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lymer self-assembly of magnetic
nanoparticles for construction of magnetically
responsive photonic crystals based on steric
hindrance†

Meng Shang, Xinjiong Ni, Jiasheng Xu and Yuhua Cao *

Herein, a facile, simple and rapid self-assembly of magnetic colloidal nanoparticles (MCNPs) to build

magnetically responsive photonic crystals (MRPCs) was devolved. A nonionic amphiphilic random

copolymer poly(styrene-co-vinylpyrrolidone) P(St-co-VP) with the monomer molar ratio of 1 : 9 was

used not only as an emulsifier for miniemulsion self-assembly of Fe3O4 magnetic nanoclusters, but also

as the coating material on the magnetic nanoclusters through itself assembly. The self-assembly of the

magnetic nanocluster and the polymer coating were completed simultaneously without another

polymerization process. The characterization of the MCNPs and the optical properties of the MRPCs

were investigated in details. TEM showed that the MCNPs had regular spherical structures with an

average diameter of 104.6 nm (RSD ¼ 13.9%, n ¼ 100). P(St-co-VP) self-assembly coating was confirmed

by IR and XPS, and thermogravimetric analysis showed that the magnetite content was 76.15%. The large

content of magnetite and the thin coating of the copolymer gave MCNPs the high saturated

magnetization (Ms) of 52.60 emu g�1. Under an external magnetic field, the MCNPs could assemble

MRPCs instantaneously and reversibly. The structural color covered entire visible spectrum by tuning the

strength of the external magnetic field. On basis of the steric hindrance from neighboring PVP stretching

chains, rather than electrostatic repulsion or solvation layer to counterbalance magnetic attraction, the

MRPCs could tolerate the electrolyte as high as 0.10 mol L�1 and the variance of pH from 2.0–12.0. The

stability of P(St-co-VP) self-assembly coating was testified through the invariability of the structural color

of MRPCs after repeated washing, as well as the recovery of structural color after removing the electrolytes.
Introduction

Photonic crystals (PCs) are periodic nanostructures consisting
of two or more materials with different dielectric constants. PCs
exhibit photonic band gap (PBG), which prohibits light propa-
gation in certain wavelength and give PCs unique structural
color characteristics. PBG enables PCs to manipulate photons,
just as electronic bandgap makes semiconductor to control
electrons. Due to their unique structures and properties, PCs
show the great potentials in display devices,1 eco-friendly
printings and paintings,2 anti-counterfeiting technologies,3,4

chemical and biological sensors.5 The fabrication of PCs can be
divided into “up-to-bottom”6 and “bottom-to-up”.7 “Bottom-to-
up” strategy is self-assembly of monodisperse colloidal particles
driven by external forces, such as gravity, centrifugal force,
capillary force, electric eld, magnetic eld, etc. Among them,
ing, Jiangnan University, Wuxi, 214122,
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286
the magnetic assembly is controllable, rapid and reversible, and
has aroused the interest of the scientists.8

MRPCs are composed of MCNPs, which are spatially ordered
under the external magnetic eld on basis of the balance
between the magnetic attraction and repulsive force among the
adjacent particles. In general, MCNPs are obtained by preparing
nanoclusters of superparamagnetic ferrites through sol-
vothermal method to obtain high Ms.9–11 The subsequent
coating on the nanoclusters is indispensable, not only to avoid
the agglomeration owing to the ferromagnetic effect of super-
critical size on the premise of maintaining the appropriate size
morphology,12 but also to provide the corresponding repulsive
force such as electrostatic repulsion, solvation layer or steric
hindrance for assembly of MRPCs. Xu et al. prepared super-
paramagnetic monodisperse Fe3O4@PS nanospheres by emul-
sion polymerization for the rst time.13 However, the magnetite
content of the nanosphere was only 17%, and the PBG regulated
by the external magnetic eld was narrow. In order to improve
the content of the magnetic materials, Ge et al. prepared
superparamagnetic colloidal nanocrystals by hydrothermal
method, then polyacrylic acid (PAA) was coated.14 The MCNPs
This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Schematic diagram of the procedure for the preparation of
MCNPs and MRPCs.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 1
1:

