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ABSTRACT: Here, we have demonstrated the production of colorless and full-color magnetic nanoparticles based on holmium
(Ho)-doped polymers, which could not be achieved with conventional dark brown iron oxide magnetic nanoparticles. The
coordination of Ho, a lanthanide with low colorability and a strong magnetic moment, with a poly(2-acetoacetoxy ethyl
methacrylate) brush built on the surface of submicron-sized silica particles allowed for the formation of colorless magnetic
nanoparticles. Additionally, bright and full-color magnetic nanoparticles were obtained by mixing different colored magnetic
nanoparticles that were prepared by copolymerization of 2-acetoacetoxy ethyl methacrylate and dye monomers. Various colors,
including transparency, were demonstrated by means of the present method, which determines the presence or absence of
magnetism by Ho doping. The bright and magnetically controllable colored nanoparticles presented herein may have a significant
impact on practical substances and applications, such as ink and biomedical and device applications.
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■ INTRODUCTION

Magnetic materials play an important role in the progress of
scientific and industrial growth.1 In previous reports, iron oxide
nanoparticles composed of magnetite (Fe3O4) and/or
maghemite (γ-Fe2O3) nanoparticles have been mainly used
as a component of magnetic materials because they exhibit
excellent magnetic properties.2,3 Iron oxide nanoparticles can
be easily combined with other materials, such as polymer
matrices and inorganic compounds, to produce a variety of
functional magnetic composites. Applications of iron oxide
nanoparticles and their composites include magnetic resonance
imaging, medical diagnostics, memory devices, catalysts, and
sensors.4−6 While excellent magnetic materials have been
created, their use as colored materials and optical materials is
limited by the fact that iron oxide nanoparticles are dark brown
in color, as shown in Figure S1.7 Research into fluorescent
magnetic nanoparticles where coloring is not an issue is
ongoing,8−11 but to our knowledge, there has been little
progress in developing bright colored magnetic nanoparticles.
In recent years, research on structural colors utilizing the

interaction between nanostructures and light has been
conducted.12−16 It has also been reported that by using the
Fe3O4 nanoparticles as a component, the color tone of the
structural color can be controlled by a magnetic field.17−19

Although it is possible to easily change the color, assembly of
particles is required to build a nanostructure that exhibits the
structural color. In contrast, colored magnetic nanoparticles
can be directly and easily detected visibly without the assembly
of particles. While these particles are expected to be used as
medical diagnostic materials for magnetic separation, bright
colored particles need to be prepared for sensitive
detection.20,21 In addition, the development of high-resolution
color electronic paper driven by a magnetic field requires the
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production of submicron-sized colored magnetic nanoparticles,
which are expected to respond quickly to a magnet.22

However, the dark coloration intensifies as the size of the
composite materials decreases, as long as iron oxide nano-
particles are a component. The size of the composite materials
is inversely related to the brightness of the coloration.
Therefore, for the production of bright colored magnetic
materials, significant work remains to be done to develop
magnetic nanoparticles that are essentially colorless and have a
magnetic response comparable to that of conventional iron
oxide magnetic nanoparticles.7

Lanthanides exhibit excellent luminescent and magnetic
properties due to their shielded 4f orbital electrons because the
energy of the 4f orbital is lower than that of the 5d orbital.23

The luminescent properties of lanthanide complex materials
have been well investigated, and lanthanide complex materials
have been widely used in industrial applications.24−27 Much
knowledge about the magnetic properties of lanthanides has
also been accumulated. In addition to lanthanide-based
permanent magnets,28 lanthanide single-molecule mag-
nets29−31 have also attracted considerable attention because
of their potential applications, such as in spintronic devices,
high-density information storage, and quantum computing.
Some lanthanides, for example, terbium (Tb), dysprosium
(Dy), holmium (Ho), and erbium (Er) are known to have high
magnetic moments,23 and in recent years, the development of
magnetic materials based on the assembly of lanthanide
complexes has progressed.32,33 We prepared magnetic
materials by immobilizing Ho or Tb on poly(acrylic acid)-
based polymeric scaffolds.34,35 The resulting lanthanide
composite materials responded quickly to a magnet without
using conventional iron oxide nanoparticles. While not
reported previously, these lanthanide composites will essen-
tially be colorless magnetic materials, because lanthanides have
low colorability.
Herein, we demonstrated the creation of bright and full-

