefore, such Janus materials could undergo switching in

response to an external magnetic field, meaningful for bead-patterned display panel.

Additionally, we endowed the supraballs with external responsive property by

introducing the humidity-sensitive monomer dimethylallylamine (DMAA) into the

CPC hemispheres. After UV light initiation, the colloidal particles were finely

immobilized in the polymer matrix owing to the effective interactions between

functionalized particle surface and matrix. Figure 5b show the changing of

bead-patterned display panel by adjusting the humidity. While increasing the ambient

humidity, the supraballs swelled remarkably along with the color changing from blue

to while (infrared). The phenomenon can be explained by that, the absorption of water

by polymer matrix from the air lead to the volume gaining of the supraballs and

meanwhile the lattice constant increased without doubt, resulting in the red shift of the

diffraction peak of CPC supraballs. Significantly, the reversible changing of the

display panel occurred after decreasing the ambient humidity. These bead-pattern

display panels utilizing functional Janus CPC supraballs as pixels exhibit great

potential in the intelligent display, environment visual sensing, and information

encoding areas.



Figure 5. (a) Switching of the “NF” bead-patterned display panel while applying

external magnetic field. (b) Reversible changing of the bead-patterned display panel

under different humidity.

4. Conclusions

In summary, with use of monodispersed hydrogel microspheres

poly(styrene-co-butyl acrylate-co-acrylic acid) [P(St-co-BA-co-AA)] as the building

blocks, we successfully constructed versatile multifunctional colloidal photonic

crystal (CPC) supraballs via microfluidic techniques. By controlling the surface

tension between the continuous phase and the discontinuous phase in the microfluidic

device, differently sized spherical CPC supraballs with various structural colors

ranging from blue-violet, yellow, green to red could be facilely prepared by tuning

colloidal microsphere diameters. More interestingly, we showed the availability of

Janus CPC supraballs with photonic bandgap, magnetic response, and

humidity-sensitive behavior via a triphase microfluidic technique. Since the building

blocks of CPC supraballs are functionalized with smart hydrogel shell, the versatile

ability responding to external stimuli is expectable. It is reasonable to speculate that

These multifunctional Janus hydrogel CPC supraballs might find potentials in such as

display, encoding, sensing, and biomedical applications.



5. Acknowledgements

This work was supported by National Natural Science Foundation of China

(21474052 and 21736006). The authors thank Prof. Su Chen and his research group

especially Mr. Ri HONG and Dr. Cai-Feng Wang for their help on the experiments,

valuable discussions, and paper writing, and facilities at State Key Laboratory of

Materials-Oriented Chemical Engineering, College of Chemical Engineering, Nanjing

Tech University.



References:

[1] Ye, B., Ding, H., Cheng, Y., Gu, H., Zhao, Y., Xie, Z., et al. Photonic Crystal

Microcapsules for Label-free Multiplex Detection. Advanced Materials. 2014, 26,

3270-4.

[2] Fang, Y., Leo, S.Y., Ni, Y., Wang, J., Wang, B., Yu, L., et al. Reconfigurable

Photonic Crystals Enabled by Multistimuli-Responsive Shape Memory Polymers

Possessing Room Temperature Shape Processability. ACS Applied Materials &

Interfaces. 2017, 9, 5457-67.

[3] Nucara, L., Piazza, V., Greco, F., Robbiano, V., Cappello, V., Gemmi, M., et al.

Ionic Strength Responsive Sulfonated Polystyrene Opals. ACS Applied Materials &

Interfaces. 2017, 9, 4818-27.

[4] Lee, H.S., Shim, T.S., Hwang, H., Yang, S.M., Kim, S.H. Colloidal Photonic

Crystals toward Structural Color Palettes for Security Materials. Chemistry of

Materials. 2013, 25, 2684-90.

[5] Ding, H., Liu, C., Ye, B., Fu, F., Wang, H., Zhao, Y., et al. Free-Standing Photonic

Crystal Films with Gradient Structural Colors. ACS Applied Materials & Interfaces.

2016, 8, 6796-801.

[6] Zhang, J., Tian, Y., Ji, W.-Q., Zhu, Z., Wang, C.-F., Chen, S. Ultrasensitive

responsive photonic crystal films derived from the assembly between similarly

charged colloids and substrates towards trace electrolyte sensing. J. Mater. Chem. C.

2016, 4, 6750-5.

