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ABSTRACT: Magnetite nanoclusters (MNCs) were aligned
one-dimensionally in the hollow cavity of a lipid nanotube
(LNT) as a peapod using a simple mixing method in an
aqueous solution. The electrostatic interaction of the two
materials was considerable enough to allow the preparation of
a densely packed MNC-LNT peapod composite. The
composite was formed at a pH 5.4—6.8, ie, near the
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isoelectric point of the MNCs. At a pH 5.4—6.8, there was neither a strong attractive nor repulsive electrostatic interaction
between the surface of the MNC and the LNT. The MNCs-capped LNT composites were formed at basic conditions (above a
pH 7.8) in which the MNCs and the LNT pushed each other because of their opposite surface charges. The magnetic property
measurement revealed that the 1D aligned MNCs in the peapod structure had a much higher coercivity (10.6 Oe) than the bulk

randomized MNCs (5.8 Oe).
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B INTRODUCTION

Some amphiphile lipid molecules such as glycolipids,
phospholipids, and peptide lipids self-assemble into open-
ended, hollow cylindrical structures in dispersed media.'™*
Lipid nanotubes (LNTs) have a few advantages such as a
controllable diameter and length, a tunable surface property,
and a flexibility that is unlike that of a carbon nanotube and an
inorganic nanotube. The hollow cylinder space of the LNT has
drawn much attention due to its potential application as a
capsule or a one-dimensional (1D) template.

The encapsulation ability of LNT has been examined by
filling the hollow space with aqueous dispersions of guest
materials such as liposome, DNA, protein, ferritin, gold, or
silver nanoclusters.>™"* It was reported that the capillary force
played a key role in the introduction of the guest materials into
the LNT. Also, a research showed that negatively charged latex
beads were encapsulated in the positively charged inner surface
by electrical attraction without a capillary diffusion force. Not
much attention has been given to the surface electrostatic
interactions between metal nanoclusters and the LNT, though.
Also, in most cases, the nanoclusters filled only a short length
(<1 ym) in the cavity of the LNT.”~"!

The guest particles form 1D aligned assemblies in the LNT
that make the LNT look like a peapod. The composites are
assumed to show properties of 1D materials such as nanowires.
Theoretically, closely packed conducting clusters will show
electrical properties that are similar to those of conducting
nanowires."> 1D aligned magnetic clusters are similar to
magnetic nanowires. They or their hybrid composites with
other functional materials will be the building blocks of future
nanodevices such as semiconductors, magnetic and photonic
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nanodevices, and molecular nanodevices in functional circuits
and chips."*'® These devices will require facile techniques for
establishing electrical contact between the nanoentities and
their supporting substrates for applications in electronics,
optoelectronics, sensors, spintronics, and thermoelectric
devices. Conventional methods of preparing 1D materials are
electro-deposition or synthesis of nanoclusters on linear
templates, electrospinning, etc.'®'® Compared to the 1D
aligned nanoclusters, these materials may require sophisticated
equipment and processes and expensive precursor materials.
Thus, to reduce the energy requirement for materials
production, a simple and low-energy process of preparing 1D
aligned nanomaterials must be developed.

LNT composites and inorganic 1D materials significantly
differ in their flexibility. The 1D morphology of the composites
could be transformed by external forces such as applied force,
magnetic force, and electrical force. Thus, the 1D composites
with aligned nanoclusters have been expected to be applicable
to flexible elements for electronic, photonic, and magnetic
devices.’”™** A report evaluated the flexibility of a lipid
microtube (with a large hollow space) that contained Fe,O,
magnetic nanoparticles.”> They did not examine the change in
the magnetic property after the encapsulation of the particles,
though.

In this study, a simple and high-yield method of preparing
magnetite peapod composites as 1D magnetic nanomaterials
was demonstrated. The electrostatic surface interactions
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Figure 1. (a) SEM and (b) TEM images of the LNT, and schematic of the LNT and molecular structure of the glycolipid (1).

between the guests (the magnetite nanoclusters or MNCs) and
the host (LNT) were considered for the preparation of the
peapod composite, contrary to previous studies.” "' The
MNCs filled the majority of the cylindrical space of the LNT.
The magnetic property of the 1D aligned MNCs was also
compared with that of the randomized bulk MNCs.

