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here has been expanding interest in

one-dimensional (1-D) nanostruc-

tures in the past decade, such as
nanorods, nanotubes, or nanowires, due to
a range of size- and geometry-dependent
properties’ ~* and potential applications in
optical and electronic devices,”~7 sensing
and imaging,®® drug and gene delivery,'!
etc. So far, great progress has been achieved
in developing numerous 1-D nanostruc-
tures through various techniques and
methods.'?""7 Currently, the organization
and manipulation of these 1-D nanostruc-
tures have attracted a lot of attention, as
further scientific and technological ad-
vances in the application of 1-D nanostruc-
tures in functional nanodevices depend
strongly on the ability to assemble them
into ordered and complex architectures. It
has been reported that the collective be-
havior and interparticle coupling in well-
organized 1-D nanostructures resulted in
new functions or significant improvement
of their optoelectronic properties. For ex-
ample, Alivisatos et al. demonstrated the
formation of liquid crystal originating from
the CdSe nanorod assembly;'® Wang et al.
showed that a nanowire nanogenerator,
fabricated from vertically aligned ZnO
nanowire arrays, produced continuous and
stable direct-current output;? in another
study, a polymer matrix containing aligned
multiwalled carbon nanotubes exhibited
improved and anisotropic mechanical prop-
erties.' To date, several techniques have al-
lowed the spatial organization of 1-D nano-
structures, including the use of bound
ligands to stabilize anisotropic nano-
particles,?°~23 biorecognition,?* template-
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ABSTRACT Tellurium (Te) nanorods have been successfully aligned on a solid substrate via a

magnetization —alignment—demagnetization (“MAD") process in the presence of an external magnetic field. Te

nanorods carrying a poly(tert-butyl methacrylate) shell were first converted into magnetic nanocylinders by

assembling magnetite nanoparticles on their surface via a hydrophobic interaction in THF. We demonstrate that,

below a critical concentration of the nanoparticles, this assembly process is able to quantitatively tune the

magnetite nanoparticles’ density on the nanorods in terms of their stoichiometric ratio. Due to the polymer and

surfactant on their surface, the formed magnetic nanocylinders are soluble in THF and aligned when dried on a

solid substrate in the presence of an external magnetic field. The demagnetization of the prealigned nanocylinders

was achieved via an acid-etching process, leaving Te nanorods in an aligned state. This MAD process can be

extended as a general procedure for other nonmagnetic 1-D nanostructures. Additionally, the nonetched magnetic

nanocylinders can be potentially applied in field of magnetorheology.

KEYWORDS: tellurium nanorods - magnetite nanoparticles - magnetic
nanocylinders - alignment - assembly

directed self-assembly,?>~?’ external elec-
tric or magnetic field introduced
alignment, 23" interactions between seg-
mented polymer—metal rods in selective
solvents,* orientation-controlled growth on
a substrate,> fluidic approach,* Lang-
muir—Blodgett technique,* mechanical
straining of 1-D nanostructures in a poly-
mer matrix,> liquid crystalline assisted ap-
proach,” and others.33° Among them, ex-
ternal electric or magnetic field introduced
alignment represents a noncontact, large-
scale, low-cost, and easy-to-implement
strategy. In the presence of an external elec-
tric field, carbon nanotubes as well as me-
tallic nanowires have been fabricated into
ordered structures.***" In an external mag-
netic field, metallic (i.e., nickel, cobalt, per-
malloys) ferromagnetic nanowires,30314243
carbon nanotubes and nanofibers,**> and
nickel end-capped ZnO or copper—tin
nanowires*** have been successfully

*Address correspondence to
axel.mueller@uni-bayreuth.de.

Received for review March 18, 2009
and accepted May 20, 2009.

Published online June 1, 2009.
10.1021/nn9002715 CCC: $40.75

© 2009 American Chemical Society

SR
VOL.3 = NO.6 = 1441-1450 = 2009 a@%{\)

1441



> 4 ¥5
#5
i %
’ b # #

@ | S

Te nanorods

P(BMA Polymer

oleic acid-capped
Fe;0, nanoparticles

35 5 acid-etching
; o lialll):

e

&

aligned Te nanorods

mixingin THF

drying solution in an
external magnetic fiel

aligned magnetic nanocylinders

Scheme 1. lllustration of the alignment of Te nanorods via a MAD process assisted by an external magnetic field.

aligned. Recently, the manipulation of nonmagnetic
Au—Ag nanorods by a magnetic field has been re-
ported inside a ferrofluid.*84°

