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Fe3O4 Nanomachine Manipulated
Magnetically

Ever since 1959, when physicist Richard
Feynman famously declared “there’s plen-
ty of room at the bottom,” researchers have
worked feverishly to make functional
materials smaller and smaller. Of interest
to many in this field are micro- and
nanomachines that have the ability to
manipulate other small materials. Instru -
ments such as these are helping researchers
to develop an understanding of mechani-
cal motion on the nanoscale. A team of
researchers from Jilin University in China
led by H.-B. Sun recently developed a
new magnetically controlled micro-spring
using two-photon polymerization that
may help improve the understanding of
nanomechanics.

As described in the March 1 issue of

Optics Letters (DOI:10.1364/OL.34.000581;
p. 581), the researchers prepared iron-
oxide–loaded springs using two-photon
polymerization. The springs, formed from
a photoresist consisting initially of methyl
methacrylate as monomer, pentaerythritol
triacrylate as the cross-linker, and a small
amount of photoinitiator and photosensi-
tizer, were loaded with 10 nm superpara-
magnetic Fe3O4 nanocrystals. The re -
searchers determined loading of iron
oxide nanocrystals by thermogravimetric
analysis to be 2.4%. Using a computer-
controlled Ti-sapphire laser (790 nm), the
resin was cured with tightly focused femto-
second laser pulses. Scattering from the
nanoparticles limited the overall resolu-
tion of the polymerization technique. In
the end, the magnetic springs were 15 μm
wide and as tall as 200 μm.

Spring motion was induced when the
device was subjected to a magnetic field
gradient. The spring was shown to stretch
and to bend in a variety of organic and
aqueous solvents. Regardless of the sol-
vent, no change in elasticity was detected.
The researchers said that the new magnet-
ic springs may be more useful than
springs driven by typical optical driving
mechanisms in certain nanomaterial and
biological applications, (e. g., operatng a
micromachine inside a blood vessel). 

In addition, the researchers look forward
to improving the device functionality and
to moving on to more complex systems
with the hope of placing functional
nanomachines inside human blood vessels
to perform disease diagnosis and treatment. 

KEVIN P. HERLIHY

Figure 1. (a) Drawing conductive channels in a BiFeO3 device: (left) a schematic of the 
in-plane electrode set up; (right) images of the domain area written by atomic force
microscopy (AFM, top) and piezoresponse force microscopy (PFM, bottom). 
(b) Current–voltage measurements of the device for varying number of channels, showing
incremental increase in current and complete reversal on erasing a channel. Reprinted by
permission from Macmillan Publishers Ltd: Nature Materials 8 (3) (2009), ©2009. 
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Rewritable Conductive Channels
Observed in Multiferroic BiFeO3

An international team of researchers led
by R. Ramesh (University of California at
Berkeley) has observed conductivity at fer-
roelectric domain walls in BiFeO3, present-
ing a new degree of functionality in the
popular multiferroic and the possibility of
rewritable nanoscale devices. The research
team, including J. Seidel and L.W. Martin
(UC-Berkeley; Lawrence Berkeley National
Laboratory), Y.-H. Chu (UC-Berkeley;
LBNL; National Chiao Tung University in
Taiwan), A. Rother (Technische Universität
Dresden, Germany), P. Maksymovych
(Oak Ridge National Laboratory),
S. Gemming (Forschungszentrum Dresden-
Rossendorf), G. Catalan (University of
Cambridge, UK), N.A. Spaldin (University
of California at Santa Barbara), and their
colleagues, report their findings in the
March 2009 issue of Nature Materials (DOI:
10.1038/nmat2373; p. 229).

The research team grew BiFeO3 (BFO)
films by laser-molecular-beam epitaxy on
SrTiO3 substrates with bottom electrodes
of SrRuO3. By writing ferroelectric
domain patterns with piezo response
force micro scopy (PFM), the researchers
created three types of domain walls: 71°,
109°, and 180°, where the angle refers to
the change in orientation of the polar
moment across the domain wall. They
measured conductivity across the films
using conductive atomic force micro s -
copy (c-AFM) and found, to their sur-
prise, that the 109° and 180° walls con-
duct electricity, displaying Schottky-like
response when probed with the scan-
ning probe tip, in stark contrast to the
resistive behavior measured in the rest
of the film. 
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To understand the mechanisms at play,
the researchers used density functional
theory in conjunction with transmission
electron microscopy to study the struc-
ture and electrodynamics of the domain
walls. Calculating the layer-by-layer
polarization, they found a discontinuity
in the electrostatic potential across con-
ducting walls and theorized that extra
carriers may accumulate to compensate
this step. Analysis of the electronic struc-

ture also revealed changes in the band -
gap near conducting domain walls. Both
effects are absent at non-conducting
walls, therefore the researchers proposed
that the combination of band structure
changes and increased carrier concentra-
tion enable the observed conductivity. 