B EXPERIMENTAL DETAILS

Materials. FeCl,-4H,0, FeCl;-6H,0, HCl (36% w/w aq. soln.)
and ammonia (28% w/w aq. soln.) were purchased from Wako
Chemical. All the purchased chemicals were reagent-grade and were
used without further purification. Ultrapure water was used for all the
experiments. Glycolipid (1), N-(9-cis-Octadecenoyl)-f-p-glucopyra-
nosyl-amine was synthesized and self-assembled into LNT according
to the aforementioned methods."** The prepared glycolipid was pale-
yellow, however, and its aqueous solution was acidic. This was caused
by some impurities due to the incomplete purification. Therefore,
further purification was needed. The purification method was as
follows: 20 g of the synthesized material was dissolved in 200 mL of
methanol with 4 g of silica gel and 1 g of activated charcoal at 60 °C.
After the silica and the charcoal were removed via filtration, the clear
filtrate was cooled to room temperature. The precipitated LNTs were
filtered and washed with ultrapure water (50 mL for 3 times) until the
aqueous dispersion of the LNTs had a neutral pH and their
conductivity dropped to less than 10 uS/cm.

Preparation of the Raw MNC and the MNC-LNT Peapod
Composites. An aqueous suspension of the raw MNCs was prepared
using the typical method.>>*® Briefly, an aqueous solution of 0.099 g of
FeCl,-4H,0 and 0.270 g of FeCl;-6H,0 was stirred under constant N,
bubbling. After 30 min, SO mL of ammonia (1.5 M) was added to the
aqueous solution of iron ions with stirring under N, atmosphere at
room temperature. The reaction mixture was heated at 70 °C for 1 h
(dispersion I). The raw MNCs were collected via filtration and washed
with ultrapure water. The MNC-LNT peapod composite was
fabricated by adding LNTs into the dispersion I at 50 °C under
various pH values (pH 3, 5.4, 6.3, 6.8, 7.8, and 8.9) that were adjusted
using 0.1 M HCI. The dispersion was stirred mildly for 3 days.

Characterization. The nanostructure and morphologies of the
LNTs and the obtained MNC-LNT peapod composite were observed
with a scanning transmission electron microscope (FE-SEM & STEM,
Hitachi S-4800) and a transmission electron microscope (TEM,
TOPCON EM-002B). For the STEM and TEM observations, a drop
of the sample suspension was placed on a carbon-coated copper grid
(200 meshes) and dried overnight at room temperature under reduced
pressure. The images were taken with the accelerating voltage of 30 kV
for FE-SEM and 200 kV for TEM. The X-ray diffraction (XRD)
patterns of the prepared raw MNC and the MNC-LNT peapod
composite were measured with a Rigaku RINT 2100 diffractometer
using Cu Ka radiation set at 1.54 A, and operated at 40 kV and 30 mA.
The zeta potential of the LNT was measured at various pH conditions
at 25 °C to evaluate the surface charge of the LNT in aqueous media,
with a Malvern Zetasizer Nano-ZS (Malvern Instruments, Malvern,
UK). The magnetic properties of the raw MNCs and the MNC-LNT
peapod composites were measured at 305 K with a superconducting
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quantum-interference device (SQUID) magnetometer (Quantum
Design, MPMSSS).

Alignment of the MNC-LNT Peapod Composite. The MNC-
LNT peapod composites can be aligned in the desired direction by
applying an external magnetic field. Two magnets were set at both
ends of a slide glass. The dispersion of the composite was dropped on
the slide glass. The orientation of the composite with or without the
magnetic field was observed with an optical microscope (Leica
DMRX). A magnetite nanowire was fabricated by removing the shell
of the peapod composite via firing. The drop of the composite
dispersion on the silicon wafer was dried under reduced pressure. The
dried sample was fired in the air at 300 °C for 30 min to remove the
LNT. The morphology of the product was observed via SEM.

B RESULTS AND DISCUSSION

Glycolipid (1) self-assembles into LNT almost quantitatively in
methanol. TEM observation of the LNT showed a homoge-
neous hollow cylinder with two completely opened ends
(Figure 1). Their average inner and outer diameters were 80
and 200 nm, respectively, and their lengths ranged from 0.2 to
longer than 60 ym.

The prepared MNCs were 10 nm spherical particles. The X-
ray diffraction pattern of the MNC and the MNC-LNT peapod
composite, as seen in Figure 2, clearly showed six diffraction
peaks that corresponded to the spinel structure of the Fe;O,
crystal. Although the XRD patterns of magnetite (Fe;0,) and
maghemite (y-Fe,0;) were close to each other, the MNCs had
the spinel structure of Fe;O, rather than of y-Fe,O;. This is
because the characteristic reflection of the (22 1), (42 1) plane
that corresponded to y-Fe,O; was not observed in the XRD
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Figure 2. X-ray diffraction pattern of (a) the MNC-LNT peapod
composite and (b) the raw MNC.
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Figure 3. TEM images of the MNC-LNT composites. (a, b) MNC-LNT peapod composite prepared at a pH 6.8 and (c, d) MNC-capped LNT

composite prepared at a pH 8.9.

patterns.”” The additional peaks of the peapod composite near
20° reflect the molecular packing of the lipid alkyl chains of the
LNT.®

Images a and b in Figure 3 show the FE-STEM images of the
MNC-LNT peapod composite that was prepared at a pH of
6.3. The comparison of the SEM and STEM images
demonstrated that the MNCs were encapsulated in the LNT
(see Figure S1 in the Supporting Information). In the
composite, the MNC filled up the LNT hollow cylinder to
over 6 ym. This length is longer than that in the previously
reported gold-nanocluster- or ferritin-LNT peapod.®~"> At
basic conditions (pH > 7.8), the formation of the MNC-capped
LNT composites was observed (Figure 3c,d). Below a pH of S,
the LNT could not be dispersed in the media, and no
composite formation was observed.

