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Abstract: Organizing magnetic nanoparticles into long-range
and dynamic assemblies would not only provide new insights
into physical phenomena but also open opportunities for
a wide spectrum of applications. In particular, a major
challenge consists of the development of nanoparticle-based
materials for which the remnant magnetization and coercive
field can be controlled at room temperature. Our approach
consists of promoting the self-organization of magnetic nano-
particles in liquid crystals (LCs). Using liquid crystals as
organizing templates allows us to envision the design of
tunable self-assemblies of magnetic nanoparticles, because
liquid crystals are known to reorganize under a variety of
external stimuli. Herein, we show that twisted liquid crystals
can be used as efficient anisotropic templates for superpar-
amagnetic nanoparticles and demonstrate the formation of
hybrid soft magnets at room temperature.

M agnetic nanoparticles (NPs) are highly attractive objects
for a wide spectrum of applications ranging from contrast
enhancement in magnetic resonance imaging, drug delivery
and hyperthermia treatment of tumors, to ultra-high-density
data storage.™? Developing these applications requires
organizing these magnetic NPs into long-range assemblies,
for which the remnant magnetization and coercive field would
be adjustable in situ and at room temperature. (The remnant
magnetization characterizes the ability to store information,
and the coercive field, that is, the field that is necessary to
demagnetize a material, reveals the ease with which this
information may be erased). Recent investigations have
shown that superstructures of magnetic nanoparticles can be
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formed by means of crystallization” or by harnessing the
properties of dual-responsive NPs.[! Herein, our approach
involves using liquid crystals (LCs) as platforms for promot-
ing the self-organization of nano-objects.’'" Early investiga-
tions have demonstrated that the coercivity of ferromagnetic
nanoparticles can be tuned by adjusting the structure of the
crystalline superlattices they form.®! Alternatively, using
liquid crystals as templates allows envisioning of dynamic
self-assemblies of nanoparticles, because liquid crystals are
known to reorganize under a variety of external stimuli,
including irradiation with light."''! Although recent inves-
tigations have focused on tuning the optical properties of
metallic nanoparticles embedded in liquid crystals,"** these
achievements have only hinted at the potential of LCs in
moderating the properties of magnetic NPs, likely because of
the unspecific aggregation of these nanoparticles in typical
LC hosts'! In some cases, unspecific aggregation was
avoided in part by using very dilute solutions of ferromagnetic
nanoparticles in nematic liquid crystals."¥! Recently, it has
been shown experimentally that colloidal suspensions of
ferromagnetic nanoplatelets in nematic liquid crystals could
form macroscopic ferromagnetic phases at room temper-
ature."”) However, tuning the magnetic properties of NPs by
controlling their organization in liquid crystals has not been
reported. Herein, we reach beyond the superparamagnetic
properties of nanoparticles by promoting their organization in
a twisted liquid crystal. The liquid crystal acts as an
anisotropic template that promotes anisotropy of the network
of nanoparticles, and this translates into the emergence of
new magnetic properties at the macroscale (Scheme 1).

The superparamagnetic NPs were prepared using thermal
decomposition of complexes [Fe(acac);] and [Pd(acac),] in
a 5:1 ratio (acac = acetylacetonate), in the presence of oleic
acid and oleylamine (Figure 1a). The average size of the
FePd nanoparticles obtained by this procedure is approxi-
mately 18 nm, as determined by transmission electron mi-
croscopy (TEM, Figure 1b). A superconducting quantum
interference device (SQUID) was used to characterize the
magnetic properties of these NPs. At room temperature, the
dependence of the sample magnetization (M) on the external
magnetic field (H) is typical for superparamagnetic nano-
particles: temperature dependence of the sample magnet-
ization, as manifested in the zero-field-cooled (ZFC) and
field-cooled (FC) curves, indicates a blocking temperature Ty
of circa 310 K (see Figure S1b in the Supporting Informa-
tion). No hysteresis is detected in the M—H curves and the
magnetization of the NPs follows the variations of the
magnetic field H (Figure 1¢). It appears that the dynamic
reversal of the magnetization of the NPs, that is, their
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Scheme 1. Representation of the anisotropic organization of super-
paramagnetic nanoparticles templated by liquid crystals which results
in the emergence of magnetic properties at the macroscopic level.