color magnetic nanoparticles based on Ho-doped polymers
(Figure 1). Submicron-sized silica (SiO2) particles (diameter:
approximately 100 nm) were decorated with poly(2-
acetoacetoxy ethyl methacrylate) (PAAEM) brushes that act
as Ho-immobilized scaffolds. Then, Ho was coordinated under
alkaline conditions to obtain colorless magnetic nanoparticles
(SiO2@PAAEM/Ho particles). Colored magnetic nanopar-
ticles (SiO2@dye-co-PAAEM/Ho particles) were prepared by
the copolymerization of AAEM and dye monomers. By mixing
differently colored nanoparticles, bright and full-color magnetic
nanoparticles were formed. To our knowledge, this is the first
study to produce bright colored submicron-sized magnetic

nanoparticles, which greatly expand the application range of
magnetic materials. This method has a novel feature, in that
the presence or absence of magnetism in the particles can be
easily controlled by only Ho doping, which provide flexibility
in material design.

■ EXPERIMENTAL SECTION
Materials. Tetrahydrofuran (THF) (>99.5%) was obtained from

Kanto Chemical Co., Inc. (Tokyo, Japan). 2,2′-Azobisisobutylonitrile
(AIBN) (>98.0%), dichloromethane (DCM) (>99.5%), holmium-
(III) nitrate pentahydrate [Ho(NO3)3·5H2O] (>99.5%), reactive dye
monomers (B01, Y03, and R13), sodium hydride (60% in paraffin
oil), hydrochloric acid (HCl), N,N-dimethylformamide (DMF)
(>99.5%), and 1,4-dioxane (>99.5%) were purchased from Wako
Pure Chemical Ind., Ltd. (Osaka, Japan). 3-Aminopropyltrimethox-
ysilane (APTMS) (>97.0%), N-hydroxysuccinimide (NHS)
(>98.0%), and 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]-
pentanoic acid (CSPA) (>97.0%) were purchased from Sigma-
Aldrich Japan Co., LLC. (Tokyo, Japan). AAEM (>95.0%), N,N′-
dicyclohexylcarbodiimide (DCC) (>98.0%), and diethyl ether
(>99.5%) were purchased from Tokyo Chemical Ind., Co., Ltd.
(Tokyo, Japan). AAEM was purified on an alumina column.
Deionized water with a resistance of 18.2 MΩ·cm was obtained by
passing water through a Millipore Simplicity UV system. Silica (SiO2)
particles (MP-1040) were supplied by Nissan Chemical Co. (Chiba,
Japan), and were purified by stirring in concentrated nitric acid and
washing with ultra-pure water, and subsequently with THF. All other
chemicals and solvents were of reagent grade, and were used as
received.

Measurements. The Fourier transform infrared (FT-IR) spectra
were recorded using a JASCO FT/IR-420 instrument. Transmission
electron microscopy (TEM) and energy dispersive X-ray spectrom-
etry (EDS) mapping were performed on a Hitachi H-7650 instrument
operated at 100 kV. The dynamic light scattering (DLS) measure-
ments were performed with a Malvern Zetasizer Nano ZS system. The
X-ray photoelectron spectroscopy (XPS) measurements were
performed using a JEOL JPS-9030 instrument. Inductively coupled
plasma atomic emission spectroscopy (ICP-AES) analysis was
performed using a PerkinElmer Optima8300 instrument. The
magnetic properties were measured using a Quantum Design
MPMS XL-5 superconducting quantum interference device
(SQUID) magnetometer. The ultraviolet−visible (UV−vis) absorp-
tion spectra were obtained using a Hitachi U-3010 spectropho-
tometer. The gel permeation chromatography (GPC) measurements
were performed on a Tosoh HLC-8220GPC system equipped with a
refractive index detector, and THF was used as a mobile phase and
introduced with a flow rate of 0.3 mL min−1 at 40 °C on serially
combined TSKgel SuperHZM-N, SuperHZ2500, and SuperHZ1000
columns. Calibration was carried out using polymethylmethacrylate
standards. The grafting density of the polymer brushes was
investigated using a Shimadzu DTG-60A thermogravimetry/differ-
ential thermal analysis (TG-DTA) instrument. Photographs of the
samples were taken using an Olympus OM-D digital camera.

