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Dynamic color tuning has many useful applications in nature for communication, camouflage, mood
indication, etc. Structural colors have more advanced applications due to their ability to respond to
external stimuli by dynamically changing color. In this work, we proposed an efficient method to prepare
magneto-chromatic microspheres with tunable structural color. Through a microfluidic technique, the
magneto-chromatic microspheres containing FesO,@C magnetic particles were continuously prepared.
The size of the microspheres decreases with the increase of PVA solution phase to ETPTA phase flow

rate ratio. Furthermore, the microspheres with larger sizes more easily form close packed structures.
Received 14th December 2021 Mi h b trained in PVA to f free-standing fil fter th ti f water i
Accepted 3rd February 2022 icrospheres can be constrained in o form a free-standing film after the evaporation of water in

PVA solution. The PVA film could display tunable brilliant structural colors when an external magnetic

DO 10.1035/d1ra09028¢ field is applied. Moreover, microspheres with fixed structural colors can also be acquired by polymerizing
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1. Introduction

Structural colors generated from the diffraction of light by
colloidal photonic crystals have attracted great interest due to
their durable, anti-photobleaching and bright colors.?
Colloidal photonic crystals usually form ordered lattices and
create photonic stop bands for the control of light diffraction;
brilliant color could be observed when the stopband falls into
the visible region.? Creating a photonic stop band through the
crystallization of colloid particles in microspheres that generate
microspheres with structural colors has great potential appli-
cation in visualized biochemical sensors**® and color display
devices.” Particularly, microspheres with structural colors are
usually fabricated by emulsion droplets.** The colloidal
particles dispersed in emulsion droplets formed closed packed
arrangement as the solvent evaporated. Using this method, only
microspheres with stationary color were obtained. Therefore, in
order to acquire multi structural colored microspheres,
colloidal particles with different sizes or mixed precursors at
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microspheres under UV light under an external magnetic field.

different concentrations were used to cover this requirement."
However, microspheres that can't dynamically change their
colors according to external stimuli are still limited.

The chromatic transitions in response to external stimuli are
very useful in nature and some creatures usually use these
chromatic transitions for communication, camouflage, mood
indication, etc13,14. Nature creatures such as chameleon, squid
and cuttlefish have attracted much attention because they are
dynamically changing their skin color according to the
surrounding environments. It is well known that these creatures
changed their body's color arising from the translocation of
pigments or a rearrangement of reflective units within
a number of chromatophores. Some studies also found that
chameleons tuned their skin's color not only depending on the
tuning of chromatophores in their skin, but also through active
tuning of a lattice of guanine nanocrystals within a superficial
thick layer of dermal iridophores.”® To achieve smart color
changing artificially, a number of researches have focused on
responsive photonic crystals.'® Responsive photonic crystals are
dielectrically periodical structures that can alter their diffrac-
tion wavelength or intensities upon exposure to physical or
chemical stimuli.'”® The responsiveness of these materials
relies on the corporation of periodical photonic crystal struc-
tures and the responsive materials. In other words, the color
changing of responsive photonic crystals depends on the
influence of responsive materials on periodical photonic crys-
tals. Therefore, problems such as slow response to external
stimuli, incomplete reversibility, and difficulty of integration
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into existing photonic devices have limited the application of
responsive photonic crystal materials."®

To achieve fast structure tuning of responsive photonic
crystal materials, magnetically responsive photonic crystals
have been widely researched in recent years. For example, Bib-
ette reported the ferrofluid droplets that displayed structural
colors under an external magnetic field in 1993, Asher and his
co-workers fabricated monodispersed magnetic polystyrene
(PSt) composite spheres by emulsion polymerization in 2001.>®
Magnetic particles with core-shell structures could be easily
achieved through simple physical methods.**** For example,
Tymoczko et al. produced colloidal Fe-Au core-shell nano-
particles in one step and with a yield approaching 99.7% in
mass through a laser assisted synthetic method.* So far,
magnetic particles such as poly(acrylic acid) (PAA)-capped
magnetite (Fe;O,) particles, silica encapsulated Fe;O, (Fe;-
0,@Si0,), carbon encapsulated Fe;0, (Fe;0,@C), poly(vinyl
pyrrolidone) (PVP)-capped Fe;0, (Fe;0,@PVP) and poly(methyl
methacrylate-co-methacrylic acid) encapsulated Fe;O, (Fes-
0,@P(MMA-c0-MAA)) particles have been widely studied.**”
These magnetic particles can rapidly form one-dimensional
chain like structures and display multi-structural colors in the
presence of an external magnetic field, and the structural color
usually depends on the size of magnetic particles and the
external magnetic field.

