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Abstract 8 

A facile, economical and practical technique to fabricate magnetically assembled 9 

colloidal photonic crystal in the polyacrylamide hydrogel matrix was demonstrated by 10 

an instant radical polymerization. By taking advantage of the instantaneousness of 11 

magnetic assembly, the magnetic colloids were successfully assembled into photonic 12 

crystal structures with tunable stop bands in aqueous solution. The Bragg diffraction 13 

color could be simply controlled by tuning the strength of the external magnetic field 14 

to fulfill the diffraction covering the entire visible spectrums. An appropriate amount 15 

of ionic initiator APS was a key in radical polymerization of photonic crystal 16 

hydrogel film. 0.3 mg/mL of APS was chosen, not only to meet a rapid formation of 17 

the polyacrylamide hydrogel, but also not to lead to coagulation of these magnetic 18 

colloids in the hydrogel. Due to the significantly instant property of magnetic 19 

assembly and radical polymerization, coagulation of these magnetic assemblies owing 20 

to the long time exposure to an external magnetic field could be prevented. Therefore, 21 

the photonic crystal hydrogel film with uniform diffraction color could be obtained. 22 

Notably, the flexible hydrogel film displayed obvious deformation responsiveness. 23 
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The diffraction light got red-shifted as the level of the deformation rose. The 24 

achievement in immobilization endows the system a major stride toward practical 25 

applications in responsive photonic materials. 26 

  27 

Keywords: magnetic colloids; magnetic assembly; photonic crystal structure; radical 28 

polymerization 29 

 30 

Introduction 31 

Photonic crystals, especially self-assembled from monodispersed colloids with 32 

magnetic constitute, have been the focus of intensive research due to the promising 33 

and potential applications in light controlling and manipulating fields.1-3 Responsive 34 

photonic crystals whose diffraction wavelength and intensity can be tuned by the 35 

external stimuli present intriguing applications in photonic fields including bio- and 36 

chemical sensors4-6, color displays7, 8 and anti-counterfeiting labels9-12. Responsive 37 

photonic crystal has been applied in the environmental fields, since the environmental 38 

problem is increasingly serious. Wang et al.13 described various of responsive 39 

photonic crystals designed to detect the environmental pollutants. Liu et al.14 40 

developed a series of patterning responsive one-dimensional photonic crystals for 41 

sensing acidic/alkali vapors by the naked eye. A variety of self-assembly processes 42 

driven by gravitation, centrifugal force, hydrodynamic flow, electrophoretic 43 

deposition, capillary force, and electrostatic interaction have been reported to 44 

Page 2 of 17RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



3 
 

construct colloidal photonic crystal structure.15, 16 Unlike those time consuming 45 

methods aforementioned, magnetic assembly strategy has been found to be an 46 

effective route for rapid control of the assembly behaviors. The instantaneous and 47 

contactless characteristics of magnetic interaction permit speedy and independent 48 

experimental process.17 49 

Bibette et al.18 pioneered the application of magnetic field to assemble the 50 

uniform emulsion droplets containing ferrofluids into 1D chains with tunable optical 51 

diffractions. Later, Asher et al.19, 20 reported their achievements in the fabrication of 52 

superparamagnetic photonic crystal with tunable optical properties with the assistance 53 

of external magnetic field. Generally, there are two types of magnetic forces on 54 

magnetic colloidal particles with an external magnetic field, the dipole-dipole force 55 

and the packing force.21 The dipole-dipole interaction can be attractive or repulsive, 56 

depending on the angle between the direction of the external magnetic field and the 57 

line connecting the center of the two particles. When the dipole interaction energy is 58 

large enough to overcome thermal fluctuations, 1D chain-like structures can be 59 

induced. The packing force could be understood as the interaction of a magnetic 60 

dipole with the external magnetic field. When the magnetic field is applied for enough 61 

long time, the packing force can induce the 1D chains to transform into 3D structures. 62 