Very recently, we observed that tellurium (Te) nano-
rods covered by a layer of poly(tert-butyl methacrylate)
(PtBMA) could assemble inorganic (Te or magnetite)
nanoparticles onto their surface via a hydrophobic in-
teraction.>® This interesting finding leads to continuing
research on the Te nanorods functionalized with mag-
netite nanoparticles, named magnetic nanocylinders,
which combine the uniform geometry of the Te nano-
rods and the magnetic function of the magnetite nano-
particles. In this paper, we report a facile and unique
process, named magnetization—alignment—demagne-
tization (“MAD”) process, to align Te nanorods parallel
to an external magnetic field on a solid substrate, as il-
lustrated in Scheme 1. In this process, we demonstrate
for the first time the quantitative control of magnetite
nanoparticles’ density on the nanorods, supported by
mathematic calculations, the aligning behavior of the
formed magnetic nanocylinders, and the stepwise etch-
ing of prealigned magnetic nanocylinders into Te nano-
rods. In fact, to the best of our knowledge, this is the
first example of a general approach to align nonmag-
netic nanorods on a substrate in a magnetic field by
decorating their surface with magnetite nanoparticles
followed by selective removal of these nanoparticles.

Magnetic nanoparticles have been extensively stud-
ied due to their promising applications in the fields of
magnetic fluids, catalysis, biotechnology/biomedicine,
magnetic resonance imaging, data storage, and envi-
ronmental remediation.>’ Among various magnetic
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nanomaterials, 1-D nanostructures have been the con-
stant pursuit of researchers due to their unique utiliza-
tions as sensors, magnetic recording, and spintronic
devices.”?”>” Template-assisted synthesis is the most
frequently employed method;303133424352 magnetic—
dipolar interaction-induced self-assembly,>* sol—gel
process,>* and other methods® have also been used to
prepare magnetic 1-D nanostructures. Here, as a coex-
istent advantage of the versatile MAD process, mag-
netic nanocylinders are constructed more easily com-
pared to other synthetic methodologies. The
advantages include the following: (1) No purification
or post-treatment is required after mixing the nanopar-
ticles and nanorods in THF. In our strategy, all particles
are attached to the nanorods statistically below a criti-
cal concentration, leaving magnetic nanocylinders as
the only pure product in solution. Although the coat-
ing of gold nanorods or carbon nanofibers with mag-
netic nanoparticles has been reported,*>*® excessive re-
actants, byproducts, or free nanoparticles remained
mixed with the resulting 1-D magnetic nanostructures.
(2) The magnetic property of nanocylinders is quantita-
tively tunable by varying the stoichiometric ratio of
these two components. We managed to control the
population (from 17 to 597) of nanoparticles on indi-
vidual nanorods in our approach. Magnetic properties,
such as the magnetic moment of each nanocylinder, are
proportional to the number of nanoparticles on it.**
One can achieve a desired magnetic moment of the
nanocylinders via a suitable stoichiometric ratio of
nanoparticles to nanorods. (3) The size and aspect ra-
tio of the magnetic nanocylinders stem from the Te
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nanorods, which can be effectively
controlled by changing the reactant
concentration, the reaction media,
purging time of the H,Te gas, the type
of polymers, etc.>° (4) Due to the pro-
tective polymer and surfactant layer
on their surface, these nanocylinders
are well-dispersed in organic solvents,
which facilitates the further process-
ing. The unique coexistence of these
four aspects represents the key ad-
vantage of our system over prior
approaches.

RESULTS AND DISCUSSION
Synthesis and Characterization of
Magnetite Nanoparticles and Te Nanorods.
As the basic components to build the
magnetic nanocylinders, magnetite
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nanoparticles and Te nanorods were
separately prepared first. Figure 1A
shows a representative transmission
electron microscopy (TEM) image of
the magnetite nanoparticles pro-
duced through the conventional co-
precipitation method.>*%° Since the
nanoparticles are capped with oleic
acid molecules and possess an alkyl
layer on the surface, they are soluble
in most organic solvents, such as
cyclohexane, benzene, and also THF.
The crystallinity of the nanoparticles
was checked by high-resolution TEM
(Figure 1B). There is clear evidence of
lattice planes corresponding to the (220) planes of mag-
netite with 0.2967 nm interplanar spacing. Their size
distribution histogram in Figure 1C, which resembles a
Gaussian curve, shows that the nanoparticles studied in
this article are on average 9.6 nm in diameter with a
standard deviation of 21%. Electron diffraction mea-
sured from a large zone (Figure 1D) presents the dis-
tinct rings that can be indexed to the magnetite struc-
ture. The Mdéssbauer spectrum (see Supporting
Information) further confirms the phase to be magne-
tite Fe;04, which is typical for the magnetic nanoparti-
cles obtained through the co-precipitation method.®"%2
The Te nanorods were prepared by purging in situ
generated H,Te gas into a PtBMA polymer solution in
THF at room temperature, as we reported earlier.”® In
this research, three types of Te nanorods with different
aspect ratios were synthesized for the study of the mag-
netic nanocylinders. Their dimensions are listed in Table
1. As an example, a typical TEM image of the Te (1)
nanorods is shown in Figure 1E. Due to the PtBMA poly-
mer attached to the surface, the nanorods are very
soluble and form a clear blue solution in THF. The TEM
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image in Figure 1F with a higher magnification exhib-
its the smooth surface of the nanorods. These nanorods
are on average 422 * 48 nm long and 47 = 11 nm in di-
ameter, giving an aspect ratio of 9. The length distribu-
tion histogram is present in Figure 1G, which matches a
Gaussian distribution as well. The high-resolution TEM
(Figure 1H) and its electron diffraction pattern (Figure
11) prove that the Te nanorod is structurally single crys-
talline along the longitudinal axis (c axis), correspond-
ing to the interplanar spacing between the (001) planes
of the hexagonal lattice. Electron diffraction analysis of
different single nanorods at varying tilting angles ex-
cludes the twinned crystal structure. From the above
characterizations, both nanoparticles and nanorods as
the constructing units are single crystalline with a nar-