Herein, an efficient strategy was used for the preparation of
magneto-chromatic microspheres with tunable structural color.
The magneto-chromatic microspheres which are composed of
Fe;0,@C magnetic particle and ethoxylated trimethylolpropane
triacrylate (ETPTA) were prepared by a microfluidic technique.
It was found that the size of microspheres could be tuned by the
flow rates and microspheres with larger sizes are more easily to
form close packed structures. The microspheres were dispersed
in PVA solution and after the PVA solution was dried, the
microsphere can be constrained in the PVA film and display
brilliant structural color according to an external magnetic field
which could be used to mimic some smart color changing
nature creatures. More importantly, microspheres with fixed
structural colors can also be acquired by polymerizing micro-
spheres under UV light and an external magnetic field. The
microspheres may find some utilities in structural color
displays as well as forgery protection and mimic smart color
changing creatures in nature.

2. Experimental
2.1 Materials and chemicals

Ferrocene (Fe(CsHs),, Z98%), (ethoxylated trimethylolpropane
triacrylate) (ETPTA), hydrogen peroxide (H,0,, =30%), acetone
(C3HeO, Z99%), and poly (vinyl alcohol) (PVA) were purchased
from sigma-aldrich. Capillaries with different diameters were
purchased from VitroCom Inc.

2.2 Synthesis of Fe;0,@C particles

For the synthesis of Fe;0,@C particles, 0.50 g of ferrocene was
dissolved in acetone (60 ml) under an intense sonication of
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30 min to form a homogeneous solution, followed by the
addition of hydrogen peroxide (2.0 ml) and stirred for 30 min
under magnetic stirring. The obtained precursor solution was
then sealed in a Teflon-lined stainless autoclave and heated at
190 °C for 72 h. After reaction, the autoclave was cooled natu-
rally to room temperature. The products were isolated by
a magnet and washed by acetone at least three times. Finally,
the dark precipitates were re-dispersed in ETPTA as a concen-
tration of 20 mg ml™".

2.3 Construction of microfluidic device

A capillary microfluidic device is designed to have one tapered
cylindrical capillary assembled in another cylindrical capillary
with a bigger diameter. The inner cylindrical capillary is tapered
by puller (P-2000, Sutter Instrument) and then carefully sanded
to have 200 pm orifice. Afterward, the capillary is merged into 2-
[methoxy(polyethyleneoxy)propyl] trimethoxy silane (Gelest,
Inc.) for 30 min in order to make it hydrophilic, then the
capillary is dried by blowing air. Finally, one tip of the bigger
capillary and the junction of two capillaries are sealed into two
needles (the needles were firstly cut out appropriate holes by
blade so that capillaries can stuck in it) by glue.

2.4 Preparation of microspheres

The microspheres were fabricated from microfluidic device, as
shown in Fig. 1. Typically, ETPTA suspensions which containing
Fe;0,@C magnetic particles was used as oil phase while PVA
solution (10 w/w%) was used as continuous phase. The flow rate
of PVA phase was controlled as 2000 pL h~" and the flow rates of
ETPTA phase were changing from 300 pL. h™" to 30 uL. h ™. To
get PVA films which constrained microspheres in it, the
microspheres and PVA solution were put in the room temper-
ature for 6 hours and PVA solution will dry automatically. For
microspheres with fixed colors, PVA films were transformed
into a magnetic field and polymerized under UV light for 30
seconds. Then the whole film was put into water and PVA will
dissolve in water, after PVA completely dissolved in water, the
polymerized microspheres were separated from the solution.

2.5 Characterization

The microcapsules are observed with optical microscopy (BX 61,
Olympus) in transmission modes. Digital photos of samples
were obtained by a digital camera (Nikon D7000, Japan). The
scanning electron microscopy (SEM) photographs were taken
on a FEI Quanta Field Emission Gun Environmental SEM at an
acceleration voltage of 5 kV. Transmission electron microscopy
(TEM) images were obtained on FEI TF 20 at an acceleration
voltage of 200 kV. The reflectance spectra were carried out on
a USB4000 fiber optical spectrometer (Ocean Optics).

3. Results and discussion

To fabricate magneto-chromatic microspheres that display
tunable structural colors under the magnetic field, the Fe;0,@C
particles were used and dispersed in ETPTA solution to form
a homogenous suspension.®® The SEM image of magnetic
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(@) TEM images of the Fes0,@C particles and (b) a single Fes04,@C nanoparticles, (c) the electron diffraction (ED) pattern and (d) XRD

pattern of Fes0,@C particles, (e) energy-dispersive X-ray spectroscopy (EDX) mapping of a single particle.

