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ABSTRACT: FePt nanoparticles (NPs) with thermally responsive array structures were prepared by surface modification with a
liquid-crystalline phenylethyl ether-type dendron. Dendron modification was carried out in two steps. In the first step, COOH
moieties were introduced on the surface of oleyl-modified FePt NPs by ligand exchange using terminal COOH-substituted n-alkyl
phosphonic acid. This was followed by the amidation reaction between COOH moieties and the amino-substituted dendron.
Infrared spectroscopic measurement and thermogravimetric analysis confirmed that the dendrons were successfully grafted onto the
surface of FePt NPs. Transmission electron microscopy also showed an increase in interparticle distance due to dendron
modification. Small-angle X-ray scattering (SAXS) revealed that the dendronized NPs pack on an FCC lattice, which melts above
100 °C in thermal response, consistent with the endothermic peak observed in differential scanning calorimetry (DSC). Electron
density maps offer detailed insights into the structural organization of the dendronized FePt NP array. These results indicate that the
formation of an FCC phase through self-assembly and its thermal transition into a disordered phase enabled dynamic control over
magnetic NP arrays. Finally, changes in magnetic properties during thermal phase transition were investigated by a superconducting
quantum interference device. The results show certain changes in magnetization behavior introduced by the thermal phase
transition. These results demonstrate that dendron modification of FePt NPs enables the introduction of thermal responsiveness in
their supramolecular structure and magnetic behavior. The flexible control of magnetic properties is expected to expand the
application potential of the magnetic NPs used as building blocks for tunable smart magnetic devices.

KEYWORDS: FePt nanoparticles, self-assembly, liquid crystal, dendrimer, organic−inorganic hybrid materials

■ INTRODUCTION

Magnetic nanoparticles (NPs) show unique magnetic proper-
ties depending on their size,1−4 shape,5−7 and spatial
arrangement.8−10 Thus, the magnetism of magnetic NPs can
be tailored by controlling the size, shape, and arrangement of
the particles.7,9,11−13 Magnetic NPs show great potential in
various fields, especially in industrial and bio applications.14−21

Flexible and dynamic control of their magnetic properties is
attracting growing attention. Since the interparticle inter-
actions depend on the distance between neighboring
particles,8,22−24 controlling the aggregation state enables us
to develop magnetic NP systems with the desired properties.

Therefore, dynamic control of magnetic interactions between

magnetic NPs offers a promising strategy for developing smart

materials with tunable magnetic properties, such as sensors and

data storage devices.
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One of the most effective ways to control the interaction
between magnetic NPs is to arrange them into regular arrays.
To date, a number of studies in that direction have been
reported.25−29 The most common way to form 3D array
structures based on inorganic NPs is slow solvent evapo-
ration.25,27,30 Slow evaporation has been shown to form well-
ordered structures such as face-centered cubic (FCC) and
body-centered cubic (BCC). However, in most cases, only a
limited range of symmetries is obtained. On the other hand,
Macfarlane et al. developed polymer-modified iron oxide
magnetic NPs by decorating them with complementary
binding groups.26 The resulting NPs formed targeted 3D
array structures based on such complementary interparticle
binding. Complementary binding groups such as DNA have
also been used to create other types of 3D arrays of
nonmagnetic NPs.31−33 This demonstrated that surface
modification with functional organic molecules is a good
candidate for the effective control of magnetic NP-based
structures.

As a next-generation technology, dynamic control of particle
3D arrays is attracting great attention because it should enable
real-time regulation of the properties of inorganic NPs.
Dynamic control of magnetic properties is expected to be
used as an innovative method, where changing the particle
morphology cannot deliver the desired properties.

To date, considerable effort has been devoted to the
dynamic control of 3D arrays of nonmagnetic inorganic NPs.
DNA-mediated assembly enables the formation of well-
ordered and controllable NP arrays that respond to changes
in the solvent environment.34,35 While this approach allows the
formation and dynamic control of tailored assemblies, it is
limited to confined conditions such as in solution. Stimuli-
responsive polymers offer another promising strategy, as
polymer−NP composites can respond to external stimuli to
modulate NP arrangement.36,37 However, achieving the precise
and reproducible ordering of NPs within polymer matrices
remains a significant challenge.