TABLE 1. Three Types of Te Nanorods with Different
Lengths and Diameters Obtained via TEM Investigation

sample length/nm diameter/nm aspect ratio
Te (1) 422 = 48 471N 9
Te (2) 295 = 47 21£5 14
Te (3) 473 *+ 46 155 £ 32 3
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Figure 1. (A) TEM image of the as-synthesized magnetite nanoparticles; (B) high-resolution TEM
image of a single nanoparticle; (C) size distribution histogram of the nanoparticles (black curve is
the Gaussian fit); (D) selected area electron diffraction pattern of the nanoparticles; (E) TEM im-
age of the Te (1) nanorods; (F) their enlarged view; (G) their length distribution histogram (black
curve is the Gaussian fit); (H) high-resolution TEM image of a single nanorod; and (1) its corre-
sponding electron diffraction pattern.

N

1443



1444

Figure 2. (A—D) Magnetic Te (1) nanocylinders prepared from Te (1) nano-
rods (60 mg/L) and different concentrations of magnetite nanoparticles: (A)
50.6 mg/L, (B) 16.8 mg/L, (C) 5.2 mg/L, and (D) 1.87 mg/L in THF. The sto-
ichiometric ratios (nanoparticles to nanorods) are (A) 1625, (B) 539, (C) 167,
and (D) 60 respectively. (E) Magnetic Te (2) nanocylinders prepared from
Te (2) nanorods (33.7 mg/L) and magnetite nanoparticles (8.65 mg/L) with
a stoichiometric ratio of 69. (F) Single Te (2) magnetic nanocylinder with ca.
50 nanoparticles.

row size distribution in their dimension and are soluble
in THF.

Controlled Assembly of Magnetite Nanoparticles on Te
Nanorods. The magnetic nanocylinders were produced
by mixing the Te nanorod solution and magnetite
nanoparticle solution in THF under strong mechanical
shaking. During this process, the magnetite nanoparti-
cles assembled onto the nanorod surface via the hydro-
phobic interaction®® between the PtBMA layer on the
nanorods and the alkyl chains on the nanoparticles. Fig-
ure 2A—D shows various TEM images of the magnetic
Te (1) nanocylinders that were prepared with constant
Te (1) nanorod concentration (60 mg/L) and decreasing
concentration of nanoparticles from 50.6 mg/L (Figure
2A) to 1.87 mg/L (Figure 2D) in THF solution. All TEM im-
ages reveal that the nanoparticles tend to adhere onto
the nanorod rather than stay in THF. By carefully exam-
ining the TEM images, the free nanoparticles, indicated
by a white arrow, become evidently less and less from
Figure 2A to Figure 2B until totally vanishing in Figure
2C,D. Due to the large gap between the nanoparticle
concentrations in Figure 2B,C, an additional sample was
prepared in the same way with only 6.5 mg/L of mag-
netite nanoparticles in THF solution, which showed the
existence of free nanoparticles in the TEM investiga-
tion. Thus we define the concentration of the magne-
tite nanoparticles in Figure 2C (5.2 mg/L) as the critical
concentration. Above it (Figure 2A,B), free nanoparticles
exist in the THF solution; in contrast, below it, all nano-
particles will sit on the nanorods (Figure 2C,D), which
leads to pure magnetic nanocylinders in THF.