Whereas, with the increase of the exposure time in a magnetic field further, a disorder 63 

of the magnetically assembled structures could occur. 64 

The magnetic nanoparticles as the building blocks to assemble photonic crystal is 65 
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an effective and convenient means with an external magnetic field. However, the 66 

magnetic field can offer stimuli only as the photonic crystal is in a liquid or mobile 67 

form. The photonic crystal in liquid solution state is inconvenient in practical 68 

application, and hampers the further progress. Yin et al.16, 22-24 had successfully 69 

embedded Fe3O4@SiO2 colloids into polymer matrix. However, these photonic crystal 70 

did not work in an aqueous solution owing to the high polarity of water. Therefore, it 71 

is still a challenge to immobilize the magnetically assembled colloidal photonic 72 

crystals in aqueous solution. 73 

In the present work, we reported a facile, economical and practical strategy to 74 

lock the magnetically assembled colloidal photonic crystal structure into a 75 

polyacrylamide hydrogel matrix. Combined the instant property of magnetic assembly 76 

with radical polymerization, a hydrogel film with uniform diffraction color could be 77 

obtained. Furthermore, a UV photopolymerization strategy was also used to prepare 78 

the hydrogel film, and a comparison between the two polymerization methods was 79 

conducted. 80 

 81 

Experimental Section 82 

Materials. FeSO4·7H2O, FeCl3·6H2O, oleic acid (OA), sodium dodecyl sulfate 83 

(SDS), methyl methacrylate (MMA), potassium peroxydisulfate (KPS), ammonium 84 

persulfate (APS), acrylamide (AM), and all other inorganic salt and organic solvents 85 

were of analytical grade, and purchased from Sinopharm Chemical Reagent Co., Ltd. 86 

Page 4 of 17RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



5 
 

(China). N,N’-methylenebis(acrylamide) (BIS), 2-Hydroxy-4’-(2-hydroxyethoxy)-2- 87 

methylpropiophenone (Irgacure 2959), ethyleneglycol dimethacrylate 88 

(EGDMA >98%), and N,N,N’,N’- tetramethylethylenediamine (TEMED) were 89 

purchased from Rotrn Shanghai Biological Technology Co., Ltd. (China). All solutions 90 

were prepared with ultra-pure water (18.2 MΩ cm) from a NW Ultra-pure Water 91 

System (Heal Force, Nison Instrument, China). 92 

Preparation of polyacrylamide hydrogel film embedded photonic crystal 93 

structures. Fe3O4@OA magnetic nanoparticles were synthesized by the modified 94 

classical chemical co-precipitation procedure.25 Magnetic composite nanoparticles 95 

(MCNPs) were then prepared following a three-step miniemulsion polymerization.26 96 

The particles were collected by magnetic separation, washed with ultra-pure water for 97 

several times, and finally dried under vacuum at 60℃ for 2h to get the MCNPs. The 98 

pre-polymerization solution was composed of AM monomer (0.8 g), BIS cross-linker 99 

(0.005 g), APS initiator (0.0015 g) and ultra-pure water (5 mL). The mixture solution 100 

was stirred with a magnetic stirrer until the reactants were dissolved completely. Then, 101 

MCNPs (0.025 g) were added into the mixture, and sonicated for 2 min until the 102 

solution was homogeneous. After that, TEMED accelerator (50 μL) was added into 103 

the solution and stirred rapidly for 10 s. Finally, under a magnetic field, the mixture 104 

solution remained at undisturbed state for 10 s to complete polymerization as well as 105 

magnetic assembly of photonic crystal structure. A hydrogel film containing 106 

magnetically assembled colloidal photonic crystal structure was constructed. 107 
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The procedure using UV photopolymerization was the same as using radical 108 

polymerization except replacing the initiator APS with photoinitiator Irgacure 2959 109 

(0.02 g) and omitting the accelerator TEMED. The mixture solution was placed in a 110 

magnetic field and exposed to UV radiation for 1 h to implement assembly and 111 

polymerization simultaneously. 112 

Characterization. The photographs were taken with a digital camera (Canon, 113 

EOS Kiss X4). The average diameter and surface potential of the final composite 114 

nanoparticles latex were measured by Zeta potential and nanometer particle analyzer 115 