23
:2

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
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had high Ms and large specic surface charge density, and the
PBG covered the entire visible region. However, the electrostatic
repulsion from PAA coatings was susceptible to the surrounding
environment such as ion concentration, pH and solvent, which
led to structure color blue-shied, red-shied or even vanished.
Subsequently, Ge et al. used the Stöber method to coat the SiO2

on the surface of magnetic nanoclusters.15 It stabilized MRPCs
through the solvation layer generated by hydrogen bonding,
and realized the magnetic responsiveness of the MRPCs in
organic solvents. However, the tunable range of the PBGs was
narrow. Recently, Luo et al. synthesized superparamagnetic
Fe3O4@PVP colloidal particles by solvothermal method with
high Ms of 53.5 emu g�1.16 The MRPCs were constructed by the
long-range steric repulsion provided by the nonionic polymer
polyvinylpyrrolidone (PVP), rather than electrostatic repulsion.
Therefore, they would be substantially unsusceptible to ionic
strength, pH and solvent polarity. The MRPCs structural color
in polar solvents (such as N,N-dimethylformamide) could cover
the entire visible spectrum by adjusting external magnetic eld,
which further expanded the application eld of MRPCs.
However, a high temperature and pressure environment,
a specic reaction vessel and the long reaction time were
essential for solvothermal synthesis of Fe3O4@PVP colloidal
particles. Therefore, a simple, rapid and controllable prepara-
tion of MCNPs with high Ms and anti-environmental interfer-
ence is imperative in the research of MRPCs.

In our previous work, MCNPs with core–shell structures had
obtained through miniemulsion assembly of magnetic nano-
clusters as the core, followed by miniemulsion polymerization
of polymer shell.17 Miniemulsion refers to a stable dispersion of
submicron (50–500 nm) oil-in-water droplets formed by the
synergistic action of the emulsier and the co-emulsier under
high shear or ultrasonic conditions.18 The droplet size is
between the microemulsion (less than 100 nm) and the emul-
sion (micron). Micellar nucleation in emulsion polymerization
can be avoided by controlling the surfactant concentration
below the critical micelle concentration (CMC).19 The mini-
emulsion droplet acts as a “micro-reactor”, where the poly-
merization reaction takes place. Therefore, the size of the
product would be located in submicron level, which is just right
for construction of PCs with PBG in visible spectrum. Mini-
emulsion polymerization is considered to be the most effective
method for preparing MCNPs.20–22 In our previous work, it was
found that the size and Ms of MCNPs were controllable by
conveniently adjusting the amount of an emulsier SDS.

Herein, we prepared MCNPs through the miniemulsion self-
assembly by an amphiphilic copolymer with one-step process,
without additional polymerization reaction. An amphiphilic
random copolymer was used not only as the emulsier for
formation miniemulsion, but also as MCNPs coating material
by itself assembly. The whole procedures to form MRPCs were
interpreted in Scheme 1. The developed method is faster,
simpler, more convenient and easier to control.

A nonionic amphiphilic random copolymer P(St-co-VP) with
the monomer molar ratio of 1 : 9 was chosen in the present
work for three reasons. Firstly, P(St-co-VP) (1 : 9) was an excel-
lent emulsier to form dispersible and stable oil-in-water
This journal is © The Royal Society of Chemistry 2019
miniemulsion droplets in miniemulsion system. The oil
droplet consisting of oleate modied Fe3O4 nanoparticles and
chloroform was stabilized in aqueous phase by the amphiphilic
polymer P(St-co-VP), where hydrophobic moieties PS inserted in
oil phase, and hydrophilic PVP stretched outward in aqueous
phase. Secondly, during chloroform evaporation, magnetic
nanocluster formed and P(St-co-VP) self-assembled on the
surface of nanoclusters to form aggregates as the coating
materials. The coordination effect between iron and PVP made
the P(St-co-VP) coatings xated, which suffered from washing
process. Lastly, the hydrophilic chain PVP stretched outward,
not only as the MCNPs protective layers, but also as steric
hindrance to balance the magnetic attraction under magnetic
assembly of MRPCs. The assembly mechanism avoided the
inuences of ion strength and pH of surrounding environment.
The formation of magnetic nanoclusters and the self-assembly
coating of amphiphilic random copolymer are accomplished
simultaneously. The thin self-assembly coating was benecial
to enhancement of Ms of MCNPs. Thus, miniemulsion self-
assembly using amphiphilic random copolymer as the emulsi-
er and coating materials to rapidly prepare MCNPs was
studied in the present work.
Experimental section
Chemical