[7] Tian, E.T., Cui, L.Y., Wang, J.X., Song, Y.L., Jiang, L. Tough Photonic Crystals

Fabricated by Photo-Crosslinkage of Latex Spheres. Macromolecular Rapid

Communications. 2009, 30, 509-14.

[8] Jiang, H., Zhu, Y., Chen, C., Shen, J., Bao, H., Peng, L., et al. Photonic crystal pH

and metal cation sensors based on poly(vinyl alcohol) hydrogel. New Journal of

Chemistry. 2012, 36, 1051.

[9] Yang, D., Qin, Y., Ye, S., Ge, J. Polymerization-Induced Colloidal Assembly and

Photonic Crystal Multilayer for Coding and Decoding. Advanced Functional

Materials. 2014, 24, 817-25.



[10] Cai, Z., Kwak, D.H., Punihaole, D., Hong, Z., Velankar, S.S., Liu, X., et al. A

Photonic Crystal Protein Hydrogel Sensor for Candida albicans. Angewandte Chemie.

2015, 54, 13036-40.

[11] Yin, S.N., Wang, C.F., Yu, Z.Y., Wang, J., Liu, S.S., Chen, S. Versatile

bifunctional magnetic-fluorescent responsive Janus supraballs towards the flexible

bead display. Advanced Materials. 2011, 23, 2915-9.

[12] Zhao, Y., Xie, Z., Gu, H., Jin, L., Zhao, X., Wang, B., et al. Multifunctional

photonic crystal barcodes from microfluidics. NPGAsia Materials. 2012, 4, e25.

[13] Liu, S.-S., Wang, C.-F., Wang, X.-Q., Zhang, J., Tian, Y., Yin, S.-N., et al.

Tunable Janus colloidal photonic crystal supraballs with dual photonic band gaps.

Journal of Materials Chemistry C. 2014, 2, 9431-8.

[14] Wang, J., Hu, Y., Deng, R., Liang, R., Li, W., Liu, S., et al. Multiresponsive

hydrogel photonic crystal microparticles with inverse-opal structure. Langmuir. 2013,

29, 8825-34.

[15] Wang, H., Yang, S., Yin, S.N., Chen, L., Chen, S. Janus Suprabead Displays

Derived from the Modified Photonic Crystals toward Temperature Magnetism and

Optics Multiple Responses. ACS applied materials & interfaces. 2015, 7, 8827-33.

[16] Yin, S.N., Yang, S., Wang, C.F., Chen, S. Magnetic-Directed Assembly from

Janus Building Blocks to Multiplex Molecular-Analogue Photonic Crystal Structures.

Journal of the American Chemical Society. 2016, 138, 566-73.

[17] Velev, O.D., Lenhoff, A.M., Kaler, E.W. A class of microstructured particles

through colloidal crystallization. Science. 2000, 287, 2240-3.

[18] Kim, J.H., Jeon, T.Y., Choi, T.M., Shim, T.S., Kim, S.H., Yang, S.M. Droplet

microfluidics for producing functional microparticles. Langmuir. 2014, 30, 1473-88.

[19] Liu, W., Shang, L., Zheng, F., Lu, J., Qian, J., Zhao, Y., et al. Photonic Crystal

Encoded Microcarriers for Biomaterial Evaluation. Small. 2014, 10, 88-93.

[20] Yu, Z., Wang, C.F., Ling, L., Chen, L., Chen, S. Triphase microfluidic-directed

self-assembly: anisotropic colloidal photonic crystal supraparticles and multicolor

patterns made easy. Angewandte Chemie. 2012, 51, 2375-8.

[21] Yin, S.-N., Wang, C.-F., Liu, S.-S., Chen, S. Facile fabrication of tunable



colloidal photonic crystal hydrogel supraballs toward a colorimetric humidity sensor.

Journal of Materials Chemistry C. 2013, 1, 4685.

[22] Zhang, J., Ling, L.T., Wang, C.F., Chen, S., Chen, L., Son, D.Y. Versatile

dendrimer-derived nanocrystal microreactors towards fluorescence colloidal photonic

crystals. Journal of Materials Chemistry C. 2014, 2, 3610-6.

[23] Shao H., Wang C. F., Chen S.*, Xu C. Fast Fabrication of Superabsorbent

Polyampholytic Nanocomposite Hydrogels via Plasma-Ignited Frontal Polymerization.

Journal of Polymer Science Part A: Polymer Chemistry 2014, 52, 912–920.