A close view of the magnetic nanocylinders in Fig-
ure 2C,D indicates a statistical distribution of the nano-
particles on all Te nanorods. Since a triple amount of
magnetite nanoparticles was introduced in Figure 2C
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compared to Figure 2D, the magnetic nanocylinders in
Figure 2C have a higher density of nanoparticles. A cal-
culation based on the concentrations of Te nanorods
and Fe;04 nanoparticles proves that each nanocylinder
in Figure 2C carries ca. 167 nanoparticles and in Figure
2D only 60 (see Supporting Information). As the mag-
netic cylinders are based on the nanoparticles, their
magnetic properties can be quantitatively tuned by
loading different amounts of nanoparticles below the
critical concentration. In the same manner, the critical
concentration of the nanoparticles on Te (2) nanorods
(33.7 mg/L) was determined to be 8.65 mg/L. The corre-
sponding TEM image is shown in Figure 2E. Here, ac-
cording to the stoichiometric ratio, each Te (2) nano-
rod carries only 69 magnetite nanoparticles, much less
than the Te (1) nanorod in Figure 2C due to its smaller
size and less surface, although both are under their own
critical concentration of the nanoparticles, respectively.
In order to illustrate the hydrophobic interaction be-
tween the oleic acid capped nanoparticles and PtBMA
polymer protected Te nanorods, a single Te (2) mag-
netic nanorod carrying ca. 50 nanoparticles is enlarged
in Figure 2F, where the spacing between the nanopar-
ticles and Te nanorod is clearly visible. Here, the strong
hydrophobic interaction fixes and “suspends” the nano-
particles in the dense polymer matrix on the nanorod
surface.

Characterization of Magnetic Nanocylinders. To detail the
assembly of magnetite nanoparticles, the formed mag-
netic Te (1) nanocylinders at the critical concentration
of nanoparticles are subjected to further investigations.
Figure 3A displays a TEM image of a single magnetic
Te (1) nanocylinder. An enlarged view of its end (the in-
set in Figure 3A) reveals a dense layer of nanoparticles
on the nanorod surface. At several sites on the nanorod
(indicated by black arrows), packing with double layers
of nanoparticles is also detected. The electron diffrac-
tion pattern of the single magnetic nanocylinder is dis-
played in Figure 3B. As expected, both dotted and ring-
shaped patterns appear simultaneously. The dotted
pattern represents the single-crystalline Te nanorod, as
the “backbone” of the nanocylinder, and the ring-
shaped pattern for the randomly oriented nanoparti-
cles on the nanorod. In fact, the whole pattern re-
sembles a simple overlap of the diffraction patterns of
magnetite nanoparticles (Figure 1D) and a single Te
nanorod (Figure 11).

The morphological change of the Te nanorods be-
fore and after covering with nanoparticles can be eas-
ily observed in their scanning electron microscopy
(SEM) images. In Figure 3C, the pure Te nanorods ex-
hibit a rigid and homogeneous surface. The mean diam-
eter is 50.9 * 6.6 nm, 4 nm wider than that from TEM
analysis, since the PtBMA layer on the nanorods is vis-
ible in SEM. The decoration with magnetite nanoparti-
cles roughens the smooth surface of the nanorods, as
shown in Figure 3D. Instead of a flat surface, bright dots
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Figure 3. Electron microscopy analysis of the magnetic Te (1) nanocylinders prepared by Te (1) nanorods (60 mg/L) and
magnetite nanoparticles at the critical concentration (5.2 mg/L). (A) TEM image of a single magnetic nanocylinder; (B) its elec-
tron diffraction pattern; (C) the SEM image of the pure Te nanorods; (D) SEM image of the magnetic nanocylinders; (E) its en-

larged view; and (F) the corresponding elemental analysis.

appear all over the nanorods. The enlarged view is
shown in Figure 3E. Differently from the TEM analysis
of the individual magnetic nanocylinders, the SEM im-
age offers direct evidence on how nanoparticles pack
on the nanorod surface. It is found that, although con-
gested with the bright dots (the oleic acid capped mag-
netite nanoparticles), some space of the nanorod sur-
face remains unoccupied by nanoparticles. Free space
between the nanoparticles is frequently observed, and
a monolayer close-packing does not exist. This is in ac-
cordance with a theoretical calculation, where we found
that each nanorod (1) could hold 660 magnetite nano-
particles on its surface by monolayer close-packing (see
Supporting Information), much more than the ob-
served 167 nanoparticles. We believe that the sites on
the nanorods, which were occupied by PtBMA poly-
mers, introduce a spatial repulsion and eventually pre-
vent magnetite nanoparticles on the nanorod surface
from packing closely with each other. Figure 3F is the
result obtained from the energy-dispersive X-ray (EDX)
analysis of the magnetic nanocylinders. Only the signals
of carbon, oxygen, iron, and Te are detected (Si signal
from the substrate). They are the exact constructing el-
ements of the oleic acid capped magnetite nanoparti-
cles and the PtBMA attached Te nanorods. Despite of
the rough baseline, we still calculate a weight ratio of
1:8.1 (12%) for Fes04/Te, which is close to the theoreti-
cal value, 1:11 (9%).