(ZetaPALS; Brookhaven Instruments Corporation, USA). The morphology of the 116 

particles were characterized by the transmission electron microscopy (TEM, JEOL, 117 

Japan) at a 200 KV accelerating voltage. The Bragg diffraction spectrums were 118 

recorded by a miniature fiber optic spectrometer (FLA 5000+, China). 119 

 120 

Results and discussion 121 

MCNPs with various hydrodynamic sizes were synthesized by altering the 122 

amount of SDS used in the three-step miniemulsion polymerization process (see 123 

Supplementary Table S1). In a typical experiment, MCNPs with a hydrodynamic size 124 

of ca.151 nm were used to construct the photonic crystal structures. Without cleaning, 125 

the MCNPs aqueous solution could not show Bragg diffraction color even under a 126 

very strong magnetic field. The phenomenon could be ascribed to the high ionic 127 

strength of the magnetic colloids solution. After cleaning, MCNPs could be dispersed 128 
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in water and showed a reversible tunable optical response with an external magnetic 129 

field. The optical Bragg diffractions resulted from the formation of periodically 130 

ordered structures of MCNPs colloids along the magnetic field. Fig. 1 was a 131 

representative TEM image of MCNPs, which sample was prepared under a magnetic 132 

field. Obviously, MCNPs could be assembled into periodic arrangement photonic 133 

crystal structure upon a magnetic field. It also showed that the MCNPs had a distinct 134 

core-shell structure, where magnetite nanoparticles as the core material and 135 

polymethyl acrylate polymer constituted for the shell structure. MCNP structure was 136 

illustrated in Schematic 1. Firstly, oleic acid bound to the surface of Fe3O4 particles 137 

through the strong coordination of carboxylate groups with iron cations. The long 138 

alkyl chain of OA on the surface of magnetite gave the particles hydrophobicity. Then, 139 

Fe3O4@OA magnetic nanoparticles coexisted with hydrophobic monomer and 140 

cross-linking agent inside miniemulsion droplets by sonification process. The 141 

miniemulsion droplets could be regarded as a microreactor, the polymerization 142 

reaction proceeded within the droplets once the initiator was added. Finally, MCNPs 143 

were obtained, where the magnetic core embraced by the polymer shell. The sulfate 144 

ions dissociated from SDS and KPS adsorbed on the surface of MCNPs and rendered 145 

the particle surfaces highly negative charged. The average surface potential of 146 

MCNPs was -57.5 mV (RSD 0.29%, n=10). The peak at 1260 cm-1 would be 147 

characteristic peak of S=O stretching vibrating in FT-IR spectrum shown in 148 

Supplementary Fig. S1, which had a good agreement with the previous analysis. 149 
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 150 

 151 
Fig. 1 TEM of MCNPs assembled into photonic crystal structures 152 

 153 

 154 
Schematic 1 The illustration of MCNP structure. 155 

 156 
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 157 

 158 

Fig. 2 Photographs and reflection spectra of MCNPs solution. 159 

(a) Photograph of MCNPs solution in absence of magnetic field and (b) upon an 160 

external magnetic field. (c) Reflection spectra at normal incidence of the MCNPs 161 

solution in response to different strength of magnetic fields. 162 

 163 

 164 

Schematic 3 Spatial distribution of the applied magnetic field 165 
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Fig. 2 showed the optical photographs and reflection spectra of an aqueous 166 

solution of MCNPs in response to a magnetic field. Without magnetic field, the 167 

MCNPs solution was brown, shown in Fig. 2a. With a disc NdFeB magnet, the 168 

MCNPs solution displayed an iridescence color, shown in Fig. 2b. The spatial 169 

distribution of the applied magnetic field was showed in schematic 3, which was the 170 

longitudinal cross section figure of the disc magnet. The magnetic field strength in the 171 

same plane is not uniform, it has an increasing trend from the center to the edge. 172 