Styrene (St, AR), N-vinylpyrrolidone (N-VP, AR), azodiisobutyr-
onitrile (AIBN, AR), N,N-dimethylformamide (DMF, AR), 1,4-
dioxane (AR), anhydrous ether (AR), iron sulfate heptahydrate
(FeSO4$7H2O, AR), ferric trichloride hexahydrate (FeCl3$6H2O,
AR), ammonia (NH3$H2O, 25%, AR), oleic acid (OA, AR), anhy-
drous ethanol (AR), chloroform (CHCl3, AR), sodium chloride
(NaCl, AR), sodium hydroxide (NaOH, AR), hydrochloric acid
(HCl, AR) were purchased from Sinopharm Chemical Reagent
Co., Ltd. (China). All chemicals were used as received without
further purication.
RSC Adv., 2019, 9, 41280–41286 | 41281
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Preparation of the amphiphilic random copolymer P(St-co-VP)

St (0.01 mol) and N-VP (0.09 mol) were dissolved with 30 mL 1,4-
dioxane in a 250 mL one-necked round-bottom ask, and the
initiator AIBN, 3.0% of the total weight of the monomers, was
added. Aer ushing nitrogen for 30 min, the round-bottom
ask was sealed and the reaction happened under magnetic
stirring in a 65 �C oil bath for 24 hours. Aer that, it was cooled
to room temperature, and the crude product was precipitated
with an appropriate amount of anhydrous ether. Then, the
copolymer was puried by washing with anhydrous ether for
three times. Finally, the product was dried in a vacuum oven at
45 �C overnight, and sealed at room temperature for storage.

The copolymer was characterized by Fourier transform
infrared spectroscopy (FTIR) (WQF-600N, Beijing Rayleigh
Analytical Instrument Co. Ltd., China), gel permeation chro-
matograph (GPC) (Waster, USA) and nuclear magnetic reso-
nance spectroscopy (1H NMR) (AVANCE III HD 400 MHz, Brook,
Swiss), shown in ESI in details.† FTIR spectrum displayed PS
(1600 cm�1, 1492 cm�1, 760 cm�1 and 700 cm�1) and PVP
(1680 cm�1 and 1283 cm�1) characteristic absorption peaks in
Fig. S1.† The molecular weight of P(St-co-VP) was 100 800
determined with GPC in Fig. S2.† From 1H NMR in Fig. S3,† the
molar ratio of St to VP was 1 : 10, close to the feed ratio of 1 : 9.
Preparation of the MCNPs

OA modied superparamagnetic Fe3O4 (OA-Fe3O4) nano-
particles were prepared following the modied chemical co-
precipitation procedure.23 Firstly, 100 mg OA-Fe3O4 and
360 mg P(St-co-VP) were dispersed in 4 mL chloroform as the oil
phase. The well-dispersed oil phase was added in 36 mL
deionized water, and miniemulsied for 2 min with 240 W
Ultrasonic cell disruption system (JP-1200Y, Wuxi Jiuping
Instrument Co. Ltd., China). Then, the miniemulsion was
transferred to a one-necked round-bottom ask, and chloro-
form was evaporated by rotary evaporation using a rotary
evaporator (RE-52C, Zhengzhou Kehua Instrument Equipment
Co. Ltd., China) to obtain the MCNPs. Finally, the particles were
washed repeatedly with deionized water until the conductivity
was consistent with that of the deionized water (3.80 ms cm�1, at
25 �C). The cleaned MCNPs were dispersed in deionized water
and stored for use. The collection and washing of MCNPs was
carried out with magnetic separation.
Fig. 1 TEM images of MCNPs (a) and MCNPs sample dried under
magnetic field (b and c) on the double-carbon supporting film.
Construction of the MRPCs