Our previous studies demonstrated that hybridization with
liquid-crystalline molecules is a promising method to control
the arrangement of inorganic NPs.38,39 Among them, mesogen-
modified inorganic NPs show unique thermo- or photo-
responsive self-assembling properties,40−43 allowing them to
exhibit dynamic optical properties such as switchable plasmon
dichroism.41,42,44 Hybridization of NPs with liquid-crystalline
molecules for dynamic control of material properties is still
being intensively studied by different groups, including our
own.45−48 Berti et al. developed organic−inorganic composites,
composed of magnetic NPs and lipid liquid crystals for drug
delivery systems.49 The nanocomposites exhibit thermotropic
and magnetotropic self-assembled structures that change the
particle arrangement from the cubic to hexagonal phase using
lipid liquid crystals as scaffolds. The incorporation of NPs into
the self-assembled structure of liquid crystals was also shown to
be an effective method.

Liquid-crystalline dendrons are good candidates for
achieving dynamic control of magnetic NP arrays. In our
previous studies, we found that surface modification of
inorganic NPs with liquid-crystalline dendrons induces their
self-assembly into temperature-responsive ordered struc-
tures.50−52 The chemical structure of the liquid-crystalline
dendron molecule used in this work is shown in Figure 1. This
structure enables the NPs to self-assemble. Hence, the
introduction of these ligands is expected to control the 3D

array of magnetic NPs dynamically. In addition, since surface
modification with such bulky molecules increases the
interparticle distance, the suppression of particle undesirable
aggregation is expected, as magnetic attraction is inversely
proportional to the sixth power of the interparticle distance.
Moreover, our organic−inorganic hybrid dendrimers tend to
exhibit irreversible thermal phase transitions.50,51 This
structural irreversibility allows for a clearer investigation of
changes in interparticle magnetic interactions before and after
structural changes.

Based on the above reasons, we have developed dendron-
modified magnetic NPs to control the 3D array of magnetic
NPs. Iron−platinum (FePt) NPs were selected as the core
NPs. FePt NPs with controlled size and shape are easily
synthesized,1,53 and the magnetic properties of FePt NPs can
also be significantly affected by interparticle distance.8,54

Therefore, FePt NPs are regarded as a suitable material for
the development of dendrimers with changeable magnetic
properties. FePt NPs exhibit both the FCC and L10 phases,
with the latter characterized by high coercivity. However,
excessively strong magnetic interactions may disrupt den-
drimer self-assembly or lead to undesired aggregation.
Therefore, FCC-phase FePt NPs were selected in this study
as a model system to demonstrate our concept. In the study of
organic−inorganic hybrid materials, surface design is one of
the most important points in exhibiting the desired properties.
The dendron-FePt NPs were prepared by a two-step surface
modification. The first step is to introduce COOH groups onto
the surface of FePt NPs via a phosphonic ligand. In this step,
the FePt surface coverage by COOH was tuned by dilution
with an alkyl coligand. In the second step, dendron
modification was carried out by amidation reaction between
the COOH and the amino-substituted dendron. In this way,
liquid-crystalline organic dendrons were grafted to a controlled
degree on the surface of the FePt NPs through chemical
bonding. Then, the thermal response of the resulting
dendrimer was evaluated by differential scanning calorimetry
(DSC) and small-angle X-ray scattering (SAXS). In addition,
changes in magnetic properties caused by the array changes
were evaluated.

■ EXPERIMENTAL SECTION

Chemicals. Iron pentacarbonyl (Fe(CO)5) was purchased from
Kanto Chemical (Tokyo, Japan). Platinum(II) acetyl acetonate
(Pt(acac)2), hexane, ethanol (EtOH), methanol (MeOH), tetrahy-
drofuran (THF), N,N-dimethylacetamide, 4-(4,6-dimethoxy-1,3,5-

Figure 1. Schematic illustration of dendron-modified FePt NPs.
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triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM), toluene,
and benzene were obtained from FUJIFILM Wako Pure Chemical
Corporation (Osaka, Japan).

n-Dodecylphosphonic acid (DPA) and 16-phosphonohexadecanoic
acid (PHDA) were provided by Sigma-Aldrich (St. Louis, MO).