Figure 1. Schematic illustration of the preparation of colorless and colored magnetic nanoparticles functionalized by Ho-doped polymers. The
insets show photographs of a glass vial (volume: 2 mL) containing a DMF dispersion of the prepared particles (10 wt %).
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Preparation of SiO2@PAAEM Particles. The mixture of a silane
coupling reagent, APTMS (4.6 g, 26 mmol), and SiO2 particles (10 g)
was stirred under reflux for 12 h in THF, affording amino-
functionalized SiO2 particles (SiO2@APTMS; 4.54 groups nm−2).
SiO2@APTMS (9.0 g) was then added to 300 mL of DCM containing
CSPA (3.0 g, 7.4 mmol), NHS (1.7 g, 15 mmol), and DCC (3.0 g, 15
mmol). The mixtures were allowed to react at 25 °C for 24 h in the
dark, giving rise to CSPA-modified SiO2 particles (SiO2@CSPA; 2.46
groups nm−2). The prepared SiO2@CSPA particles were immersed in
a 50 mL flask containing 20 mL of 1,4-dioxane with the AAEM
monomer (2.33 g, 10.9 mmol), CSPA (22 mg, 0.054 mmol), and
AIBN (1.8 mg, 0.010 mmol), which was degassed through three
freeze−pump−thaw cycles, and then polymerization was performed at
70 °C. After 18 h, the polymerization process was quenched by
cooling in an ice bath, and the particles were purified repeatedly by
centrifugation (10,000 rpm for 10 min) and redispersion, forming
PAAEM-grafted SiO2 particles (SiO2@PAAEM; 0.16 chains nm−2).
Preparation of SiO2@dye-co-PAAEM Particles. Colored

PAAEM-grafted SiO2 particles were prepared by the copolymerization
of AAEM and dye monomers (B01, Y03, or R13: 0.65 wt % relative to
AAEM), and were designated as SiO2@dye-co-PAAEM particles.
Preparation of Colorless and Colored Magnetic Particles.

Sodium hydride (2.6 mg, 0.11 mmol) and Ho(NO3)3·5H2O (0.049 g,
0.11 mmol) were added to SiO2@PAAEM (0.22 g, 0.32 mmol)
dispersed in THF. The mixtures were stirred at room temperature.
After 24 h, the particles were purified repeatedly by centrifugation
(10,000 rpm for 10 min) and redispersion, producing colorless
magnetic particles (SiO2@PAAEM/Ho). Colored magnetic particles
instead of SiO2@PAAEM particles were prepared using SiO2@dye-co-
PAAEM.

■ RESULTS AND DISCUSSION
SiO2@PAAEM particles were prepared by the surface-initiated
reversible addition−fragmentation chain transfer polymer-
ization of AAEM on the surface of SiO2 particles. The
volume-average diameters of the SiO2@PAAEM particles in
DMF, as measured using DLS, were approximately 122 nm,
which is larger than the approximately 100 nm diameter core
SiO2@CSPA particles, indicating that the SiO2@PAAEM
particles have PAAEM shell layers with approximately 11 nm
thickness (Figure S2). TEM analysis of the SiO2@PAAEM
particles also suggested the formation of PAAEM layers with
approximately 14 nm thickness (Figure S3). The grafting
density of the PAAEM shell calculated by TG-DTA was
approximately 0.16 chains nm−2, and the number-average
molecular weight of PAAEM measured by GPC was
approximately 30,900, indicating that the surfaces of the
SiO2 particles were coated with highly densely packed PAAEM
brushes (Figures S4 and S5).
The SiO2@PAAEM/Ho particles were prepared by doping