The MCNPs were dispersed in deionized water, and were
magnetically assembled instantaneously to obtain PCs with
bright structural color using a permanent magnet (50� 10 mm,
Shanghai Xiefu Industrial Co. Ltd., China). By changing the
magnetic eld intensity (H) through adjusting the distance
between the sample bottle and the magnet, the structural color
of PCs could be tuned, and the optical properties of PCs were
recorded with micro ber spectrometer (FLA-5000+, Hangzhou
Jingfei Technology Co., Ltd., China). The ability of MRPCs to
resist environmental interference was investigated by changing
the ionic strength and pH.
41282 | RSC Adv., 2019, 9, 41280–41286
Results and discussion
Characterization of the MCNPs

Scheme 1 is a schematic diagram to interpret preparation of the
MCNPs by the miniemulsion self-assembly method using an
amphiphilic random copolymer P(St-co-VP). The MRPCs, using
MCNPs as the building blocks, were constructed under an
external magnetic eld. The magnetic dipole–dipole force
drives the self-assembly of particles into 1D chain-like struc-
tures along the external eld.24

The transmission electron microscopy (TEM) (JEM-2100,
JEOL, Japan) images of the MCNPs (a) and the MCNPs sample
dried under the magnetic eld (b and c) were shown in Fig. 1. It
was found that the nanoparticles were almost uniform in size
and had regular spherical shape. According to the random
statistics of the particle sizes of 100 particles in the TEM images,
the average particle size of the MCNPs was 104.6 nm (RSD ¼
13.9%). It indicated that the MCNPs were of monodispersity.
Without a magnetic eld, the MCNPs were disorderly dispersed,
and there was a large distance between the nanoparticles, as
shown in Fig. 1a. It revealed that copolymer coatings protected
MCNPs well from the agglomeration. Under the external
magnetic eld, Fig. 1b clearly showed that the particles
assembled into an ordered periodic chain structures. In
particular, it could be seen from Fig. 1c that the Fe3O4 nano-
clusters formed in the inner of MCNPs, but the polymer coating
was too thin to be observed. The thin polymer coating and large
magnetic nanocluster core were a decisive factor to obtain high
Ms.25

Fig. 2a showed FTIR spectra of OA-Fe3O4 nanoparticles and
MCNPs, respectively. The absorption peak at 578 cm�1 in both
spectra was the characteristic absorption peak of Fe–O bond,
which indicated that MCNPs contained Fe3O4 nanoparticles.
The absorption peak at 1630 cm�1 was the characteristic
absorption peak of C]O in oleate, which conrmed the
carboxylate of oleate bonded to Fe3O4 through chelation.
Besides, FTIR spectrum of the MCNPs had a strong absorption
peak at 1665 cm�1, which was ascribed to the stretching
vibration C]O of PVP in P(St-co-VP). An additional absorption
peak appeared at 1283 cm�1, which was the characteristic
absorption peak of the C–N bond of PVP in P(St-co-VP). The
frame vibration of the benzene in P(St-co-VP) (1 : 9) was covered
by C]O peak, nevertheless, C–H out-of-plane bending vibration
of monosubstitute benzene in P(St-co-VP) had a strong absorp-
tion peak at 700 cm�1. The FTIR spectrum of P(St-co-VP) (1 : 9)
also showed the strong absorption peak at 700 cm�1. Therefore,
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) FTIR spectra of the OA-Fe3O4 particles and the MCNPs, (b)
XRD patterns of the OA-Fe3O4 and the MCNPs, (c) TG curve of the
MCNPs, (d) hysteresis loop of the MCNPs.