The liquid-crystalline dendron was synthesized as previously
reported.50

Preparation of COOH-FePt NPs. COOH-FePt NPs were
prepared through a ligand-exchange reaction using two types of
phosphonic acids following our previous report.55 The experimental
procedure was described as the following steps: In the first step, FePt
NPs modified with oleylamine and oleic acid were prepared as
Nandwana et al. previously reported with minor modification.1

Pt(acac)2 (0.50 mmol), 0.50 mmol of oleic acid, and 0.50 mmol of
oleylamine were mixed and heated to 120 °C under an Ar
atmosphere. Then, 1.0 mmol of Fe(CO)5 was injected into the
mixture. Afterward, the mixture was heated to 298 °C at a heating rate
of 2 °C/min and maintained at the same temperature for 1 h. After
cooling to room temperature, the resulting mixture was washed and
centrifuged with a Hexane/EtOH mixture (10/30, v/v) 3 times to
obtain the oleyl-FePt NPs. In the second step, a ligand-exchange
reaction was carried out. One hundred milligrams of oleyl-FePt NPs,
0.32 mmol of DPA, and 0.48 mmol of PHDA were dissolved in a
mixture of toluene (15 mL) and N,N-dimethylacetamide (5 mL).
Then, the mixture was stirred at 75 °C for 24 h under an Ar
atmosphere. Finally, the resulting mixture was washed with THF/
MeOH (10:30) and centrifuged at 18000 rpm for 4 times, and
COOH-FePt NPs were obtained.
Preparation of Dendron-FePt NPs. COOH-FePt NPs (20 mg),

200 mg of DMT-MM, and 200 mg of the dendron were dissolved in 4
mL of THF. The mixture was stirred at 60 °C for 24 h under an Ar
atmosphere. Then, the resulting mixture was washed with MeOH
once, a THF/MeOH mixture (10/30, v/v) 3 times, and a THF/

MeOH mixture (15/25, v/v) 2 times successively. Finally, the
dendrimer, namely dendron-FePt NPs, was obtained.
Characterization. The crystal structure of the FePt NPs was

confirmed by X-ray diffraction (XRD) measurement using a Rigaku
Ultima-IV powder diffractometer with a Cu Kα radiation source (40
kV, 40 mA) equipped with a D/teX Ultra detector. The particle
morphology and 2D array were observed by transmission electron
microscopy (TEM) using a Hitachi H-7650 with an acceleration
voltage of 100 kV. Progress of the dendron modification was
confirmed by thermal gravimetric analysis (TGA) with a Rigaku
Thermo Plus EVO2 and Fourier transform infrared (FT-IR)
spectroscopy with SHIMADZU IRAffinity-1S. Nuclear magnetic
resonance spectra were measured in a MeOD solution. 1H NMR
spectra were recorded on Bruker Avance III 400 at 400 MHz.
Chemical shifts (δ, ppm) are reported relative to tetramethylsilane
(Me4Si) as an internal standard (δ = 0.00). Thermal behavior of the
resulting dendrimer was evaluated by DSC using Rigaku Thermo plus
EVO2 DSCvesta. Phase behavior was also observed by a polarized
optical microscope (POM) using a KEYENCE VHX-2000. Structure
of the 3D arrays of the resulting FePt-centered dendrimers was
investigated by SAXS using a Rigaku Nanoviewer system equipped
with a Pilatus detector using a microfocus Cu Kα radiation source (40
kV, 30 mA). For powder SAXS experiments, all samples were
prepared by drop-casting a NP dispersion in chloroform onto a
Kapton film, followed by drying under ambient conditions. The
temperature was controlled with a Mettler FP82 HT hot stage. In
addition, grazing incidence SAXS (GISAXS) experiments were
performed at SPring-8, beamline BL03XU equipped with a PILATUS
1 M detector (Dectris). The GISAXS sample was prepared on silicon
wafer substrates and subjected to benzene vapor annealing at 90 °C
for 5 h, followed by cooling to room temperature under a vapor
atmosphere to promote the formation of an ordered array. Magnetic
properties were determined by a superconducting quantum
interference device (SQUID) magnetometer (Quantum Design,

Figure 2. (a) Wide-angle powder X-ray diffractograms and (b) FT-IR spectra of oleyl-FePt NPs, COOH-FePt NPs, and dendron-FePt NPs. The
bar graph at the bottom of (a) shows the JCPDS of FePt (No. 04-015-0287). (c) TGA traces of the COOH-FePt NPs and dendron-FePt NPs. (d)
TEM images of (i) the COOH-FePt NPs and (ii) the dendron-FePt NPs. The scale bars correspond to 25 nm.
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MPMS-5S) and a vibrating sample magnetometer (VSM) (Quantum
Design, PPMS).