Fe;0,@C particles were shown in Fig. S1.T Fe;0,@C particles
are monodispersed and the diameters of these Fe;0,@C parti-
cles are about 203 nm. Fig. 1(a) demonstrates TEM images of
Fe;0,@C particles, which illustrated that Fe;0,@C has core-
shell structure in shape. The shell structure has a thickness of
33 nm by measuring the TEM photograph. The distribution of
Fe, O and C also illustrated the core-shell structure of the
particle in Fig. 1(e). A typical SAED pattern of a single Fe;0,@C
is shown in Fig. 1(c), it can be observed that a clear sharp
diffraction rings, which indicated the polycrystalline nature of
the products. Its arcs and rings indexed as (111), (220), and (311)
reflections for magnetite, respectively.*® Fig. 1(g) illustrates
a typical XRD patterns of Fe;0,@C particles. As shown in the
XRD patterns, iron oxides (JCPDS file 19-0629, magnetite, or
JCPDS file 39-1346, maghemite) peaks can be clearly observed.
The grain size of Fe;0,@C is 9.21 nm by calculating with the
Debye-Scherrer formula for the strongest peak (311) gave.
With the help of the microfluidic technology, the properties
of microspheres such as controllable size and good sphericity
can be easily achieved.**** During the fabrication of magneto-
chromatic microspheres, the PVA (10 w/w%) solution was
used as the continuous phase, and ETPTA suspension which
contains Fe;0,@C nanoparticles was used as oil phase, the
structure of microfluidic device was shown in Fig. 2. In order to
make magnetic field response microspheres with different
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sizes, the flow rates of oil phases were tuned. During the
fabrication process, the continuous phase flow rate was fixed at
2000 uL h™', while the oil phase flow rates were controlled as
300, 250, 200, 150, 100, 90, 80, 70, 60, 50, 40, 30 pL h~*
respectively. Fig. 3 shows optical macroscope images of the
microspheres fabricated at different oil phase flow rates, it can
be clearly observed that with the decrease of the oil phase flow
rates, the sizes of the microspheres decreased gradually.

To understand the influence of flow rates to the micro-
spheres sizes, size distributions of the spheres fabricated at
different flow rates were measured by calculating about 50
microspheres. Fig. S21 demonstrates the size distributions of
each microsphere fabricated at different flow rates. The average
diameters of these microspheres fabricated at the flow rates of
300, 250, 200, 150, 100, 90, 80, 70, 60, 50, 40, 30 uL h~* are about
261, 246, 231, 221, 200, 154, 138, 131, 115, 100, 92, 85 pm
respectively. The results demonstrated that the size of micro-
spheres gradually decreased when the flow rates changed from
300 to 100 pL h~'. While there is a sharp decrease when the flow
rates changed from 100 to 30 pL h™!, that means if the flow rates
are reduced to a certain extent, the sizes of microspheres are
more sensitive to flow rates, as shown in Fig. 3(a). Furthermore,
the microspheres are more likely to form close-packed struc-
tures when they have bigger sizes, as shown in Fig. S3, the two
samples were collected by a glass slides, from the optical

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic illustration to the preparation of the magnetic field responsive microspheres.

microscope images of microspheres with two different diame- color of these microspheres is brown which results from the
ters, 231 pm (a) and 100 pm (b), the microspheres with the color of the Fe;0,@C particles.* The microspheres showed
diameter of 231 um formed close packed structures while a uniform size distribution and the average diameter of these
microspheres with diameter of 100 um only randomly dispersed microspheres are about 260 pm (see Fig. 4e). When an external
in PVA solution. magnet was put under the Petri dish, these microspheres

The microspheres are randomly dispersed in the PVA solu- gradually gathered together and immediately changed their
tion after being collected by a Petri dish (Fig. 4b). The original color, as shown in Fig. 4(c). It is worth mentioning that the

200 pm

[ J
200 ym ° ° 200 pm

Fig.3 Optical macroscope images of the microspheres fabricated at the flow rates of (a) 300 uL h™?, (b) 250 uL h~?, (c) 200 uL h™?, (d) 150 uL h~?,
(€) 100 uL h™% (H 90 uL h™% (g) 80 uL h™% (h) 70 pL h™%, (i) 60 pL h™%, () 50 pL h™* (k) 40 uL =t and (1) 30 pL h%, respectively.
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Influence of flow rates on microspheres’ diameter and the responsiveness of microspheres to external magnetic field. (a) Relationship

between microspheres’ diameter and flow rates. (b) Digital photo of microspheres collected in a Petri dish. (c) Color displaying of microspheres
under a round magnet. (d) Schematic illustration to the microspheres which displayed different colors under a magnet. (e) Size distribution of
microspheres in (b). (f) Reflectance spectra of microspheres in the presence of external magnetic field at different position, the color of
microspheres changed from red to orange then to yellow green at the position of I, Il and Ill in photo (c).