Ho on the PAAEM brushes. The immobilization of Ho was
measured by FT-IR spectroscopy (Figure 2a). The strong
absorption bands at 1723 and 1632 cm−1 in the spectra of the
SiO2@PAAEM particles were attributed to the stretching
vibrations of CO and CC (enol isomer), respectively, in
the β-diketone groups. The redshift of the bands at 1723 and
1632 to 1719 and 1625 cm−1 in the spectra of the SiO2@
PAAEM/Ho particles indicated the coordination of the
carbonyl group to the Ho cation, which agrees with the report
that the peak attributed to the carbonyl groups redshifted after
the binding of the lanthanide ion to the β-diketone groups.36

The peak attributed to CC vibrations was redshifted to 1625
cm−1 after the deprotonation of the enol hydroxyl group. While
a more detailed analysis of the complex form is required, these
data suggest that trivalent Ho complexed with the β-diketone
group of AAEM, as shown in Figure 2b.37,38 The Ho4d XPS

data for the SiO2@PAAEM/Ho particles show the introduc-
tion of Ho (Figure S6). Additionally, the introduction of Ho
was confirmed by the results of TEM−EDS mapping of the
SiO2@PAAEM/Ho particles (Figure S7). The DLS measure-
ments were performed in DMF to investigate the dispersion
stability of the SiO2@PAAEM/Ho particles (Figure S8).
Although the formation of secondary particles, which may be
caused by Ho, was suggested, the obtained particles were well
dispersed in the solvent, and no noticeable aggregation was
observed.
Figures S9 and 3a show photographs of the DMF dispersion

of SiO2@CSPA, SiO2@PAAEM, and SiO2@PAAEM/Ho

particles. As seen from these photographs, no coloration was
observed, neither after the formation of the PAAEM brushes
nor after the immobilization of Ho. As shown in Figure S10, no
absorption other than absorption due to particle scattering was
obtained, indicating the production of colorless particles. A
neodymium magnet (1 T) was placed on the side of a glass
vial, in which each particle was dispersed and allowed to stand.

Figure 2. (a) FT-IR spectra of SiO2@PAAEM and SiO2@PAAEM/
Ho particles. (b) Proposed structure of the complex of Ho and
AAEM.

Figure 3. (a) Digital photographs of the magnetically responsive
behavior of SiO2@PAAEM/Ho particles. Magnetization curve of
SiO2@PAAEM/Ho particles at (b) 300 K and (c) at 5 K in an applied
magnetic field up to 3979 kA m−1 (5 T). (d) Temperature
dependence of χT at 795.8 kA m−1 (1 T) for SiO2@PAAEM/Ho
particles.
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Although the SiO2@CSPA and SiO2@PAAEM particles did
not respond to the magnet after 1 h (Figure S9), the SiO2@
PAAEM/Ho particles were attracted immediately after the
placement of the magnet, and almost all of the particles were
collected at the magnet after 1 min (Figure 3a). The collected
SiO2@PAAEM/Ho particles were easily redispersed in
solution when the magnet was removed. The detailed magnetic
field response measurements of the bare SiO2, SiO2@PAAEM,
and SiO2@PAAEM/Ho particles were performed with a
SQUID magnetometer with fields of up to 3979 kA m−1 (5
T). The results were obtained by the conventional magnetic
hysteresis loop measurement technique. First, the mass
magnetization at 300 K was measured because it is assumed
that the polymer-based magnetic composite materials are
mainly used near room temperature. While the magnetic
response of the bare SiO2 and SiO2@PAAEM particles was
very small (Figure S11), the mass magnetization of the SiO2@
PAAEM/Ho particles at 3979 kA m−1 (5 T) was
approximately 1.51 A m2 kg−1 (Figure 3b). As shown in
Figure 3c, the SiO2@PAAEM/Ho particles showed a higher
mass magnetization value (approximately 16.9 A m2 kg−1) at 5
K than at 300 K. While saturation magnetization was observed
in the measurement made at 5 K, no hysteresis was observed,
indicating the paramagnetic property of the sample (Figure
3c).34,39,40 The temperature-dependent magnetic properties of
the SiO2@PAAEM/Ho particles were measured at 795.8 kA
m−1 (1 T) in the temperature range of 5−300 K. The χT
versus T plots are shown in Figure 3d. The χT values
decreased continuously with cooling. This result also indicated
that the sample showed a paramagnetic property. The Ho-
immobilized particles had a high mass magnetization and
rapidly responded to the neodymium magnet. More
importantly, the submicron-sized magnetic nanoparticles
prepared by the present method were colorless materials,
unlike conventional iron oxide magnetic nanoparticles. The
development of colorless nanoparticles, each with magnetic
properties, is useful for applications in inks such as magnetic
inks and inks for anti-counterfeit materials. These studies are
currently underway in our laboratory.
Colored nanoparticles were prepared by the copolymeriza-

