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We report on a novel nonvolatile shape memory fluid derived
from magnetic nanoparticles dispersed in water, oil, and oil/water
emulsions. Magnetic fields are used to lock fluid shapes into place,
even after the field is removed. Thermal treatments release the
locked fluid back to its original shape.

1. Introduction

Shape memory is a type of memory that has the ability to write,
store, and erase information in its shape by applying and
removing an external stimulus, such as a voltage, light, heat,
or a magnetic field." Shape-memory polymers, which are one of
the most enthusiastically researched shape memory materials,
are stimuli-responsive (smart) polymers that change their
chemical or physical properties, including shape, upon expo-
sure to external stimuli.' The transformation of the original
shape in shape-memory polymer systems requires a difficult
mechanical process because, as a solid-based memory, changes
in volume, length, or a bending action may be involved.

On the other hand, fluid-based shape memory has a great
advantage in that a shape can be easily molded through an
external stimulus.”™* Magnetic fluid, which is a stable colloidal
suspension of ferromagnetic nanoparticles (NPs), is magne-
tized in the presence of a magnetic field. The original and
transformed shape of the magnetic fluid can be changed by
tuning the direction or intensity of a magnetic field.>* How-
ever, the shape molded by the magnetic field is not retained
when the magnetic field is removed, and unlike shape-memory
polymers, it lacks the ability to retain its shape and behaves as a
fluid. Another type of fluid consisting of a magnetic particle
suspension, known as a magnetorheological (MR) fluid,” can
solidify under a strong magnetic field, but its shape does not
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change when influenced by a magnetic field. The solidification is
caused by a chain-like arrangement of the dispersed magnetic
particles in the direction parallel to the applied magnetic field.
The deformable function of magnetic fluids and the solidi-
fication function of MR fluids are inactivated when magnetic
fields are removed. An innovative and valuable nonvolatile
shape memory fluid would combine the ability to mold a
dispersion of magnetic NPs with the ability to retain the shape
when the magnetic field is removed. Our research in this
communication describes a novel nonvolatile magnetic shape
memory fluid that affords writing, retention, and erasing of
the fluid shape by a combination of magnetic fields and
thermal treatments. Magnetic fluids suitable for nonvolatile
shape memory devices contain magnetic Fe;O, NPs covered
with a surfactant, bis(aminoethyl-carbamoylethyl)-octadecylamine
(C18AA, Fig. 1A),%” that not only acts as a dispersant, but also as a
base and reducing agent. There are several advantages to C18AA.
First, its use as a surfactant also produces magnetic NPs in a
simple one-step preparation process. C18AA also functions well as
an organogelator in various organic solvents. In addition, it also
can generate a heat-induced oil-in-water (O/W) emulsion gel,®
which undergoes phase transitions from sol to gel on heating.
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Fig. 1 (A) Chemical structure of C18AA. (B and C) Schematic illustration of
nonvolatile shape memory with FesO4 NPs covered with C18AA dispersed
in (B) oil and (C) an O/W emulsion.
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In this research, we have demonstrated that C18AA can be
used to simply prepare oil-based (Fig. 1B) and O/W emulsion-
based (Fig. 1C) magnetic fluids with nonvolatile shape memory
properties. Even in the absence of magnetic fields, the mag-
netic fluid shapes created by the application of an external
magnetic field were “fixed”, or locked into place, by the
thixotropy associated with the sol-gel transition behavior of
the fluid with the added C18AA. Furthermore, we showed that
the stabilized shapes can be converted back to their original
rheology by either heating (Fig. 1B) or cooling (Fig. 1C), depending
on whether the sol is oil-based or an O/W emulsion.

2. Results and discussion

Fe;04 NPs were prepared by simply mixing FeCl, with C18AA
in water at room temperature (see ESIt). The color of the
obtained suspension varied from greenish to brown or to black,
depending on the C18AA concentration. Homogeneous black
dispersions were obtained at [C18AA] > 200 mM, and these
dispersions were stable for at least one month. On the other
hand, phase separation occurred within a few minutes with
[C18AA] < 100 mM, and a brown and black phase precipitated
out. The color change suggests the formation of iron oxide NPs.