Magnetic Nanocylinders with Overloaded Magnetite
Nanoparticles. Our further effort was aimed to exceed
the limitation of loading magnetite nanoparticles onto
the nanorods. Here, a concentration of magnetite nano-
particles of 300 mg/L, well above the critical concentra-
tion (5.2 mg/L), was used to form the magnetic Te (1)
nanocylinders. The excessive nanoparticles were re-
moved by sonication and then ultrafiltration using a
PTFE membrane with a pore size of 200 nm. The TEM
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images of the magnetic Te (1) nanocylinders before
and after purification are shown in Figure 4. In Figure
4A, the nanoparticles, although enriched on the Te
nanorods, spread all over the space. The loosely at-
tached nanoparticles were first dissociated from the
nanocylinders by sonication and then filtered away by
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Figure 4. (A,B) TEM images of magnetic Te (1) nanocylinders formed
with 300 mg/L of magnetite nanoparticles and 60 mg/L of Te (1)
nanorods before and after purification (sonication and ultrafiltration);
(C) magnetization curves M(H) for the magnetite nanoparticles at 300 K
(black line) and 5 K (red line); (D) ZFC (red line) and FC (black line)
curves with the temperature ranging from 5 to 300 K; (E) magnetiza-
tion curves M(H) for the magnetic nanocylinders at 300 K (black line)
and 5 K (red line); and (F) ZFC (red line) and FC (black line) curves of the
magnetic nanocylinders with the temperature ranging from 5 to 300 K.
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ultrafiltration. Figure 4B shows an individual purified
magnetic nanocylinder, where more nanoparticles were
evidently found on the nanorod than that formed at
the critical concentration (Figure 3A). Due to the over-
saturation with the nanoparticles on the surface, the
contour shape of the nanorod can hardly be distin-
guished. The nanorod is completely covered with al-
most two layers of nanoparticles. Its structure was fur-
ther investigated at a high magnification on its top, as
shown in the inset in Figure 4B. It is easy to see that the
nanoparticles even pile up on some sites of nanorod
surface to form protrusions. The overloading enables a
high content of magnetite nanoparticles in the
nanocylinders.

To estimate the amount of the magnetite nanopar-
ticles in such overloaded nanocylinders, superconduct-
ing quantum interference device (SQUID) measure-
ments were performed for both the magnetite nano-
particles and the purified magnetic nanocylinders. Fig-
ure 4C presents the hysteresis curves M(H) of the nano-
particles at 300 and 5 K. The magnetite nanoparticles
are superparamagnetic at 300 K and ferromagnetic at
5 K, which is typical for magnetite nanoparticles.*> The
remancence, coercivity, and saturation magneti-
zation at 5 K are 13.3 emu/g, 229 Oe, and 69 emu/g, re-
spectively. The blocking temperature is determined as
160 K from the zero field cooling (ZFC) and field cool-
ing (FC) curves in Figure 4D. In the case of magnetic
nanocylinders, whose magnetic properties are exclu-
sively arising from the magnetite nanoparticles, the
shape of the M(H) curve is rather similar to that of the
magnetite nanoparticles. At 5 K, the coercivity is 259 Oe,
very close to that of the pure nanoparticles since the
physical properties (size, crystallinity, capping agent,
etc.) of the spherical and isotropic nanoparticles were
maintained during the assembly process. The only sig-
nificant difference lies in the remancence and satura-
tion magnetization, which are 13.3 and 69 emu/g for
nanoparticles but only 3.7 and 12 emu/g for nanocylin-
ders at 5 K. Such difference is commonly caused by
the volume-dilution effect of magnetite nanoparticles
in the formed nanocylinder structure. According to the
saturation magnetization of the nanoparticles before
and after assembly on Te nanorods, 15 wt % of magne-
tite nanoparticles on the nanocylinders is calculated,
which is almost twice as high as the 8 wt % calculated
from the nanocylinders formed at the critical concentra-
tion. The blocking temperature of the magnetic nano-
cylinders slightly shifted to 140 K in Figure 4F, 20 K
lower than the pure magnetite nanoparticles. The small
difference could come from the assembly process. We
assume that, in the presence of excessive nanoparticles,
small ones are easier to be inserted into the PtBMA
polymer matrix on the nanorod surface than the large
ones. Thus, the nanoparticles that have been assembled
on the nanorods contain a larger fraction of small nano-
particles, which decreases the average size of the as-
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sembled magnetite nanoparticles. As reported, the
change in the size of the magnetic nanoparticles is re-
flected in the blocking temperature.5’ % It is worth not-
ing that the magnetic nanocylinders based on the im-
mobilization of magnetite nanoparticles on the Te
nanorods remain superparamagnetic at room tempera-
ture, whereas single-phase magnetite nanorods with
the same size (422 nm long, 47 nm wide) would exhibit
ferromagnetic behavior because of the transition of su-
perparamagnetism to ferromagnetism for magnetite
nanoparticles above ~25 nm at room temperature.”®”'
In the field of magnetorheology, superparamagnetic
nanorods are of great interest because, after the re-
moval of external magnetic field, they do not retain
any magnetism (coercivity), which avoids additional
magnetic forces among nanorods and the correspond-
ing agglomeration in solution.