Correspondingly, diffraction wavelength became shorter, and the color changed from 173 

orange to purple. In the rightmost section, the color restored to its original brown 174 

without the magnetic field. Fig. 2c showed a blue-shift from 611 nm to 438 nm as 175 

increasing the magnetic field strength by adjusting the distance between the magnet 176 

and the solution from 4.0 cm to 0 cm. The application of a magnetic field influenced 177 

the magnetic colloids in the solution in two types of magnetic forces, the 178 

dipole-dipole force and the packing force. When the magnetic force and the strong 179 

repulsive electrostatic force due to the high density negative charges reached at a 180 

balanced state, the photonic crystal structure could be constructed. The distance 181 

between the particles determined the color of the diffraction light resulted from the 182 

ordered structures. By adjusting the equilibrium of attractive and repulsive forces, the 183 

interparticle distance could be controlled, resulting in the magnetically tunable stop 184 

bands covering the entire visible spectrums. 185 

 186 
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 187 

 188 

 189 
Fig. 3 Photographs and reflection spectra of the flexible polyacrylamide hydrogel films. 190 

(a) Photograph of the hydrogel film synthesized with UV photopolymerization. (b) 191 

Photograph of the hydrogel film synthesized with radical polymerization. (c) 192 

Corresponding reflection spectra of the hydrogel film at normal incidence upon the 193 

different degrees of deformation. 194 

 195 

Though these liquid-phase magnetically assembled colloids photonic crystal 196 

could be obtained easily, it would be transiently disordered when the magnetic field 197 

was withdrew. Furthermore, because these photonic crystals were formed and stabled 198 

based on electrostatic repulsion, the photonic crystal structures could also be 199 

disordered once changing the environmental conditions, such as pH, ionic strength 200 
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and solvent. Inorganic salts introduced to adjust the pH or ionic strength would screen 201 

the interparticle repulsive interactions, while solvents have the solvation effect that 202 

could influence the balance equilibrium. It is an intrinsic limitation of the 203 

electrostatic-stabilized magnetically assembled colloidal photonic crystal. As a 204 

consequence, immobilization of magnetic colloids photonic crystal structure in a 205 

liquid state has been a challenge in the research area. We have solved the problem by 206 

embedding photonic crystal structure in a polyacrylamide hydrogel network. Although 207 

all of the monomer acrylamide, the cross-linker BIS and the accelerator TEMED are 208 

nonionic substances, the indispensable initiator APS is ionic. An appropriate amount 209 

of ionic initiator APS was a key in radical polymerization of the hydrogel film 210 

containing magnetic photonic crystals. Because the electrostatic-stabilized photonic 211 

crystal system could not tolerate a large ionic strength, so ionic APS should be limited 212 

in the electrostatic-stabilized photonic crystal system. The effect of APS concentration 213 

ranged from 0.1 mg/mL to 0.5 mg/mL on the polymerization of the hydrogel and the 214 

stability of the system were investigated. As APS concentration of 0.05 mg/mL, the 215 

hydrogel could not formed. AS APS concentration between 0.1 mg/mL and 0.2 216 

mg/mL, the reaction time was 2-4 min. When APS concentration of 0.3 mg/mL, the 217 

time needed to form hydrogel was nearly 1 min. Increasing APS concentration further, 218 

the reaction time did not reduce obviously. However, as APS concentration reached 219 

0.5 mg/mL, the magnetic nanoparticles started to coagulate. The high concentration of 220 

APS would screen the charge of the magnetic nanoparticles, and lowered down the 221 
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stability. Therefore, comprehensively considering the reaction time and ionic strength, 222 

0.3 mg/mL was chosen as the optimal APS concentration. A short reaction time could 223 

avoid the magnetic particles exposed in the magnetic field for a long time. A relative 224 

low concentration of ionic APS would ensure the stability of the magnetically 225 

assembled colloidal photonic crystal system. 226 

A perfect flexible polyacrylamide hydrogel film could be achieved as the molar 227 

ratio of monomer AM to cross-linker BIS was appropriate. As shown in Fig. 3a, the 228 

hydrogel film was synthesized with UV photopolymerization. It displayed light green 229 

color at a relaxed state in partial zone, because the magnetic assembly process and 230 

polymerization process had completed simultaneously. The color responsive process 231 

could be seen clearly from the selected circle section (1) marked in blue in Fig.3a. 232 