Fig. 3 (a) XPS spectra of the MCNPs and high-resolution XPS spectra

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 1
1:

23
:2

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the FTIR spectra indicated that P(St-co-VP) was coated on the
surface of MCNPs. OA-Fe3O4 nanoparticles and MCNPs was
characterized by an X-ray diffraction analyzer (XRD) (Germany
Brook AXS Co. Ltd., Germany). Fig. 2b showed the XRD pattern
of OA-Fe3O4 nanoparticles and MCNPs. The diffraction peaks in
two XRD spectra corresponded to the (220), (311), (400), (422),
(511) and (440) crystal planes. Through the comparative anal-
ysis with standard diffraction card PDF26-1136, it was consis-
tent with the characteristic diffraction peaks of the standard
Fe3O4. It indicated that OA-Fe3O4 nanoparticles and the MCNPs
were the cubic trans-spinel structure of Fe3O4. The diffraction
peak shape of Fe3O4 was narrow and sharp, it revealed that the
grain was intact and the degree of crystallization was good.

Fig. 2c was the thermogravimetric (TG) (TGA/DSC1/1100SF,
Mettler Toledo International Trade Co. Ltd., Switzerland)
curve of the MCNPs. TG curve showed a slowly decreasing trend
in the range of 25–250 �C, and the weight loss was 3.30%. It was
ascribed to the evaporation of the physical-chemical adsorbed
water and traces of organics;26 in the range of 250–500 �C, there
was a sharp downward trend in TG curve and the weight loss
was 20.55%. It is derived from the thermal decomposition of
organic components in the MCNPs.25 As the temperature
continued to rise, TG curve became at, indicating that the
organic components had been burned out. The remaining mass
was 76.15%, which belonged to ferromagnetic materials with
high thermal stability (Fe3O4 or Fe2O3).16 Therefore, the
magnetite content in the MCNPs was 76.15%, 4 times as much
as that in superparamagnetic Fe3O4@PS nanospheres.13 This
was consistent with the observation of the MCNPs in TEM.

Magnetic properties of MCNPs were measured with vibrating
sample magnetometer (VSM) (MPMS XL-7, Quantum Design,
USA) to obtain the hysteresis loop (Fig. 2d). It could be
concluded from the hysteresis loop that the Ms of MCNPs was
52.60 emu g�1. The Ms was much higher than Ms of super-
paramagnetic Fe3O4@PS nanospheres and Fe3O4@SiO2

magnetic nanospheres reported previously,13,15 and equivalent
This journal is © The Royal Society of Chemistry 2019
to Ms of the superparamagnetic Fe3O4@PAA and Fe3O4@PVP
nanoparticles.14,16 The higher Ms endowed the MCNPs with
higher magnetic sensitivity and the more controllable assembly
of MRPCs instantaneously. PVP has coordination interaction
with Fe3O4. During self-assembly of amphiphilic random
copolymer P(St-co-VP), the PVP drove Fe3O4 nanoparticles
toward the periphery, which also increased the Ms of MCNPs.
The coercive force (Hc) and remnant magnetization (Mr) of
MCNPs was 33.95 Oe and 3.95 emu g�1, respectively, shown in
the enlarged scale view of Fig. 2d. Both Hc and Mr were not
theoretically zero, which indicated that MCNPs were para-
magnetic materials, close to superparamagnetism.

The surface element composition of the MCNPs was char-
acterized by X-ray photoelectron spectroscopy (XPS) (Axis supra,
Kratos, UK), shown in Fig. 3a. The results showed that the
surface of the MCNPs contained 69.10% C, 20.48% O, 7.06% Fe
and 3.36% N. XPS is a kind of surface analysis technique, which
probes the outermost 5–10 nm thickness of the MCNPs.27

Therefore, the surface of the MCNPs was comprised of a large of
organic polymer P(St-co-VP) and a small part of Fe3O4. To
determine the chemical state of each element, high resolution
XPS spectra of N 1s, O 1s and Fe 2p were highlighted, as shown
in Fig. 3b–d. In Fig. 3b, the tting results of N 1s revealed that
the particles surface had only one chemical state of N, the
binding energy of N 1s was consistent with that in pure PVP.27 In
Fig. 3c, the O 1s line was tted three peaks, 529.8 eV, 530.9 eV
and 532.0 eV, corresponding to three different chemical
states.28,29 According to the relevant references, the rst peak
(529.8 eV) was matched with the binding energy of O from
Fe3O4,30 the second peak (530.9 eV) could be assigned to the free
O in PVP,27 while the last peak (532.0 eV) was attributed to O
from PVP coordinating with the Fe3O4.31 On the basis of this
analysis, it was veried that PVP had coordination effect with
Fe3O4, which made Fe3O4 nanoparticles appear at the periphery
of the nanoparticles. In Fig. 3d, the peak of 710.4 eV and
724.2 eV was the binding energy of Fe 2p3/2 and Fe 2p1/2,
of the MCNPs (b) N 1s, (c) O 1s and (d) Fe 2p.