Alignment of the Magnetic Nanocylinders in an External
Magnetic Field. The magnetic Te (2) nanocylinders shown
in Figure 2E were further checked with respect to their
response to a magnetic field. It was first visualized by re-
sponding to an external magnet, as shown in Figure
5A—C. The responsive behavior of the magnetic nano-
cylinders in solution to the magnetic field can be uti-
lized to align the nanocylinders on a solid substrate. To
prepare the sample, the magnetic nanocylinder solu-
tion was dropped on a carbon-coated copper TEM grid
fixed on the tip of a plastic sample holder, which was
immediately inserted into a magnetic field of 0.3 T par-
allel to the TEM grid surface. Figure 5D shows the
aligned magnetic nanocylinders on the TEM grid. Due
to the magnetic nanoparticles on the surface, the longi-
tudinal axis of all Te nanorods is almost parallel to the
magnetic field, quite different from the randomly ori-
ented Te nanorods. A similar ordering of 1-D magnetic
nanostructures (nickel or nickel-based alloy nanowires)
in an external magnetic field has also been reported.3%3!
The structure of the nanocylinders shows high stability
in the strong magnetic field; only very few magnetite
nanoparticles were dissociated from the nanocylinders
during the alignment, as shown in Figure 5D.

Very interestingly, a linear connection of the nanocyl-
inders was often found in the TEM images. Figure 5E pre-
sents an example of this elongated superstructure, which
is made up of five individual magnetic nanocylinders via
end-to-end junction. This behavior resembles that of mac-
roscopic magnetic rods, which are connected at the ends
via magnetic dipolar interaction. The whole linear super-
structure points to the same direction as the magnetic
field. These ordered superstructures were not observed
in the absence of the external magnetic field in our stud-
ies. To detail how the nanocylinders are connected at
both ends, two junctions were enlarged in Figure 5F,G.
In Figure 5F, the two nanocylinders are combined by a
small joint at both ends, but the two faces of the ends are
nearly mismatched. Differently in Figure 5G, the two
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nanocylinders are parallel to each other and
connected directly face-to-face at both ends
despite of a rather small translation perpen-
dicular to the longitudinal axis of the
nanorods.

Demagnetization of Prealigned Magnetic
Nanocylinders. The oriented nanocylinders,
whose magnetic properties originate from
the magnetite nanoparticles, can be readily
demagnetized by a selective etching process
in an aqueous acid solution, namely, dissolv-
ing the magnetite nanoparticles from the nano-
rods. Very significantly, the etching will keep
the Te nanorods in an aligned state, as the hy-
drophobic polymer shell on the nanorod in
the aqueous solution acts as a cage, fixing and
“freezing” the nanorods on the substrate. Fig-
ure 6A—D shows the original and stepwise
HCl-etched magnetic nanocylinders after 20,

500 nm

Figure 5. (A) Magnetic Te (2) nanocylinder solution in THF; (B) when close to a magnet;
(C) after leaving the magnet and shaking; (D) TEM image of aligned magnetic nanocylin-
ders when deposited from solution onto a carbon-coated TEM grid in the presence of
an external magnetic field (0.3 T); (E) linear connection of aligned magnetic nanocylin-
ders. The cartoon on the left side illustrates how this linear superstructure has been con-
structed. (F,G) Enlarged views of the junctions of the magnetic nanocylinders indicated
by the white circles in panel E.

40, and 60 min, which present a clear trend of
decreasing population and size of nanoparti-
cles on the nanorod. Unexpectedly, a few
magnetite particles were still observed
anchoring the nanorod surface after 60 min
etching (indicted by the white circle in Figure
6D). The unusual stability of magnetite nano-
particles against strong HCl acid (pH = 1) is
owed to the hydrophobic alkyl chains of oleic
acid on the nanoparticle surface that are fur-
ther immobilized in the hydrophobic polymer
matrix on the nanorod. In such intensive hy-
drophobic environment, the diffusion of HCI
molecules to the magnetite nanoparticles is
retarded.