Once upon squeezing force, the diffraction color became red shifted, from light green 233 

to yellow-green and then orange-red with increasing the degree of deformation. Albeit 234 

the structure color has been fixed in the hydrogel matrix, the color area was local. The 235 

selected circle section (2) marked in red in Fig.3a displayed its original brown color 236 

and did not show any obvious change in the process of deformation. The result 237 

implied where photonic crystal structure was failed to be constructed. The 238 

phenomenon of nonuniform structure color was owing to the inhomogeneous intensity 239 

of the magnetic field and a long time exposure in the magnetic field. Owing to 240 

exposure in the magnetic field for enough long time, the magnetic packing force could 241 

drive the MCNPs to move towards regions with maximum magnetic field strength, 242 
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inducing the crystallization or even coagulation. These defects hindered the practical 243 

application of UV polymerization strategy. Hence, the radical polymerization strategy 244 

was considered for the instant nature of the reaction. Fig. 3b was the hydrogel film 245 

obtained from radical polymerization. At a relaxed state, uniform weak purple color 246 

could be seen, owing to the formation of photonic crystal structure in the hydrogel 247 

matrix. While at a squeezed state, distinct red-shift from weak purple to orange-red 248 

could be distinguished with the naked eye. The peak of diffraction wavelength 249 

red-shifted from 510 nm to 630 nm. Therefore deformation was the factor to trigger 250 

the change of diffraction color. The red-shift of diffraction wavelength could be 251 

explained as a consequence of the changing of the lattice constant d upon squeezing 252 

the polymer matrix, as suggested by the model in Schematic 2. The model illustrated 253 

the deformation responsive principle. As the hydrogel film deformed, the structure of 254 

the unit cell of the photonic crystal changed correspondingly. From the reflection 255 

spectra, the corresponding values for the interparticle distance in response to 256 

deformation increased from 191 nm to 236 nm, estimated by Bragg’s Law λ=2ndsinθ, 257 

where λ is the diffraction wavelength, n is the refractive index of water, d is the lattice 258 

plane spacing, and θ=90° is the Bragg angle 19, 27. The fabrication of the photonic 259 

hydrogel film via radical polymerization was simpler and quicker than with the 260 

photopolymerization. 261 
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 262 

Schematic 2 Mechanism of deformation and the structure of the unit cell 263 

 264 

Conclusion 265 

Colloidal photonic crystal structures with tunable stop bands covering the entire 266 

visible spectrums have been constructed in aqueous solution by taking advantage of 267 

the instant nature of magnetic assembly. The equilibrium of electrostatic repulsive 268 

force and magnetic attractive force contributed to the orderly periodic structure. The 269 

Bragg diffraction colors could be controlled simply by tuning the strength of the 270 

external magnetic field. The optical response to the external magnetic field was fast 271 

and fully reversible. An appropriate amount of ionic initiator APS was a key in radical 272 

polymerization of photonic crystal hydrogel film. The lowest APS concentration 273 

required for formation of the polyacrylamide hydrogel and the highest APS 274 

concentration where the photonic crystal system could be stable have been 275 

investigated. Comprehensively considering the effect of reaction time and ionic 276 

strength, 0.3 mg/mL was chosen as the optimal APS concentration. A polyacrylamide 277 
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hydrogel matrix with diffraction colors has been achieved to lock the magnetically 278 

assembled colloidal photonic crystal structure. Notably, the flexible hydrogel 279 

embedding magnetically assembled colloidal photonic crystal has a rapid and 280 

reversible color responsiveness to deformation. The achievement in immobilization of 281 

colloidal photonic crystal structures in liquid state endows the system a major stride 282 

toward practical applications in responsive photonic materials. 283 
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