Figure 4 shows the relationship of the zeta potential of the
MNC and the LNT to the pH of the suspension media. The
LNT has an iso-electric point (IEP) at ca. pH 3, at which pH it
hardly dispersed in the media. The negative zeta potential of
the LNT increased with the increase in the pH value. The LNT
was well-dispersed in the media at pH >S5, which has a high
absolute value of the zeta potential. On the other hand, the
MNC had an IEP at about pH 6.*° Its zeta potential was
negative at pH >6 and positive at pH <6. This may mean that
the LNT and the MNC repulse each other at pH >6 and attract
at pH 2—6 because of their electrostatic interaction.

The peapod-type composites were formed at the pH values
of 5.4—6.8, which was around the IEP of the MNC (see Figure
S2 in the Supporting Information). From the results, it was
assumed that the MNCs could diffuse into the nanotube hollow
cylinder only near the IEP of the MNC. In this pH region,
neither a strong attractive nor repulsive electrostatic interaction
between the surface of the MNC and the LNT might work due
to the low zeta potential of the MNC. Therefore, when LNTs
were added in the dispersion of the MNCs, it was thought that
the MNCs were drawn into the hollow cavity of the LNTs by
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Figure 4. (a) Zeta potential of the MNC and LNT, and (b) schematic
of the surface interaction of the MNC and LNT at various pH regions.

the capillary force. It takes longer than 3 days, however, to get
an MNC-LNT peapod composite in which the MNC is densely
packed. This result meant that the capillary force alone is not
enough to form an MNC-LNT peapod composite, since it
would finish off the encapsulation of the MNC immediately or
at least hours after the addition of the LNT. The manner of the
diftusive entrance of the MNCs into the LNT can be explained
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by the following two characteristics of the water in the glucose-
based LNT.*® First, the polarity of the water in the LNT was
lower than that in the bulk. Second, the viscosity of the water in
the LNT was higher than that in the bulk. The MNCs with a
low zeta potential prefer to be in the less polar hollow region of
the LNT due to their hydrophobicity.>" Also, the MNCs would
be slowly diffused along the LNT axis, since the water in the
LNT is more viscous than the bulk water. Moreover, the
diffusional movements of the MNCs inside and outside the
LNT may differ much because the tubular structure provides
the MNCs with a limited space for movement.**

Above a pH of 7.8, both the LNT and the MNCs have a high
negative zeta potential. It was expected that their strong
electrical repulsion would overcome the capillary and diffusion
force, so that no composite would be formed. Contrary to this
expectation, the MNCs and the LNT formed MNC-capped
composites in a pH 7.8 and a pH 8.9 (see Figure S3 in the
Supporting Information). The reason for the aggregation of the
MNCs at the end of the LNT is still unclear. The following
explanations were assumed, though. First, the electrostatic
interaction between the MNCs and the LNT prevented the
diffusion of the MNCs into the nanotube hollow cylinder.
Second, at the end of the LNT, the amide group of the
glycolipid that electrostatically interacted with the MNCs might
have been exposed to the media.>* The amide functional group
of the glycolipid has electron-rich oxygen and electron-deficient
hydrogen that induce the preferable adsorption of the MNCs at
the end of the LNT. On one hand, it was thought that this
interaction could act as a force for gathering the MNCs near
the entrance of the LNT. This could have contributed to the
dense packing of the MNC-LNT peapod composites at the pH
range of 5.4—6.8 because the gathered MNCs could be diffused
into the LNT more easily than when they are dispersed in the
solution.

The diffused MNCs were not eluted out of the magnetite
peapod composite after dilution or drying. The different
property of the water in the hollow of the LNT resulted from
the hydrogen bond of the water molecules and the abundant
sugar OH groups that covered the inner surface of the LNT.*
Therefore, it could also be suggested that the MNCs were
bound by the hydrogen bond in the inner surface of the LNT.