The etching process was accomplished af-
ter 80 min. Figure 6E shows a representative
TEM image of the aligned Te nanorods after etching
away the nanoparticles (more images in Figure s4, Sup-
porting Information). The longitudinal axis of these nano-
rods points to the same direction as the external mag-
netic field. In the enlarged view (inset in Figure 6E) of a
single nanorod, the nanorod surface is clearly flat and free
of nanoparticles, indicating the successful demagnetiza-
tion of the Te nanorod. It should be mentioned that, al-
though hydrochloric acid is not able to attack Te,”? some
nanorods were spotted becoming thinner specifically in
the center during the etching process (Figures 6C,D and
s4 in Supporting Information) due to the rather vigorous
corrosiveness of HCI. The covering density of the aligned
nanorods in our approach is, however, limited by the
nanocylinder concentration. At a higher concentration,
the long polymer chains tethered to the nanorod surface
can entangle with each other, which interferes with the
nanorod orientation when drying in a magnetic field.
Nevertheless, the coverage can be improved in practice
by repeating the deposition—drying process in the same
substrate area to enrich the nanorods.
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Figure 6. (A—D) TEM images of the original Te (2) magnetic nanocylinders, and the
stepwise HCl-etched ones after 20, 40, and 60 min; (E) Te (2) nanorods after the com-
plete etching of nanoparticles (80 min) from the nanorod surface. The inset in panel E
is an enlarged view of a single rod.

The methodology of decorating nanorods with mag-
netite nanoparticles, aligning and etching of the formed
magnetic nanocylinders (MAD process), can be broad-
ened as a general method to align nonmagnetic 1-D
nanostructures assisted by an external magnetic field.
The type of 1-D nanostructures, polymer layers, magnetic
nanoparticles, and surfactants can be specially combined
and designed for a specific application. For example, the
polymeric layer on the nanostructures can be created
either during the formation of the 1-D nanostructures,
like in our case, or more commonly via surface-initiated
polymerization techniques’>7* and “grafting onto”
methods.”®

CONCLUSIONS

In conclusion, we have successfully aligned Te nano-
rods via an interesting magnetization—alignment—de-
magnetization (MAD) process assisted by an external
magnetic field. The assembly of magnetite nanoparticles
onto Te nanorods in THF solution can be quantitatively
controlled in terms of their stoichiometric ratio below a
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critical concentration of the nanoparticles. Due to the
polymer and surfactant on their surface, the formed mag-
netic nanocylinders are soluble in THF, which enables
the alignment of these nanocylinders on a solid substrate
in the presence of an external magnetic field. By an acid-
etching process, they were demagnetized into Te nano-
rods in an organized manner. This MAD process can be

METHODS

Preparation of Linear Poly(tert-butyl methacrylate) (PtBMA). PtBMA
with high molecular weight was synthesized by atom transfer
radical polymerization (ATRP). Briefly, 0.049 g (0.5 mmol) of CuCl
catalyst with 0.086 g (0.5 mmol) of N,N,N',N'',N'"’-pentamethyl-
diethylenetriamine in 10 mL of toluene, 0.095 g (0.5 mmol) of
the initiator p-toluenesulfonyl chloride in 4 mL of toluene, and
42.66 g (0.3 mol) of purified tBMA in 40 mL of toluene were first
prepared and bubbled with argon for 10 min in three separated
screw cap glasses. After transferring the catalyst and initiator to
tBMA monomer with a nitrogen-flashed syringe, the solution was
stirred in an oil bath at 90 °C for 26 h. Then the mixture was
cooled to room temperature and filtered through an Al,Os col-
umn. After precipitation in water/methanol, the product was
freeze-dried from dioxane. The number-averaged molecular
weight is 95 000 g/mol, and the polydispersity is 1.09, mea-
sured from a conventional GPC using THF as eluent and PtBMA
as standard.

Preparation of Magnetite Nanoparticles. The oleic acid capped
magnetite nanoparticles were prepared by the co-precipitation
method.3*3 Briefly, 28.1 g of FeCls - 6H,0 in 550 mL of water and
10.9 g of FeCl, - 4H,0 in 30 mL of H,0 (with 4 drops of fuming
HCI) were mixed and kept at 60 °C. A black precipitate appeared
when 90 mL of aqueous NH4OH (25%) was added to the solu-
tion. After stirring for 10 min, the black precipitate was separated
by magnet and washed with H,O until pH 9. To cap the surface
with oleic acid, the mixture of 300 mL of water and 32 mL of 10
wt % oleic acid in paraffin oil was added. After heating at 80 °C
for 1 h, the oleic acid capped nanoparticles were separated by
magnet, and the black oil phase was washed with water and eth-
anol to remove the excess oleic acid. Further filtration through
glass fiber was carried out to remove any agglomerates, and the
mixture was centrifuged for 1 h (4000 rms, 30 °C).