tion of AAEM and dye monomers (Figure 1). The colored
magnetic nanoparticles were then prepared by doping Ho onto
the SiO2@dye-co-PAAEM particles. The yellow-, magenta-,
and cyan-colored magnetic nanoparticles were named Y/
Ho(+), M/Ho(+), and C/Ho(+) particles, respectively. The
colored nanoparticles before doping Ho were named Y/
Ho(−), M/Ho(−), and C/Ho(−) particles. The obtained
colored nanoparticles showed maximum absorption at 450,
560, and 625 nm, corresponding to the respective colors
(Figure 4a). While the colored magnetic nanoparticles
dispersed in DMF had slightly slower responses to the
neodymium magnet than the colorless magnetic nanoparticles,
almost all of the particles were collected at the magnet after 5
min (Figure 4b). The mass magnetism of the colored magnetic
nanoparticles at 300 K was lower than that of the colorless
magnetic nanoparticles (Figure 5a). Ho immobilized on the
particle surface was recovered by an acid treatment (0.1 M
HCl), and the amount of Ho was measured by ICP-AES. As
shown in Figure 5b, the amount of Ho immobilized on the
colorless particles was larger than the amount carried by the
colored particles. This phenomenon probably occurred
because the amount of Ho immobilized onto the colored
particles was reduced by the introduction of dye monomers

into the PAAEM brushes. While controlling the amount of Ho
immobilized by the stricter design of the polymer brushes is a
future task, we obtained bright colored magnetic nanoparticles
that responded to a magnetic field.
The creation of magnetic nanoparticles with various colors

was investigated by mixing the three primary colored magnetic
nanoparticles (Figure 6a). When the Y/Ho(+) and M/Ho(+)
particles were mixed in a 1:1 ratio, orange-colored magnetic
nanoparticles were easily obtained. Purple- and green-colored
magnetic nanoparticles were also obtained by simply mixing
M/Ho(+) with the C/Ho(+) particles and Y/Ho(+) with the
C/Ho(+) particles, respectively. From the absorption spectra
of the orange-, purple-, and green-colored magnetic nano-
particles shown in Figure 6b, the spectra corresponding to the
absorption of the combined two-colored particles were
obtained. By controlling the mixing of the two differently
colored particles, we successfully obtained a variety of colored
magnetic nanoparticles. Figure 6a shows the International
Commission on Illumination (CIE) 1931 chromaticity
diagram, and the colors of each sample are plotted. These
data clearly indicate that the present method enables
producing nearly the full range of colored magnetic nano-
particles.
It should be noted that the presence or absence of

magnetism of the particles prepared by this method can be
easily controlled by whether or not Ho is immobilized.
Magnetic color tuning was investigated by combining the four
particles, that is, the Y/Ho(+), Y/Ho(−), C/Ho(+), and C/
Ho(−) particles (Figure 6c). Mixing of Y/[Ho(+) or Ho(−)]

Figure 4. (a) Absorption spectra of colored magnetic nanoparticles.
(b) Digital photographs of the magnetically responsive behavior of
colored magnetic nanoparticles.