superparamagnetism, is efficient enough not to provoke
magnetic clumping and that the organic coating efficiently
prevents agglomeration (Figure S1a). In fact, the FePd nano-
particles obtained through this procedure were highly dis-
persible in nonpolar organic solvents, such as hexane or
dichloromethane, on a timescale of a week and at room
temperature, which is a requirement to limit unspecific
aggregation in the LC matrix.

The hybrid NP-LC film was prepared by a recent
method.” As a result of the chemical composition of the
surfactants covering the NPs, we anticipate that the anchoring
of the liquid crystal on the nanoparticles is homeotropic, as
reported for similar surfactants.”!! The cholesteric matrix was
composed of a mixture of polymerizable and nonpolymeriz-
able mesogens that display liquid crystallinity at room
temperature (Figure S2). A photoinitiator (1 wt%; wt=
weight) was also added to the mixture. Magnetic NPs were
finally incorporated as 1 wt % in the liquid-crystal blend. The
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Figure 1. a) Synthesis of FePd NPs by thermal decomposition of com-
plexes [Fe(acac);] and [Pd(acac),] in a 5:1 ratio. b) TEM image of
FePd NPs (scale bar=50 nm). c) Magnetization (M) versus external
magnetic field (H) recorded at 300 K (blue) and 10 K (green) for the
free FePd NPs. At 300 K: no significant hysteresis is detected. At 10 K:
a hysteretic behavior appears and the coercive field reaches 220 Oe.

resulting material was then introduced into a 50 pm-thick cell
which promotes a twist geometry, in which the orientation of
the liquid crystal director changes smoothly by 90° from the
bottom surface to the top surface (Figures 2a and b). Traces
of chiral dopant were also added to the blend. The handed-
ness of the twist is imposed by the handedness of the chiral
dopant.

Although the self-organization of magnetic NPs can be
achieved and studied in native liquid crystals, we sought to
transform the hybrid NP-LC material into a solid film that
could be easily handled at room temperature. Thus, irradi-
ation of the cell with visible light ensured the formation of
a hybrid polymer network that could be extracted simply by
opening the cell. Before polymerization at T=45°C, the filled
cell was preheated for two minutes at 80°C above the
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Figure 2. a) Top view, and b) side view of the molecular orientation in a twist cell through the thickness of the film. c) Representation of
a disclination line (black circle) that runs parallel to the walls of the cell. d) Schematic representation of the film and cross sections used for
optical microscopy and TEM. e) Polarized optical microscopy image of a cross section showing that the NPs are confined in two dimensions

(scale bar=10 pm). f) TEM of a cross section of the film.
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cholesteric to isotropic transition temperature (7}, ~ 68 °C) of
the mixture. After the cell was brought back to room
temperature, the structure of the polymerized film was
investigated further.

Under crossed polarizers, optical microscopy reveals
a network of solid, uninterrupted lines which correspond to
chains of NPs (Figure 3a). Noticeably, these lines have the
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Figure 3. a) Optical microscopy image (crossed polarizers) of the
network formed in a thin film containing FePd NPs (0.5 wt%). Scale
bar=100 um. b), c) Optical microscopy images under parallel polar-
izers, showing the preferential localization of magnetic nanoparticles
along disclination lines. Arrows show the directions of polarization.
The scale of the image in (b) is the same as in (a). Scale bar in

(c) =50 um. d) Magnetization (M) versus field (H) curves recorded at
300 K (blue) and 10 K (green) for FePd NPs organized in the film. At
10 K, the coercitive field is 300 Oe. Magnetization curves at 50 K and
150 K shown Figure S7.