Fig. 2A and B show typical transmission electron microscopy
(TEM) images of the resulting NPs at C18AA concentrations of
(A) 50 mM and (B) 200 mM, respectively. The TEM micrographs
revealed that raspberry-like agglomerates of the NPs with
diameters of approximately 60 nm were obtained at [C18AA] =
50 mM, while NP clusters approximately 15 nm in diameter
consisting of fused smaller NPs (~7 nm) were obtained at
[C18AA] = 200 mM. Powder X-ray diffraction (XRD) data
(Fig. 2C) revealed diffraction patterns that corresponded to
Fe;0, with a face-centered cubic (FCC) structure for the latter
NPs, while the former NPs had diffraction patterns that
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Fig. 2 Typical TEM micrographs of NPs obtained at (A) [C18AA] = 50 mM
and (B) 200 mM. (C) XRD patterns of NPs obtained at (a) [C18AA] = 50 mM
and (b) 200 mM. (D) Superimposed hysteresis curves for NPs obtained at
[C18AA] = 50 mM and 200 mM after washing with ethanol.
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corresponded to both Fe;O, and B-FeOOH. These TEM and
XRD results indicate the formation of Fe;O, NPs without
B-FeOOH at [C18AA] > 200 mM in the present system.

The magnetic properties of the Fe;0, NPs were investigated
using a superconducting quantum interference device (SQUID)
magnetometer. Fig. 2D shows hysteresis loops for Fe;O, NPs
after washing with ethanol to remove C18AA. The lack of
hysteresis in Fig. 2D indicated that the obtained Fe;O, NPs
exhibit typical superparamagnetic properties. Under a large
external field, the magnetization aligned with the field direc-
tion and reached saturation. The saturation magnetization
values were 75 and 56 emu g ' for Fe;0, NPs prepared with
[C18AA] = 50 and 200 mM, respectively. The difference in
saturation magnetization is mainly caused by the difference
in the size of the NPs. The saturation magnetization values were
lower than those of similarly-sized NPs prepared by other
methods,® which may be caused by surface spin-canting effects
induced by the terminal amine groups of C18AA on the NPs.’
Zero-field cooled (ZFC) and field cooled (FC) magnetization
curves (Fig. S1, ESIt) also revealed the superparamagnetism of
the obtained Fe;O, NPs.

There have been several approaches to the synthesis of
Fe;0, NPs.®™ In most of the previous reports, the preparation
of magnetic NPs has required a complicated multistep process,
and adjustment to an appropriate pH or a relatively high
temperature (>200 °C). In contrast, magnetic Fe;0, NPs have
been prepared here by a facile process that involves mixing
FeCl, with C18AA in water at room temperature.

The Fe;O, NPs obtained were stably dispersed in water over
a wide range of pH values (pH 2-11). Zeta-potential measure-
ments of the Fe;0, NP dispersions (Fig. S2, ESIt) indicated that
the isoelectric point for Fe;O4 NPs dispersed with C18AA was at
a high pH value of approximately 11, compared to a pH of 7 for
the Fe;0, NP dispersion without C18AA,'" and the {-potentials
were maximized (>20 mV) at pH < 11. This high {-potential
can be ascribed to the high stability of the dispersions over a
wide pH range of 2-11. Furthermore, because Fe;O, NP dispersed
with C18AA had the higher {-potentials than those without C18AA,
it is likely that the Fe;O, NPs were covered with cationic surfactant
molecules of C18AA. The interaction between C18AA and Fe;O,
NPs was also confirmed by X-ray photoelectron spectroscopy (XPS)
measurements (Fig. S3, ESIT). The N 1s XPS peak at 399.6 eV for
pure C18AA was shifted to a higher value (399.9 eV) for NPs with
C18AA, which suggests that the terminal amine groups of C18AA
act as a somewhat charged species.’

The magnetic properties of the fluids were investigated by
moving a 510 mT neodymium magnet close to the dispersions
of Fe;04 NPs in water prepared with various concentrations of
C18AA. Interestingly, the as-prepared homogeneous Fe;0, dis-
persions ([C18AA] > 200 mM) were attracted to the magnet
(Fig. 3B). In contrast, the unstable dispersions (demonstrating
phase separation and precipitation) prepared with [C18AA] <
100 mM did not exhibit magnetic fluid properties (Fig. 3A),
although a part of the precipitate was attracted to the magnet,
because the resultant NPs consisted of a mixture of magnetic
Fe;0, and non-magnetized -FeOOH.
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Fig. 3 Photographs of FezO4 NP dispersions in water prepared at
(A) [C1I8AA] = 50 mM and (B) 200 mM when a neodymium magnet
approaches the dispersions.