Preparation of Te Nanorods. The Te nanorods were prepared
from the room-temperature decomposition of H,Te gas in a
PtBMA solution in THF." As an example, the synthesis of Te (1)
nanorods was carried out under a gentle argon flow at room
temperature. A three-necked flask with magnetic stirrer, with
1.25 g of aluminum telluride (Al,Tes, 99.5% pure, Gerac), and 60
mL of dioxane, was equipped with a bubble counter and con-
nected to a pipeline inserted into a 250 mL reaction flask con-
taining 200 mL of PtBMA solution (0.5 g/L) in THF. The disper-
sion of Al,Te; in dioxane and the PtBMA solution in THF were
bubbled with argon for 30 min. Then 10 mL of oxygen-free H,SO,
solution (0.5 M) was added dropwise by a syringe pump within
2 h. The generated H,Te gas was distributed via argon flow into
the reaction flask. At the end, argon was further bubbled for 30
min, and the reaction flask was further stirred overnight. For the
synthesis of Te (2) nanorods, 2 g of Al,Te; and 1 g/L of PtBMA
in THF were used; in the case of Te (3) nanorods, 1.6 g of Al,Te;
and 0.5 g/L of PtBMA in THF were used.

Preparation and Alignment of Magnetic Nanocylinders. The assembly
of magnetite nanoparticles on the Te nanorod surface was
achieved by adding different amounts of magnetite nanoparticle
solution into the Te nanorod solution in THF under strong mechan-
ical shaking under argon for 2 h. The magnetic nanocylinders were
aligned in a magnetic field of 0.3 T. The sample was prepared by
placing one drop of the magnetic nanocylinder solution in THF on
a carbon-coated TEM grid and immediately inserted into the mag-
netic field, which was parallel to the TEM grid surface.

Demagnetization Process. The acid-etching process was carried
out in an aqueous HCl solution (pH = 1) under an argon atmo-

0

VOL.3 = NO.6 = YUAN ET AL.

extended as a general procedure for the alignment of
nonmagnetic 1-D nanostructures. Additionally, the mag-
netic nanocylinders based on the Te nanorods and mag-
netite nanoparticles can be potentially applied in the field
of magnetorheology, where the ordering of magnetic
nanocylinders by an external field may record the signals
or change the fluid viscosity.

sphere to avoid the oxidation of the Te nanorods. The aligned
magnetic nanocylinders on a carbon-coated copper TEM grid
were immersed into the aqueous HCl solution for a desired pe-
riod. To monitor the etching process, the sample was taken out
after 20, 40, 60, and 80 min and rinsed by pure water before sub-
jected to the TEM investigation.

Transmission Electron Microscopy (TEM). TEM images and the elec-
tron diffraction patterns were taken on a Zeiss EM EF-TEM instru-
ment operated at 200 kV. For each sample, a 2 p.L droplet of the so-
lution was deposited onto a carbon-coated copper TEM grid.

Scanning Electron Microscopy (SEM). SEM was performed using a
Zeiss 1530 Gemini instrument equipped with a field emission
cathode with a lateral resolution of approximately 2 nm. The
sample was prepared by placing one drop of the solution onto
a purified silicon wafer.

Superconducting Quantum Interference Device (SQUID) Measurement.
Magnetic properties of the samples were studied with a Quantum
Design MPMS-XL superconducting quantum interference device
magnetometer between 300 and 5 K, with a maximum applied
field of 50 kOe (=5 T). The magnetization was also measured as a
function of temperature at a given applied field in the field cooled
(FC) and zero field cooled (ZFC) modes. For the ZFC measurements,
the sample was first cooled down to 5 Kin zero magnetic field. Sub-
sequently, a magnetic field of 100 Oe (10 mT) was applied and
the magnetization was measured while the temperature was in-
creased up to 300 K. Afterward, the magnetization of the sample
under a magnetic field of 100 Oe as a function of decreasing tem-
perature (down to 5 K) was measured as the FC magnetization.

Size Distribution Analysis. The statistical analysis of the size distri-
bution of the nanoparticles and nanorods was performed using
the UTHSCSA ImageTool program (University of Texas). In each
sample, 100 + 10 objects were measured to define the dimension.
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