same width. Additional structural information was gained by
examining the behavior of the film between parallel polar-
izers. In a twist cell, liquid crystals rotate the polarization
direction of linearly polarized light by 90°, causing the film to
be bright between crossed polarizers, and dark between
parallel polarizers. Consequently, the texture of the twisted
nematic, when viewed between parallel polarizers, is a repre-
sentation of the defects in the texture (Figures3b and c).
Comparison of the textures evident under crossed and
parallel polarizers leads to the conclusion that the magnetic
NPs are localized in defect zones and that the network of NPs
corresponds to a network of topological defects within the
thin film. This observation is in agreement with previous
investigations on nanoparticles dispersed in thermotropic
liquid crystals, where nanoparticles are trapped in various
topological defects.> %4222 In our material, small aggregates
of nanoparticles were also visible outside the network of
chains. Typically, this nonspecific aggregation could be limited
by adjusting the concentration of NPs. Optimal networks
were obtained when NPs were added in ratios ranging from
0.5 wt % to 3 wt % (Figure S3). Confocal microscopy revealed
that the NPs are all located in the same focal plane, that is, the
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network of nanoparticles is two-dimensional (Figure S4).
Breaking the thin film along its edge and analyzing cross
sections allows us to gain information about the localization
of the networks in the thickness of the film (Figure 2d).
Polarized optical microscopy (POM) and TEM images of
cross sections of the film confirmed that the nanoparticles are
confined in two dimensions within the film (Figures 2e,f).

Based on these results we looked for an explanation as to
why the magnetic networks that are formed are confined
within a specific plane, in the thickness of the film. When the
liquid crystal undergoes a transition from the isotropic state to
the liquid crystalline state (and before any polymerization
occurs), disclination lines appear throughout the sample, but
in the absence of any NPs these defect lines disappear in less
than one minute (Figure S5). These disclination lines (twist
walls) have been detected previously in twisted nematic liquid
crystals, as a result of the isotropic-to-nematic phase tran-
sition.?"l When planar anchoring is strong on both sides of the
cell, the twist walls are expected to run in the middle of the
sample (Figure 2c¢), and importantly, these defect zones are
confined in two dimensions. In agreement with other reports
on NP organization in liquid crystals, we anticipated that the
NPs would be trapped in these topological defects because
these regions display a higher degree of disorder. Indeed,
when located in the cores of the twist walls, that remain
isotropic even below T}, the NPs allow for a decrease in the
energy of the system and in so doing, also allow the
stabilization and visualization of these defect lines, that are
confined in two dimensions. Our conclusion that the network
of nanoparticles that is formed is two dimensional corre-
sponds to previous results.?"

Significantly, the networks were never observed when
polymerization was performed without heating above the
cholesteric to isotropic transition temperature 7, or when
we used 25 um-thick cells. Networks of nanoparticles were
also found in twist cells in the absence of traces of chiral
dopant (Figure S6a), but with specific geometries and with
different dynamics of formation.”! The result of this experi-
ment highlights that the 2D network of nanoparticles is
formed because of the twist geometry (Figure 2a—c), that is,
because of the macroscopic chirality that is imposed by
anchoring conditions to the twist cell. To further confirm this,
we have carried out the same experiments in planar cells,
where the formation of networks was not found (Figure S6b).

The magnetic properties of the NPs arranged in structured
networks were evaluated and compared to those of the free
NPs. At room temperature, the network of nanoparticles
displays superparamagnetic behavior, which means that the
self-organization does not affect the magnetic properties of
the particles (Figure 3 d). The saturation magnetization of the
particles in the liquid-crystal matrix is slightly lower than the
magnetization of the free particles. We attribute this effect to
a decrease of magnetic interactions between particles once
they are diluted in the liquid-crystal matrix. In contrast, at
lower temperatures, the behavior of the NPs involved in the
2D network deviates from the behavior as a powder of
nanoparticles (Figure 1¢ and 3d). At 10K, the hysteresis
cycle of the networks reveals a coercive field of 300 Oe,
whereas the coercive field measured for the free nano-
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particles is 200 Oe. This change demonstrates that confine-
ment, together with the alignment of the nanoparticles,
enables the emergence of shape and thus magnetic anisotropy
in the hybrid material.