optical properties of microspheres were only dependent on the
size of Fe;0,@C particles inside, and the size of microspheres
would not affect their colors under an external magnetic field.
The reason of microspheres displayed colors under magnetic
field derived the assembly of Fe;0,@C particles.” Fe;0,@C
particles were randomly dispersed in ETPTA because of the
electrostatic repulsion. However, an external magnetic field
would break the balance and drive the Fe;0,@C particles to
form an ordered structures. The color of suspension depends
on the center—-center distance of each adjacent particle,”* and
the following equation can explain the color changing of the
suspension:**

F> = V(m x Hy) = 3(1 — 3 cos® a)ym’ld* x r

5660 | RSC Adv, 2022, 12, 5656-5664

Herein F, is the dipole force acted on one particle induced by an
adjacent particle, m is a dipole moment and its induced
magnetic field is Hy, « is the angle between the center line of the
two particles and external magnetic field, its value varying from
0° to 90°, d is the center—center distance of two adjacent parti-
cles; r is the unit vector. When the interaction between two
particles approach zero, a critical angle of « is 54.09°. If 0° = «a <
54.09°, the particle-particle interaction is attractive while
repulsive if 54.09° <o = 90°. When the attraction and repulsion
were reached a dynamic balance, Fe;0,@C particles would be
randomly dispersed. However, the balance will be disturbed
and Fe;0,@C particles were driven to form ordered structures
by the magnetic dipole-dipole force when an external magnetic
was applied.*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The microspheres displayed different colors at part I, I and
III. That's mainly because of magnetic field of the magnet is not
uniform, the magnetic field intensity at the edge is stronger
than it in the center, induced the distance between each adja-
cent magnetic particle in chain structures reduced, as shown in
Fig. 4(d). According to Bragg's law: mA = 2nd sin 6, where m is
the diffraction order, 1 is the wavelength of incident light, » is
the effective refractive index, d is the lattice spacing, and 6 is the
glancing angle between the incident light and diffraction crystal
plane. It can be seen that with d value decreased, the value of A
will decrease and the displaying color will have a blue shift.**
Fig. 4(f) shows the relate reflectance spectra in part I, I and III,
the peak position transformed from 700 nm to 545 nm as the
magnetic field changed.

Since a plenty of Fe;0,@C magnetic particles were encap-
sulated in microspheres, these magnetic particles would form
chain-like structures and display colors under external
magnetic field.”> That makes microspheres hold great potential
for mimicking some nature creatures which could tune their
color according to external stimuli. In order to achieve this
purpose, the microspheres were constrained in PVA film by
evaporating water from PVA solution. Fig. 5(a) and (b) demon-
strate the schematic illustration of microspheres in PVA solu-
tion and PVA film, it can be predicted that the distance of each
microspheres would become smaller as the evaporation of water
in PVA solution. Fig. 5(c) shows the optical macroscope image of

(@

PVA solution

(b)

PVA film
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the microspheres dispersed in PVA solution, the microspheres
were uniformly dispersed in PVA solution. However, after PVA
solution was dried and formed a film, the microspheres in the
film are closing packed, but compared to the spheres in PVA
solution, the shapes of microspheres are no longer spherical, as
shown in Fig. 5(d). Furthermore, the sizes of these spheres get
smaller after PVA solution was dried (Fig. 5(e) and (f)). The film
could dynamically tune its color under magnetic field, the
magnetic field intensity was 0.22 T. It displayed brown color
when it is away from the magnet, while as the film moved to the
magnet from one side to the other side, the color of the film
changed from brown to red, as shown in Fig. 5(g) and Video S1.}
The film displayed green color at the edge of the magnet and red
color in the center of the magnet, which may result from the
edge and the center of magnet have different magnetic field
intensity, the magnetic field intensity at the edge is stronger
than it in center, induced the distance between each magnetic
particle in chain structures reduced and resulted in the film
displaying green color at the edge of the magnet.