■ RESULTS AND DISCUSSION

Preparation of Dendron-FePt NPs. Figure 2a shows
powder X-ray diffractograms of oleyl-FePt NPs, COOH-FePt
NPs, and dendron-FePt NPs. The patterns show a face-
centered cubic (FCC) crystal structure of FePt in all cases,
consistent with JCPDS of FePt (No. 04-015-0287). Note the
broadening of the Bragg peaks of the NPs due to their small
size. The fact that neither the position nor the width of the
peaks changes between the different stages of modification
proves that the particle crystal structure remains unaffected
through the reactions.

Figure 2b shows the FT-IR spectra of oleyl-FePt, COOH-
FePt, and dendron-FePt NPs. The FT-IR spectra of the oleyl-
FePt NPs show the symmetric and asymmetric COO−

stretching vibration bands in the 1510−1650 and 1360−

1470 cm−1 regions, respectively, confirming the linkage of oleyl
groups to the FePt NP.56 After the ligand exchange, the peaks
disappeared, while a peak corresponding to the Fe−O−P bond
appeared at 1070 cm−1, indicating that the oleyl ligands had

been successfully exchanged for phosphonic ligands.55 In
addition, the peak derived from C�O appeared at 1710 cm−1,
suggesting the introduction of the COOH moieties. At the
next stage, the peak derived from C�O shifted to 1645 cm−1

due to the formation of the amide bond between COOH and
amino-substituted dendrons; at the same time, the Fe−O−P
bands were still observed after the dendron modification
reaction. These results suggested that the ligand-exchange
reaction and dendron modification were successfully per-
formed. 1H NMR spectra of ligands separated after particles
were dissolved with acid treatment are shown in Figure S3. It
indicates that surface modification with DPA and PHDA was
successfully performed because we observed the characteristic
peaks of ligands. In addition, it also indicated that almost all
oleylamine and oleic acid were replaced because the specific
peaks derived from the C�C of oleyl ligands were not found
around 5.3 ppm. These IR and NMR results indicate that the
ligand exchange was nearly complete, and the residual oleyl
ligands are considered to be negligible.

Figure 2c shows the TGA curves of the COOH-FePt NPs
and dendron-FePt NPs. They show the weight fraction of
organic components to be about 16 and 45%, respectively.

Figure 3. (a) Second heating and cooling DSC thermograms of dendron-FePt NPs. The scanning rate was 10 °C/min. (b) Transmission SAXS
traces of dendron-FePt NPs. (c) (i) GISAXS patterns of dendron-FePt NPs recorded at room temperature with vapor annealing. (ii) Calculated
positions of Bragg reflections for the FCC phase oriented with its densely packed (111) plane facing the Si substrate, compared with (ii). Color
code for (i): blue = low; white = high; the sawtooth color scale for (ii) is shown to the right of the pattern. (d) Result of fitting the 1D SAXS curve
of dendron-FePt NPs at room temperature to an FCC lattice with parameter a = 12.3 nm. The top, middle, and bottom graphs show, respectively,
the experimental curve, the fitted curve, and the individual Gaussian components. (e) Reconstructed ED map of the FCC structure. (i) False color
contours along the surfaces delimiting the unit cell and (ii) isoelectron surfaces surrounding the highest-ED 11% of the unit cell volume, i.e., the
NPs.
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According to these TGA results, the modification amount of
dendron could be calculated as approximately 110 molecules
per particle. In addition, the volume fraction of FePt NPs was
also calculated as approximately 9.6% (see SI).

Figure 2d shows TEM images of FePt NPs before and after
dendron modification. See also the TEM image of oleyl-
modified particles in Figure S1 in the Supporting Information
(SI); by comparing these images, we did not find any changes
in particle size or shape, and the particle diameter was
calculated to be 4.6 ± 0.6 nm. Although the close-packed
aggregation was observed in COOH-FePt NPs, a similar
aggregation was not observed in dendron-FePt NPs, where the
interparticle distance was measured as 7.7 ± 1.1 nm. In
addition, dendron-FePt NPs exhibited a tendency to form 2D
hexagonal arrays. The fast Fourier transform patterns of the
TEM images also showed 6-fold symmetry, indicating that the
self-assembling property of the dendron was successfully
introduced to the FePt NPs, consistent with our previous
studies (Figure S7). Furthermore, the stability of the particle
dispersion was drastically improved after dendron modifica-
tion. The dendron-FePt NPs could remain completely
dispersed for more than two months. In contrast, oleyl-FePt
NPs or COOH-FePt NPs have already shown aggregation
within a few days. Dendron modification is thus able to
counter the strong interparticle interactions and effectively
suppress aggregation.
Dynamic Control of 3D Array Structure by Thermal