To further promote the emergence of shape anisotropy
within the film and to reveal it at room temperature,
a magnetic field was applied to the 2D network prior to
polymerization whilst the ratio of NPs in the matrix was
increased to 3 wt% to obtain a denser network. Polarized
optical microscopy of the resulting material reveals that the
chains of nanoparticles orient into parallel lines in response to
the applied magnetic field (Figure 4). In turn, we do not
exclude that the network of defects follows the reorganization
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Figure 4. a) POM image of the network structure obtained upon
application of a magnetic field during polymerization of the film
containing FePd NPs (3 wt%). The orientation of the lines is dictated
by the magnet orientation, while the disclination lines create ramifica-
tions of the structure. b) POM image showing the network structure
using parallel polarization (arrows indicate directions of polarization).
a),b) Scale bars =100 um. c) Magnetization versus field curves (M-H)
recorded at 300 K when NP lines are oriented parallel (blue) and
perpendicular (red) with respect to the applied magnetic field. Corre-
sponding hysteresis loops shown in Figure S8. d) Normalized magnet-
ization versus field curves recorded at 10 K for parallel (blue) and
perpendicular (red) orientations showing remnant magnetizations of
M/M,, =0.4 (parallel orientation) and M/M,,,=0.3 (perpendicular
orientation). The black segments at H=0 Oe show the variation of
remnant magnetization, corresponding to decrease of 25%, between
the two possible orientations of the lines.

of the nanoparticles. At 300 K, the magnetic anisotropy of the
film is revealed by the slopes of the first magnetization curves
recorded at two different orientations with respect to the
applied field (Figure 4c). When the NP chains are aligned
with the direction of the field, the magnetization reaches
saturation much faster than when the particles lines are
perpendicular to the magnetic field. This result shows that
there is an easy axis of magnetization in the material that is
parallel to the lines of NPs. The emergence of macroscopic
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anisotropy at room temperature is also demonstrated by the
appearance of hysteresis loops on M—H curves. Whereas no
hysteresis can be detected at 300 K on the film prepared
without applying any magnetic field, the 2D linear network
shows remnant magnetization (Figure S8). Thus, we have
demonstrated that organizing superparamagnetic nanoparti-
cles in a twisted liquid crystal allows for the tuning of their
magnetic properties. The hysteretic behavior exhibited by the
system shows that it behaves like a soft magnet.

The normalized remnant magnetization increases when
recorded from perpendicular to parallel alignment of the NPs
lines. To detect a stronger and thus more reliable effect,
measurements were also performed at 10 K. At low temper-
ature, the normalized remnant magnetization M/M,,, where
M., is the saturation magnetization, increases from 0.3 to 0.4
from perpendicular to parallel alignments, respectively (Fig-
ure 4d). As the typical measurement error with SQUID is less
than 2%, this 25 % variation of the magnetization between
the parallel and perpendicular cases is significant. At this
temperature, the coercive field reaches 300 Oe. The width of
the hysteresis loops shows that the remnant magnetization is
increased significantly by the shape anisotropy created in the
film.

In conclusion, creating networks of magnetic nanoparti-
cles in twisted liquid crystals provides a means to tune their
magnetic response. The remnant magnetization that emerges
from the organization of the nanoparticles transforms the
hybrid material into a soft magnet. The effects we observe
remain modest, as they originate in the anisotropic templating
effect of the twisted liquid crystal. However, we anticipate
that the anisotropic magnetization would be strengthened by
the use of magnetic nanorods, because nanorods have an
intrinsic shape anisotropy that would add to the anisotropy of
the matrix. Ultimately, the use of photoresponsive chiral
dopants allows us to envision the use of light as an external
trigger to switch the magnetic properties of the film on and off
reversibly. Our results demonstrate the potential of complex
fluids for tuning the magnetic properties of nanoparticles as
they emerge at the macroscopic level.