Due to the microspheres displaying structural color under
external magnetic field, it inspired us a new method to fabricate
microspheres with fixed structural colors. Fig. 6(a) shows
a schematic illustration to the preparation of structural colored
microspheres. Microspheres and PVA solution were collected in
a Petri dish, because a plenty of magnetic particles were
dispersed in microspheres, if the microspheres were

L s

s "
100 150 200 250 300 350

Diameter / um

CR e

Fig. 5 Dynamic color tuning of PVA films composed of microspheres. (a and b) Schematic illustration of microspheres in PVA solution and PVA
film. (c and d) Optical macroscope images of microspheres in PVA solution and PVA film, microspheres close packed after PVA solution was
dried. (e and f) Size distribution of microspheres in PVA solution and the dried PVA film. (g) Digital photos showed the dynamic color changing of

PVA film when it moved from the right to the left of magnet.
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(a) Schematic illustration to the preparation of structural colored microspheres. The microspheres were firstly constrained in PVA film

which was benefit for controlling their movement when they were polymerized under UV light with magnetic field. (b) Digital photos of
microspheres in PVA solution, PVA film, polymerized under UV light with magnetic field and PVA film composed of microspheres with fixed
structural colors. Optical macroscope image of microspheres without (c)/with (e) magnetic field. (d) SEM image of microspheres polymerized

without magnetic field and (f) under magnetic field.

polymerized directly in PVA solution under external magnetic
field, microspheres will move to the edge of magnet and stacked
together due to the un-uniform magnetic field of a magnet,
resulting in microsphere generate uncontrollable color. To
solve this problem, PVA solution was dried to form a film under
room temperature. Thereafter, the film was transformed to an
external magnetic field and then polymerized under UV light for
30 seconds. Then a structural colored film which composed of
microspheres was obtained. Finally, the whole film was put into
water to dissolve PVA, after PVA was completely dissolved in
water, the polymerized microspheres were separated from the
solution and the microspheres with fixed structural color were
obtained. Fig. 6(b) shows digital photos in each process during
the preparation of microspheres with fixed structure colors. The
microspheres dispersed in PVA solution and displayed brown
colors in the absence of magnetic field. After PVA solution was
dried, microspheres were constrained in PVA film. The film
displayed color under magnetic field, but the color is not the
same as the film was put on the edge of magnet. After the film
was move to the center of magnet, the color becomes uniform.
At this time, the whole sample was transform to UV light to

5662 | RSC Adv, 2022, 12, 5656-5664

polymerize and the microspheres with structural color were
obtained after polymerization.

The structural color of microspheres results from the inner
micro-structural of Fe;0,@C magnetic particles.*® Fig. 6(c)
shows the optical microscope image of microspheres in the
absence of magnetic field and Fig. 6(e) shows the microspheres
in the presence of magnetic field. It can be clearly seen that
magnetic particles dispersed in microspheres randomly when
there is no magnetic field. While the magnetic particles formed
one dimensional chain like structures immediately when an
external magnetic field was applied. If the microspheres were
polymerized under UV light without an external magnetic field,
it can be predicted that the magnetic particles would randomly
distribute in microspheres. According to this assumption, we
measured the SEM image of microspheres polymerized without
magnetic field, it can be clearly observed that the particles were
randomly existed on the surface of microspheres no chain-like
structures were observed, as shown in Fig. 6(d). In contrary, if
the microspheres were polymerized under magnetic field,
magnetic particles would form chain-like structures. Fig. 6(f) is
the SEM image of the microspheres which were polymerized

© 2022 The Author(s). Published by the Royal Society of Chemistry
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under magnetic field, chain-like structures composed of
magnetic particles were observed. The chain-like structures on
the bottom of microspheres are denser than on the top, the
same phenomenon was also observed inside the microspheres,
as shown in Fig. S5.7 The reason of this phenomenon may result
from during the polymerization of microspheres, the magnet
was put under the bottom of microspheres, magnetic particles
intend to move to the bottom of microspheres under the driven
of magnetic field during the chain-like structure formation,
resulting in the number of chains in the bottom of micro-
spheres more than above.

4. Conclusions

In summary, we demonstrated synthesis of monodisperse
magnetochromatic microspheres in a microfluidic device. The
size of microspheres could be controlled by the flow rates and
microspheres with larger sizes are more likely to form close
packed structures. Furthermore, the microspheres can be con-
strained in the PVA film after the PVA solution was dried and
displayed brilliant, tunable structural color in the presence of
external magnetic field. Moreover, microspheres could also be
polymerized under UV light and have fixed structural color
when using an external magnetic field during the polymeriza-
tion. The microspheres fabricated in this work may find utility
in displays as well as forgery protection and mimic smart color
changing creatures in nature.
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