RSC Adv., 2019, 9, 41280–41286 | 41283
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respectively. The results were consistent with the typical char-
acteristics of the XPS data of Fe3O4 reported in the literature.32,33

The tting results of Fe 2p showed that the molar ratio of
octahedral and tetrahedral Fe3+ to octahedral Fe2+ was 1.90.34,35

Therefore, during assembly process, Fe3O4 in MCNPs was not
oxidized.
Optical properties of MRPCs

Magnetically responsive of the MCNPs. MCNPs with
a concentration of 1.00 mg mL�1 were magnetically assembled
into PCs in a magnetic eld. Fig. 4a showed the reection
spectra of the MRPCs corresponding to different H, and Fig. 4b
was an optical picture of the MRPCs corresponding to the
different H. H could be adjusted by changing the distance
between the magnet and the sample bottle. According to the
Bragg diffraction equation l ¼ 2nd sin q (l is the diffraction
wavelength; n is the refractive index of water 1.33; d is the lattice
plane spacing; q is the Bragg angle 90�),36–38 l was proportional
to d since n and q were xed. The lattice plane spacing
d depends on the balance between magnetic attraction of Fe3O4

nanoclusters and long-range steric repulsion of PVP on the
surface of MCNPs. An increase of H strengthened the magnetic
attraction between the MCNPs. Aer rebalancing magnetic
attraction and the long-range steric repulsion, the spacing
between nanoparticles became shortened, which made l blue-
shied. If H weakened, l red-shied reversely. The optical
response of the MCNPs to the external magnetic eld was
instantaneous and fully reversible. The PBG had a wide
adjustable range, which covered the entire visible spectrum.
The tunable spectral range was wider than that of MRPCs made
up of Fe3O4@PVP particles,16 and the spectral reection inten-
sity was also higher. In addition, the required H for realizing the
ordering of MCNPs and color tuning of MRPCs was typically in
the range of 0.3–0.01 T. The research process used the rubidium
ferroboron strongmagnet, and theH of the disk-shapedmagnet
was measured by a handheld digital Tesla meter (TD8620,
Changsha Tianheng Measurement and Control Technology Co.
Ltd., China). Fig. 4b showed the H at the center of the disk-
shaped magnet.

Anti-interference of the MRPCs. According to the classic
Derjaguin–Landau–Overbeek–Verwey (DLOV) theory,39

increasing the ionic strength of the aqueous solutions can
largely compress the double electric layer and shield
Fig. 4 (a) Reflection spectra of the MRPCs corresponding to different
magnetic field strength H, (b) optical pictures of the MRPCs corre-
sponding to different magnetic field strength H.

41284 | RSC Adv., 2019, 9, 41280–41286
electrostatic forces. Therefore, when the concentration of NaCl
increased to 1.0� 10�2 mol L�1 or less, the MRPCs stabilized by
the electrostatic repulsion would coagulate and lose the char-
acteristics of PCs. It is due to the fact that the electric double
layer become thinner and shields the electrostatic force. It is
insufficient to resist the magnetic attraction, and nally the
agglomeration of the magnetic nanoparticle occurs. In contrast,
the MRPCs relied on PVP long-range steric repulsion stabiliza-
tion, could remain stable at higher ionic strengths or at acidic
and alkaline conditions.