Experimental Section

Nanoparticle synthesis: FePd particles were prepared by high temper-
ature decomposition, a method adapted from Ref. [26]. Benzylether
(99%), 1,4-tetradecanediol (97 %), oleic acid (90%), oleylamine
(70%), iron(IIT) acetylacetonate [Fe(acac);], palladium(II) acetyla-
cetonate [Pd(acac),] (99 % ), were purchased from Sigma-Aldrich and
used as received. [Fe(acac);] (1.7 mmol) and [Pd(acac),] (0.3 mmol),
1,2-tetradecanediol (10 mmol), oleic acid (6 mmol), oleylamine
(6 mmol), and butylether (20 mL) were mixed and magnetically
stirred under nitrogen. The mixture was heated to 200°C for 2 hours
and then heated to reflux (300°C) under an atmosphere of nitrogen
for 2 hours. It was subsequently cooled down to room temperature,
dissolved in ethanol (40 mL), and the material was eventually
separated by centrifugation (8000 g, 30 minutes). The material was
dispersed in hexane in the presence of oleic acid (0.05 mL). The
centrifugation was repeated three times to remove excess material.
The resulting product was dried under vacuum and stored under
nitrogen. Samples for TEM analysis were obtained by deposition of
5 uL of a 0.5 wt % solution of the particles in hexane onto 100-mesh
carbon-coated copper grids. After 1 minute, the excess liquid was
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blotted away with filter paper. After drying, images were obtained
using a Philips CM300ST-FEG electron microscope.

Sample preparation: The monomers C,\M, C,BP, and C{BPN were
purchased from Synthon Chemicals and mixed in a 2:3:1 ratio by
weight. The nematic liquid crystal E, (Merck) was added to the
monomer mixture to prevent crystallization in a 2:3 ratio by weight in
favor of the monomer mixture. A chiral dopant (S811) was added in
trace quantities to the mixture (0.04 wt % ). The handedness of the
twist is imposed by the handedness of the chiral dopant.

All compounds were dissolved and mixed in dichloromethane
purchased from Sigma—-Aldrich. The solvent then was evaporated at
48°C under a nitrogen stream. Phenylbis(2,4,6-trimethylbenzoyl)-
phosphine oxide (Irgacure 819) was finally added as a photoinitiator
(1 wt% concentration with respect to the liquid crystalline mixture).
The nanoparticles were first dispersed in hexane and sonicated for
10 minutes before they were mixed with the liquid crystalline mixture.
The solvent was again evaporated at 48°C under a nitrogen stream.

Film preparation: The cholesteric mixture containing the nano-
particles was heated at 80°C (isotropic state) and directly introduced
into a 50 pm-gap twist cell (EHC, Japan). After cooling down to the
liquid-crystalline mesophase at 45°C, the cell was irradiated from the
top with visible light (4 > 420 nm) by using an Edmund MI-150 High-
intensity Illuminator to initiate the polymerization that was com-
pleted within 90 minutes. A picture of the experimental set-up used
for polymerization under a magnetic field is shown Figure S9.
Eventually, the twist cells were frozen with liquid nitrogen and then
opened using a scalpel to reveal the polymer film.

Magnetic measurements: The magnetic measurements were
performed with a Quantum Design SQUID magnetometer MPMS-
XL. This magnetometer works between 1.8 K and 300 K for DC
applied fields ranging from —7 T to 7 T. The film was directly wrapped
around the sample holder for measurements in the parallel alignment
and restrained in a plastic film for other measurements.

Film characterization: Optical textures of the films were inves-
tigated in transmission and reflection modes by using a polarizing
microscope (BX51 from Olympus). Eventually in the transmission
mode a Light Blue Daylight was used. The images were obtained by
using an Olympus DP73 digital camera. TEM measurements have
been carried out at the Wageningen Electron Microscopy Center
(WEMC). The film was first embedded in a resin using an epoxy
embedding medium kit from Sigma-Aldrich. Thin sections (70 nm to
90 nm) were prepared with a Reichert Ultracut S ultramicrotome
using a Diatome diamond knife (ultra45°). The sections were
deposited on copper slot grids (G205-Cu) and the electron micro-
scope was operated at 80 kV.
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