Annealing. Figure 3a shows the DSC thermograms of
dendron-FePt NPs. The endotherm at 4 °C on heating and
at 0 °C on cooling is characteristic of the melting and
crystallization of the dodecyl chains on the dendron.57 In
addition, a shallow endothermic peak was observed around 86
°C on heating and a weak exothermic doublet around 55 and
59 °C on cooling. The above results suggest that the peaks
were derived from a thermal phase transition. When the
sample was sheared between glass slides on a hot bench, it
suddenly became fluid at around 90 °C. The melting behavior
was also observed in optical micrographs at different
temperatures (Figure S8). Our previous study demonstrated
that the viscosity decreases sharply at the phase transition
temperature, leading to structural changes.58 The appearance
of macroscopic fluidity supports the notion that dendron-FePt
NP assemblies undergo thermal phase transitions. On the
other hand, no birefringence was observed at any temperature
in POM observation, implying that, if any ordered phase had
formed in the temperature range covered, it must have been of
cubic symmetry.

Subsequently, the 3D array structure was investigated by
SAXS. Figure 3b presents the temperature-dependent
evolution of the SAXS profiles. The SAXS profile at room
temperature shows two broad peaks. In contrast, SAXS
patterns of oleyl- and COOH-FePt NPs display only a single
broad peak, indicative of an amorphous phase (Figure S5).
These findings suggest that the dendron-FePt NPs form
periodic structures, and the two peaks observed in SAXS arise
from the overlap of several Bragg components. In addition, the
SAXS profile showed peak shift and broadening between 80
and 100 °C, with complete melting occurring at 140 °C. This
temperature response was consistent with that observed by
DSC. Since such temperature-dependent behavior was not
observed for oleyl- or COOH-FePt NPs (Figure S5), this
suggests that the thermal responsiveness of the dendron
ligands has been successfully introduced to the FePt NPs. In

this study, the self-assembly behavior differed from previous
reports.50,51 Considering that the ratio between the core NPs
and dendrons plays a critical role,50 this difference is likely
attributable to variations in NP size, as the diameters of Au,
CdS, and FePt-core NPs were approximately 6.8, 3.9, and 4.6
nm, respectively, due to synthesis constraints. At present, it has
not been possible to synthesize Au, CdS, and FePt-core
dendrimers with identical sizes, making it difficult to
conclusively determine whether the NP size is the dominant
factor governing the resulting self-organized structures.
Addressing this limitation remains an important challenge for
future research. Furthermore, differences in interparticle
interactions, including magnetic interactions, are also expected
to influence the self-assembly process.26 On the other hand, as
observed in previous studies,50,51 array structures after phase
transition were retained even after cooling, indicating that the
structural change was irreversible (Figure S9). Our previous
studies also show that organic−inorganic hybrid dendrimers
have irreversible arrays, although redispersion in a solvent can
restore the original structure.50,51 It might be due to the weak
restorative force of the dendron that might cause such results.
From a different point of view, the resulting dendrimer could
maintain array structures, even after cooling. It enables
investigation of the effects of their array structure on their
magnetic properties at low temperatures. These results suggest
that dendron-FePt NPs are capable of forming regular
structures and controlling their arrangement through thermal
phase transitions.