Figure 5. (a) Mass magnetization of the SiO2@PAAEM/Ho and
colored magnetic particles measured at 795.8 kA m−1 (1 T). (b)
Amount of Ho on the SiO2@PAAEM/Ho and colored magnetic
nanoparticles, as measured by ICP-AES.
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and C/[Ho(+) or Ho(−)] particles led to the formation of
green-colored particles. However, the response behavior to the
magnet varied greatly depending on the combination of
particles. When the neodymium magnet was placed in a DMF
dispersion containing Y/Ho(−) and C/Ho(−) particles, the
particles remained dispersed, and the solution remained a
green color. The dispersion of the Y/Ho(+) and C/Ho(+)
particles containing Ho responded to the magnet quickly, and
finally, the solution became transparent. If either particle
contained Ho, only the Ho-doped particles responded to the
magnet. When the Y/Ho(+) and C/Ho(−) particles were
combined, only the Y/Ho(+) particles were attracted to the
magnet, and the color of the solution became cyan because of
the dispersed C/Ho(−) particles. In contrast, when the Y/
Ho(−) particles and C/Ho(+) particles were combined, the
Y/Ho(−) particles remained in the solution phase and the C/
Ho(+) particles were attracted to the magnet, resulting in a
yellow solution color. When the Ho-containing particles and
particles not containing Ho are mixed, it is possible that Ho
exchanges between the particles. Thus, after collecting the C/
Ho(+) particles with the magnet, the Y/Ho(−) particles in the
solution phase were collected, and the amount of Ho was
measured by ICP-AES. Almost no signal from Ho was detected
(data not shown). Under these experimental conditions, there
was no movement of Ho between the particles, indicating that
the obtained magnetic particles were stable in solution. Various
colors, including transparency, can be expressed depending on
the presence or absence of Ho doped on particles under a
magnetic field.
By immobilizing Ho onto PAAEM brushes and having a

strong magnetic moment, we succeeded in producing a new
category of magnetic nanoparticles that respond quickly to a
magnet. Because particles are formed by the coordination of
Ho with the PAAEM brushes, Ho desorbs and loses its
magnetism under acidic conditions. However, it has become

possible to develop colorless magnetic nanoparticles that
cannot be achieved with conventional iron oxide magnetic
nanoparticles. In addition, utilizing the colorless features,
bright and full-color magnetic nanoparticles were produced.
Through functionalization by modification of the particle
surface, the development of a wide variety of applications,
including use in ink, medical, and device applications, will be
expected.

■ CONCLUSIONS
In conclusion, we demonstrated the preparation of colorless
magnetic nanoparticles utilizing the properties of lanthanides
with low colorability and high magnetic moment. The
submicron-sized SiO2 particles decorated with Ho-doped
polymer brushes were almost colorless and responded quickly
to a magnet. The resulting colorless magnetic nanoparticles
disperse well in solvents and are almost invisible to the human
eye, making them useful for applications such as magnetic inks
and anticounterfeit materials. Using these colorless properties,
we also succeeded in obtaining bright colored magnetic
nanoparticles by copolymerizing dye monomers in PAAEM
brushes. By mixing three primary colored magnetic particles,
that is, Y/Ho(+), M/Ho(+), and C/Ho(+) particles, full-color
magnetic nanoparticles were also developed. While it has been
difficult to prepare highly colored submicron-sized magnetic
nanoparticles using conventional iron oxide magnetic nano-
particles with deep coloration, this study made this preparation
easy. Additionally, in this system, control of various colors,
including the generation of transparency, was possible because
the presence or absence of magnetism can be easily controlled
by Ho doping. This simple and novel process using Ho-doped
polymers, combined with particle surface modification
technology, will be useful for practical applications, such as
medical diagnostic materials utilizing magnetic separation and
color electronic paper driven by magnetic fields.

Figure 6. (a) CIE chromaticity plot of colors prepared by particle mixing. The photographs show the DMF dispersion of particles (10 wt %). (b)
Absorption spectra of orange- [Y/Ho(+) and M/Ho(+)], purple- [M/Ho(+) and C/Ho(+)], and green- [Y/Ho(+) and C/Ho(+)] colored
magnetic nanoparticles. (c) Digital photographs showing the color change achieved by mixing the Y/[Ho(+) or Ho(−)] and C/[Ho(+) or
Ho(−)] particles.
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