C18AA has been reported to have the potential to disperse
NPs’*? or carbon nanotubes'? in both organic solvents and
water, indicating that organic solvent-based magnetic fluids
could be prepared from a water-based magnetic fluid. After the
water was evaporated from the water-based magnetic fluid
under reduced pressure, several different organic solvents were
added to the residue of Fe;O, NPs and C18AA. Homogeneous
organic solvent dispersions of Fe;O, NPs were obtained by
vigorous agitation and subsequent sonication. Stable disper-
sions of the Fe;O, NPs were easily prepared in toluene, ben-
zene, and even in an ionic liquid, 1-hexyl-3-methylimidazolium
chloride, while dispersions in hexane, cyclohexane, and tetra-
hydrofuran (THF) were reasonably stable only for a few hours.
In contrast, the dispersions in chloroform and methanol were
unstable, and Fe;O, NPs completely precipitated within an
hour. The difference in the dispersibility is probably related
to the solubility of C18AA in the solvents. Chloroform and
methanol are very good solvents for C18AA, which causes the
desorption of C18AA from the surface of the Fe;O, NPs.
However, the other solvents do not have a high solvation power
for C18AA, indicating that the Fe;O, NP surfaces may remain
saturated with C18AA to afford a stable dispersion.

Fig. S4 and S5 of the ESIf show flow curves and viscosity
curves for the Fe;O, NP dispersions in various solvents. The
flow curves in hexane, cyclohexane, and THF exhibited non-
Bingham fluid behavior: non-linear curves having a yield stress.
However, the flow curves of toluene and benzene corresponded
to pseudoplastic fluid behavior. These dispersions behaved as
non-Newtonian fluids and had thixotropic properties. In con-
trast, the dispersion in water was a Newtonian fluid, in which
the shear stress is proportional to the shear rate. Further,
viscosity measurements revealed that all organic solvent-type
magnetic fluids investigated in the present study had shear
thinning properties, a characteristic of thixotropy. In the case of
the water-type magnetic fluid, the viscosity was independent of
the shear rate.

All of the stable dispersions, including the ionic liquid,
exhibited magnetic fluid properties, although the strength of
the magnetic response was dependent on the solvent type. The
gel-state of dispersions consisting of Fe;0, NPs and C18AA in
hexane, cyclohexane, toluene, benzene, and THF, which are
poor solvents for C18AA, acted as a magnetic fluid with
thixotropic properties (Table S1 and Fig. S6, ESIf). Fig. S7 of
the ESIT summarizes the appearance of the oil-based magnetic
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Fig. 4 Photographs of FesO, NPs dispersed in toluene. (A) Before and
(B) after the dispersion is placed in the proximity of a neodymium magnet
at room temperature. (C) Sample (B) after removal of the magnet at room
temperature. (D) Sample (C) after heating above 40 °C.

fluids when an external magnetic field was applied, in addition
to the dispersibility, dispersion state, and thixotropy.

The shape of the dispersion induced by an external
magnetic field was fixed simply by keeping the dispersion at
room temperature, even when the magnetic field was removed
(Fig. 4A-C). Fixation of the magnetic fluid dispersions required
a short time of 10 min under the magnetic field at room
temperature. Further, the fixed dispersions could easily be
made to flow again by heating above 40 °C (Fig. 4D), and the
fixed and fluidized states of the organic dispersions were
completely reversible many times.

This shape-memory behavior is ascribed to a change in the
aggregation state of Fe;O, NPs by the application of magnetic
and thermal stimuli. As the schematic illustration of the oil-
based magnetic fluid behavior shows in Fig. 1B, Fe;0, NPs are
probably aggregated to form three-dimensional networks due
to the intermolecular attraction of C18AA molecules adsorbed
on the Fe;0, surface, which results in the gel state of the
dispersion. When the dispersion is placed in the proximity of a
magnet, the magnetic NPs align to form chain-like networks in
the direction parallel to the magnetic field, which induces the
shape deformation. The molded shape can be fixed due to
interparticle attraction, even after removal of the magnetic
field. Subsequent heating of the fluid causes destruction of
the chain-like networks of Fe;O, NPs, which results in a
decrease in viscosity and a return to the original shape.