To identify the assembled array structure, GISAXS measure-
ments were conducted. Figure 3c shows the GISAXS pattern of
dendron-FePt NPs after exposure to toluene vapor at 90 °C,
followed by cooling to room temperature under the same
vapor atmosphere to promote the formation of a more ordered
array. The azimuthally resolved features characteristic of the
FCC lattice are discerned in the patterns in Figure 3c(ii). The
GISAXS result confirms that the SAXS pattern is a super-
position of poorly resolved Bragg peaks. As shown in Figure
3d, the 1D SAXS curve could be fitted by a series of the
following diffraction peaks from an FCC lattice: (111), (200),
(220), (311), (400), and (420). The best-fit lattice parameter
is a = 12.3 nm, assuming that the peaks are Gaussian in shape.
However, due to the broadness of the diffraction peaks, the
fitting is not uniquely determined, and alternative fits could
potentially describe the data. Fortunately, the GISAXS pattern
provides additional structural information that, when com-
bined with the SAXS results, enables a unique assignment of
the structure to an FCC lattice, with the (111) plane oriented
parallel to the substrate surface. The electron density (ED)
map was reconstructed from the best-fit diffraction peaks
(Table S1) and is shown in Figure 3e. Figure 3e(i) shows the
full ED range contour maps of the bounding faces of a unit cell,
while Figure 3e(ii) shows only the high-density regions, i.e.,
the metal particles. It should be pointed out that the map is
entirely dominated by FePt (red), with any ED variation in the
organic matrix (blue) having a negligible contribution. The ED
map shows the high electron density surrounded by low
electron density dendrons. Taking that the particles are
spherical with a diameter of 4.6 nm and that there are four
NPs in a unit cell of 12.3 nm side, the NP volume fraction
should be 11%, which roughly agrees with that calculated from
the TGA. The isoelectron surface enclosing the highest-ED
11% of volume, shown in Figure 3e(ii), agrees very well with
the size of the NPs. The fact that the ED maxima in Figure
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3e(ii) are of octahedral rather than spherical shape can be
attributed to the preferential deviation in position along the
principal crystallographic axes [100], [010], and [001]. These
directions have the lowest compressibility of the dendrons, so
collision with the nearest neighbors is the easiest to avoid. The
apparent deformation of the spherical shape of the NPs can
also be viewed in terms of an anisotropic Debye−Waller factor,
which also causes the distortion of the spherical shape of atoms
into “ellipsoids of vibration” in 3D representations of crystal
structures. It should also be noted that a similar distortion of
spherical shape, this time into ellipsoids, has recently been
reported in the hexagonal close-packed (HCP) lattice of gold
NPs, the distortion being preferentially along the “easy” [0001]
direction.40 These results indicate that dendron-FePt NPs can
self-assemble into an FCC phase at room temperature and that
their array can be dynamically transformed into an amorphous
phase via a thermally induced phase transition.
Changes in Magnetic Properties Through Thermal

Annealing. Finally, magnetic properties were investigated
during thermal annealing. The magnetic properties of the
COOH-FePt NPs and dendron-FePt NPs were compared by
VSM and SQUID measurements. Figure 4a shows the
corresponding M−H curves. It shows that COOH-FePt NPs
and dendron-FePt NPs have similar magnetization. It should
be noted that a similar degree of magnetization does not
indicate independence from surface dendron modification, as
magnetization tends to not only increase with decreasing

interparticle distance23 but also diminish when particles are in
extreme proximity.8 On the other hand, M−T curves of these
NPs showed different behavior. Figure 4b shows the M−T
curves of the COOH-FePt NPs and dendron-FePt NPs
measured from room temperature to 120 °C with a fixed
field of 1000 Oe. Due to the common observation in the
heating process, the magnetization of COOH-FePt NPs
decreased linearly. However, the results of the dendron-FePt
NPs showed that the decreasing trend of their magnetization
was nonlinear and changed especially around 90 °C. Above 90
°C, the SAXS results show disordered structures and a
decrease in interparticle distance, while the M−T curve
indicates a trend toward a slower slope of magnetization.
Such behavior is not observed in magnetic NPs around room
temperature,59−61 including in single nanosized FePt
NPs.1,62−64 Magnetic NPs have been reported to exhibit an
increase in saturation magnetization and a decrease in
coercivity even when interparticle distance changes by less
than 1 nm.22,23 In addition, a comparison of the heating and
cooling cycles of the M−H curves revealed that the change in
magnetic properties of dendron-FePt NPs is irreversible
(Figure 4c,b). The magnetization of COOH-FePt NPs showed
a linear change during both the heating and cooling processes.
In contrast, dendron-FePt NPs exhibited a nonlinear response
during heating, while a linear change was observed during
cooling. These results indicate that the magnetic property
changes induced by the thermal phase transition are