According to literature, for 1-D anisotropic magnetic
materials, the coercivity (H,) in the parallel magnetic field is
higher than that in the perpendicular magnetic field>*** In
terms of the anisotropicity and isotropicity of the MNCs, the
H. of the isotropic MNC:s is lower than that of the anisotropic
MNCs in the parallel magnetic field and higher than that in the
perpendicular magnetic field. The magnetic properties of
anisotropic magnetic materials are considered to be influenced
by different factors such as their shape anisotropy, magneto-
crystalline anisotropy, and dipolar interaction.” Because the
magnetocrystalline anisotropy depends only on the micro-
structure of the particle, the energy could be ignored for the
peapod composite of the 1D arrangement of the MNC. The
large shape anisotropy of the composite, however, could affect
its magnetic property. It contributed to the higher coercivity of
the peapod composite. It was known that ferromagnetic
coupling in a uniaxial chain such as in a particle system
increases the coercivity.>’ > This is because the direction of
the magnetic dipole moment interaction between the adjacent
particles is uniform in the anisotropic MNC arrangement,
whereas the direction of the interaction is random in the
isotropic arrangement.
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In Figure S, the resulting magnetic moment M of the raw
MNC and the MNC-LNT peapod composite are plotted
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Figure 5. Room-temperature hysteresis loops of (a) the raw MNC and
(b) the MNC-LNT peapod composite. Inset: magnification to confirm
the change in the coercivity.

against the magnetic field H at 305 K, measured via SQUID.
The hysteresis loop of the raw MNC is narrower than that of
the peapod composite. The magnetic saturation values of the
raw MNCs and the MNC-LNT peapod composites are 69.9
and 7.9 emu/g, respectively. The lower magnetic saturation
value in the MNC-LNT peapod composite than that in the raw
MNC is due to the small content of the MNC in the peapod
composite. The amount of the MNCs occupied in the LNT
was small because the hollow space of the LNT is limited. The
remanence and coercivity (H,) of the raw MNCs are 1.0 emu/g
and 5.8 Oe, respectively. Those of the MNC-LNT peapod
composites are 0.1 emu/g and 10.6 Oe, respectively. The H_ of
the peapod is larger than that of the raw MNC. 1D magnetic
material has shown an increase of the coercivity when it was
exposed in the parallel magnetic field.**** Thus, the increase in
coercivity indicates that the peapod was aligned randomly, but a
part of the peapod was aligned in the direction of the applied
magnetic fleld and enhanced the H..

Magnetic materials whose coercivities range from 10 to 100
Oe are called “semi-hard” magnetic materials.**** Such
magnetic materials are suitable as magnetic recording materials.
The magnetic property of the MNC changes from “soft” to
“semi-hard” with the peapod formation. If all the peapods in the
sample align in the applied magnetic field, their magnetic
property will be “harder” than that of the randomly aligned
peapods.

The MNC-LNT peapod composites can be aligned in the
desired direction by applying an external magnetic field to
fabricate a magnetite nanowire through removal of the shell of
the peapod composite via firing. In the magnetic field, the
composite was oriented parallel to the applied external
magnetic field, and its body was stretched (Figure 6a). Also,
the SEM observation after the LNT removal via firing
confirmed the parallel arrangement of the MNCs to the
magnetic field (Figure 6c). When there was no external
magnetic field, the composites in the fluid showed an entangled
pattern of the winding fiber (Figure 6b), and the firing left only
aggregated MNCs with a disordered pattern (Figure 6d).
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Figure 6. Optical micrographs (top) and SEM images (bottom) of the MNC-LNT peapod composite after it was fired in the air at 300 °C (a, ¢) in

the external magnetic field and (b, d) without the magnetic field.

B CONCLUSION

In this work, we achieved anisotropic 1D arrangement of the
MNCs through the formation of the MNC-LNT peapod
composites by simple mixing the MNCs and LNT. Although a
capillary force could not be ignored as a driving force to put the
MNC:s into LNT, it was clear that the adjustment of the surface
electrostatic interaction was important to prepare a densely
packed MNC-LNT peapod composite. Experimentally, it was
assumed that the interaction was small at pH 5.4—6.8 around
IEP of the MNC, and the formations of the peapod composites
were confirmed. Further it was discussed that the different
condition of the inner side and outer side of LNT such as
polarity and viscosity of water was aid in diffusing the MNCs
into LNT. Also, it should be noted that the coercivity of the
MNC was enhanced by the peapod formation. These
composites can be aligned in desired direction by applying
external magnetic field. This work will certainly lead to a simple
and mild approach for the fabrication and the arrangement of
the 1D nanocomposites of magnetic materials. When this
composite was hybridized with other materials, its magnetic
property will be useful for the preparation of nanodevices.

B ASSOCIATED CONTENT
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FE-STEM images of the peapod composite prepared at a pH
5.5, 6.3, 6.8, and 7.8. This material is available free of charge via
the Internet at http://pubs.acs.org/.
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