Fig. 5 showed the reection spectra of the MRPCs as NaCl
concentration from 1.0 � 10�4 mol L�1 to 1.0 � 10�1 mol L�1 at
pH 6.0–7.0. It could be seen that MCNPs remained stable and
the diffraction peak of MRPCs covered entire visible spectra
with the increase of H. On the other hand, though the structural
color still remained, the diffraction peaks blue-shied slightly
and the strength of diffraction light weakened as NaCl
concentration became 0.010 mol L�1 and 0.10 mol L�1.

Fig. 6 showed the reection spectra of the MRPCs as pH
ranged from 2.0 to 12.0, adjusted by adding HCl or NaOH
aqueous solution. The diffraction peak of the MRPCs still
exhibited a wide tunable spectral range as the H increases. It
indicated that the optical properties of the MRPCs were insen-
sitive to the variance of pH because of non-ionic PVP polymer on
the surface of MCNPs. The change of pH in a certain range had
no signicant effect on the surface charge density. However, if
the acidity or alkalinity increased further, the structural color of
MRPCs disappeared, and MCNPs gradually dissolved.

MRPCs based on steric-repulsion mechanism would tolerate
the high concentration of the electrolytes, and the wide range of
pH, which extremely extended MRPCs application.

Stability and reproducibility of the MRPCs. The stability of
P(St-co-VP) assembly coatings on the MCNPs might be the most
concerned problem. In order to dispel such concern, the
MCNPs were washed with deionized water for 10 times, and the
structural colors of the MRPCs remained unchanged, as shown
in Fig. 7. It indicated that the assembly coatings could be rmly
Fig. 5 (a–d) Reflection spectra of the MRPCs as NaCl concentration
from 1.0 � 10�4 mol L�1 to 1.0 � 10�1 mol L�1 at pH 6.0–7.0.

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra08962d


Fig. 6 (a–h) Reflection spectra of the MRPCs as pH ranged from 2.0 to 12.0, adjusted by adding different concentrations of HCl or NaOH.

Fig. 7 Optical pictures of the MRPCs at 0.11 T after washing 2, 4, 6, 8,
10 times with deionized water.
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xed on the surface of the MCNPs owing to coordination effect
between iron and PVP.

Furthermore, the MCNPs could be regenerated simply
through water washing, and be reutilized. As shown in Fig. 8a,
as the NaCl concentration increased, the structural color of the
MRPCs blue-shied slightly. When NaCl concentration was 1.0
� 10�1 mol L�1, the structural color was bluish purple and
became faded. In aqueous solution, the hydrogen bond
between N on the heterocyclic pyrrole in PVP and H in water
molecule made PVP chain stretching, which gave the steric
hindrance to balance the magnetic attraction as magnetic
assembly of MRPCs. With the increase of NaCl concentration,
Fig. 8 (a) Optical picture of the MRPCs at different concentrations of
NaCl and after washing with water, (b) optical pictures of the MRPCs in
different pH systems and after washing with water.

This journal is © The Royal Society of Chemistry 2019
the hydrogen bond would be weakened, and the PVP chain
would shrink. Thus, the structural color of the MRPCs would be
blue-shied. As NaCl concentration was more than 0.1 mol L�1,
and the structural color would be dimmed due to some particles
aggregation and deposition. Since the hydrogen bond was
broken severely, the PVP chain was too short to resist the
magnetic attraction among the MCNPs. However, aer washing
with deionized water, the system could completely recover the
initially structural color. Fig. 8b showed the optical pictures of
the MRPCs in different pH aqueous solutions. The color blue-
shied as pH moved to acidity or alkalinity. Expectedly, as it
was washed to neutral, the structural color could completely
recover to its initial color. The experimental results testied the
stability of the assembly coating, as well as renewable utiliza-
tion of the MRPCs.
Conclusions

In summary, the MCNPs, as the building blocks to construct
MRPCs, could be prepared by the miniemulsion self-assembly
of amphiphilic random copolymer with one-step process. The
developed strategy to self-assemble MCNPs had the merits of
simplicity, rapidity, convenience and without polymerization
process. The MRPCs with bright structural color had the
advantages of controllable PBG covering entire visible spec-
trum, salt-resistance, pH-endurance, and renewability. The
present work provided a novel route to prepare MRPCs, which
would greatly promote the practical application and expand the
application elds.
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