Figure 4. (a) M−H curves of COOH-FePt NPs and dendron-FePt NPs at 300 K in the −5500 to 5500 Oe range. (b) M−T curves of COOH-FePt
NPs and dendron-FePt NPs. The samples were annealed in solvent vapor at 90 °C and then inserted into a sample tube. The heating rate was 1 K/
min, and measurements were performed every 0.5 K in an inert He atmosphere under a fixed magnetic field of 1000 Oe. M−T curves of (c) the
COOH-FePt NPs and (d) dendron-FePt NPs. Solid and dotted lines represent the heating and cooling processes, respectively. The black dashed
line in (d) is added as a visual guide to highlight the nonlinear behavior during heating and the linear response during cooling. The same
measurement conditions as in (b) were used.
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irreversible, consistent with the structural irreversibility
observed in the SAXS measurements.

Furthermore, irreversible arrays allow us to compare the
interparticle magnetic interactions at low temperatures. Figure
5a shows zero-field-cooled (ZFC)/field-cooled (FC) curves of
dendron-FePt NPs before and after annealing at 120 °C. The
ZFC curves exhibited a peak corresponding to the blocking
temperatures (TB), which increased from 10 to 14 K after
annealing. Since TB increases with stronger magnetic
interaction between adjacent NPs,22,65 this result suggests
that thermal phase transition enhances magnetic coupling due
to a reduction in interparticle distance. On the other hand, the
temperature at which the ZFC and FC curves deviate
decreased after annealing, indicating that magnetic moments
begin to freeze at lower temperatures. This behavior is likely
attributed to spin frustration caused by increased structural
disorder within the array, which promotes the localized
freezing of magnetic moments at an earlier stage, consistent
with the SAXS results. Figure 5b,c shows M−H curves at 5 K
before and after annealing. The result shows an increase in the
coercivity, which also supports the enhancement of inter-
particle magnetic interactions. These findings suggested that
the collective magnetic properties are modulated by changes in
interparticle magnetic interactions resulting from structural
rearrangements. Notably, the comparison of magnetic proper-
ties at low temperatures using irreversible array structures
provides a deeper insight into the demonstration of our
concept of controlling magnetic properties through structural
changes. Consequently, these changes in the magnetic
properties can be attributed to changes in the 3D arrays.

The above results demonstrate that dendron modification
enables us to control their 3D array structures and magnetic
properties dynamically. It means that the design of liquid-
crystalline molecules on the particle surface enables us to
control the changes in their magnetic properties. Hence, the
control of the particle array improves the application potential
of magnetic NPs used as building blocks for the development
of functional materials.

■ CONCLUSIONS

In this study, liquid-crystalline dendron-FePt NPs were
prepared, and their 3D spatial organization was investigated.
The resulting FePt NPs showed thermal response in the form
of an order−disorder transition due to the introduction of a
liquid-crystalline dendron. Structure analysis revealed that the
dendron-FePt NPs form the FCC phase, with the lattice
parameter changing upon thermal annealing. The results
demonstrate that performing surface modification of magnetic
NPs with liquid-crystalline dendrons is an efficient way to
control the dynamic array structure through thermal stimulus.
Furthermore, evaluation of magnetic properties revealed that
the thermal phase transition affects the magnetization. It
showed that arranging the NPs into a 3D array structure
enables their magnetic properties to be controlled dynamically.
Hence, the hybridization of magnetic NPs and liquid-
crystalline dendrons provides a good bottom-up technology
for the development of novel functional magnetic materials. In
addition, the structural control of magnetic NPs allowed us to
investigate the relationship between magnetic properties and
interparticle interaction. This should help in establishing a
guide for metamaterials based on magnetic NPs. Therefore,
dendron-FePt NPs are also expected to expand the application
possibilities of magnetic NPs used as building blocks for
functional magnetic materials. These findings suggest that if
magnetic properties can be dynamically switched, tuned, or
locally controlled in response to various external stimuli, it will
pave the way for the development of advanced smart magnetic
devices with tunable functionalities, such as sensors and data
storage systems.
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Figure 5. (a) ZFC/FC curves of dendron-FePt NPs before and after annealing at 120 °C. The heating rate was 3 K/min, and measurements were
performed every 1 K in an inert He atmosphere under a fixed magnetic field of 50 Oe. (b) M−H curves of dendron-FePt NPs measured at 5K. (c)
Enlarged view of (b). Blue and red lines in parts (a−c) represent the data before and after annealing, respectively.
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