We have previously reported that O/W emulsions of C18AA
resulted in a heat-induced gel that undergoes a thermal phase
transition from a sol state to a rigid gel-like state upon heating.®
From these results, we surmised that O/W emulsion-based
magnetic fluids may be feasible. Fig. 5A shows an optical
micrograph of a dispersion consisting of C18AA/toluene/water
containing 0.1 M HCI to accelerate the gelation process at room
temperature. In this system, the weight percent concentration
of C18AA is defined as [C18AA],, (see ESIT), assuming that all
C18AA molecules are present in the water phase. In the case of
the dispersion shown in Fig. 5A, [C18AA],, was 23 wt%. The
optical micrograph shows that toluene droplets with diameters
of several micrometers were obtained, indicating demulsifica-
tion of the fluid into the toluene and water phases. Because
Fe;04 NPs were present in the water phase when the emulsion
was demulsified, Fe;O, NPs were dispersed by C18AA in the
continuous phase of water.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (A) Optical micrograph of the dispersion consisting of C18AA/
toluene/water containing 0.1 M HCL. [C18AA],, = 23 wt% and a 6 : 4 volume
ratio of oil to water. (B) Complex viscosity (*) as a function of temperature
for the O/W emulsion-type magnetic fluids prepared at various [C18AAlw
and with toluene as the organic solvent. (C—F) Photographs of the O/W
emulsion-type magnetic fluid prepared at [C18AAl,, = 18 wt%. (C) Before
and (D) after the dispersion is placed in the proximity of a neodymium
magnet at room temperature. (E) After the dispersion is allowed to stand at
40 °C followed by removal of the magnet. (F) After sample (E) is cooled to
room temperature.

The thermal response of the O/W emulsions containing
Fe;O, NPs was examined by measuring the complex viscosity
n*, obtained from the storage (G’) and loss (G”) moduli as a
function of temperature (Fig. 5B). n* for the O/W emulsions
containing Fe;O0, NPs prepared with [C18AA],, = 18 wt% chan-
ged from approximately 8 x 10> to 250-350 Pa s upon heating,
accompanied by a sol-to-gel phase transition at 34 °C. Our
previous study on O/W emulsion systems prepared with C18AA
but without Fe;O, NPs indicated that oil droplets covered with
C18AA coexist with spherical or short rod-like micelles of
C18AA in water at low temperatures. An increase in tempera-
ture induces the growth of micelles into elongated micelles,
which causes an increase in viscosity.® Therefore, the heat-
induced gelation of the present O/W emulsion-based magnetic
fluid is most likely caused by a similar mechanism. The
thermal viscosity behavior affords heat-gelation and cool-
softening properties to the O/W emulsion-based magnetic
fluid, and the change in viscosity upon heating and cooling
was completely reversible many times. This enables the mag-
netic fluid shape to be molded with an external magnetic field
at temperatures greater than the sol-gel transition tempera-
ture. When a magnet was used to change the shape of the
emulsion-based magnetic fluid, the shape could be fixed in the
sol state by heating above the sol-gel transition temperature to
form a gel with a high viscosity (Fig. 5C-E). In addition, the
temperature of shape fixation, i.e., the sol-gel transition tem-
perature, was a function of the C18AA concentration. Fig. 5B
shows that as [C18AA], concentration decreased from 24 to
14 wt%, the temperature at which the shape was fixed increased
from approximately 27 °C to 45 °C, Furthermore, the deformed
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fluid shape induced by a magnetic field was easily returned to
the original viscosity by cooling to room temperature (Fig. 5F).

3. Conclusions

In summary, we have demonstrated that magnetic Fe;O, NPs
were prepared by a facile process that involves mixing FeCl,
with C18AA in water at room temperature. Various types of
Fe;0,4 NP dispersions in water, oil, and an O/W emulsion were
investigated. Using C18AA with the magnetic Fe;O, NPs in both
oil and an oil/water emulsion enabled us to achieve a functional
nonvolatile shape memory fluid. An applied magnetic field was
used to fix the shape of the memory fluid, and for the oil-based
system, the application of heat returned the fluid viscosity to its
original value. In contrast, cooling the fixed shape of the
memory fluid fabricated in an oil/water emulsion also returned
the fluid viscosity to its original value. The system reported here
is a promising candidate as new nonvolatile shape memory for
various technological applications such as magnetic inks and
actuators, because the rheological behavior can be controlled
by both a magnetic field and temperature.
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