The researchers also demonstrated a
proof-of-concept for using these conduc-
tion channels in a device. They grew
mono-domain BFO between in-plane

electrodes (see Figure 1) and drew
domain walls between them using PFM,
showing that the conductivity across the
BFO scales linearly with the number of
channels drawn. They showed that the
process is reversible by erasing a channel
and recovering the previous conductivity,
suggesting the possibility of a dynamic
logic or memory element that could be
reconfigured with tremendous precision.

ALISON HATT

Self-Assembled Chiral Capsules
Exhibit Highly Polar Interiors

The catalytic function of enzymes relies
on the protein structure sequestering polar
active sites from the bulk solution, creating
a specific environment. Capsule molecules
synthesized to mimic this environment can
also serve as molecular containers or
nanoreactors but their interiors are typical-
ly achiral and nonpolar, which limits their
selectivity and activity. In previously
reported cases where the capsule interiors
were both polar and chiral, encapsulation
of guest molecules was mainly hydro -
phobic because polar groups were too
exposed to interactions with solvent.
Recently, however, B. Kuberski and
A. Szumna at the Institute of Organic
Chemistry, Polish Academy of Sciences,
Warsaw, synthesized with a one- or two-
step process self-complimentary homochi-
ral and heterochiral resorcinarene capsules
with buried polar groups that can encap-
sulate highly polar guests. 

As reported earlier this year in Chemical
Communications (DOI: 10.1039/b820990a),
Kuberski and Szumna performed a
Mannich reaction with resorcin[4]arene
and L-phenylalanine under mild condi-
tions that allowed the isolation of sec-
ondary amine L-1 (see Figure 1) in high
yield. The researchers said that the high
solubility displayed by L-1 in CDCl3
(>70 mg/ml) and its sharp concentration-
independent 1H and 13C nuclear magnetic
resonance (NMR) spectra can only be
explained by burial of the polar function-
alities in the interior of the molecule,
together with a highly symmetrical con-

formation. The complementary amine and
acid functionalities led the researchers to
consider a dimeric capsular structure,
(L-1)2, with D4 symmetry, which they
confirmed with x-ray analysis. Sealing the
capsular structure are two seams of salt
bridges formed between amine and
carboxyl groups, as well as numerous
hydrogen bonds. All interior polar func-

tionalities are isolated from the bulk
solvent by hydro phobic phenylalanine
side chains. Filling the capsule, whose vol-
ume was calculated to be 310 Å3, are two
nitromethane molecules, which H-bond to
the host amino groups, and four water
molecules, which the researchers suggest
H-bond to host acid moieties. 

The researchers expected increased  sta-
bility from a heterocyclic capsule with S8
symmetry (symmetry associated with
rotation by 360°/8 = 45° followed by
reflection through a plane perpendicular
to the S8 axis) so they mixed (L-1)2 with its
mirror image isomer, (D-1)2. NMR spec-
troscopy showed quantitative formation
of the heterochiral dimer, (D-1)( L-1), but
only after several dissolve–evaporate
cycles or treatment with 10% MeOH (>8 h)
followed by redissolution in CDCl3, show-
ing that the heterochiral dimer is thermo-
dynamically much more stable than the
homochiral dimer. The researchers further
demonstrated the existence of dimeric
species in solution with diffusion NMR
spectroscopy. While the researchers found
indirect evidence for water encapsulation
in each dimer, they detected ethanol
encapsulation with NMR. Kuberski and
Szumna said, “Our preliminary complexa-
tion studies indicate that (L-1)2 is able to
extract from the aqueous phase and
encapsulate biologically relevant polar
molecules (e.g., one or two molecules of
hydroxyacids) and differentiate between
enantiomers. Detailed studies on recogni-
tion and possible catalytic functions are
currently under way.”

STEVEN TROHALAKI

Figure 1. The x-ray structure of (L-1)2
shows the capsule skeleton (side chains
are omitted for clarity) with encapsulated
(MeNO2)2(H2O)4. The red spheres are
oxygen; dark gray, carbon; and light
gray, hydrogen. Reprinted by permission
from Chemical Communications (2009)
(DOI: 10.1039/b820990a); ©2009 Royal
Chemical Society.

and biology. Markus Buehler of the
Massachusetts Institute of Technology
(MIT) and Theodor Ackbarow of MIT and
the Max Planck Institute of Colloids and
Interfaces, who study the structure of pro-
tein-based materials with the aim of learn-
ing the key to their lightweight and robust
strength, have discovered that the particu-

lar arrangement of proteins that produces
the sturdiest product is not the arrange-
ment with the most built-in redundancy or
the most complicated pattern. Instead, the
optimal arrangement of proteins in the
ropelike structures they studied is a repeat-
ed pattern of two stacks of four bundled
alpha-helical proteins. 

Modeling of Hierarchical
Nanostructures in Proteins Reveals
Structure–Property Relationship 

Modeling the multiscale behavior of
protein assemblies with the goal of eluci-
dating the relationship between structure
and materials properties represents a chal-
lenge at the interface of materials science
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