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Spontaneously self-assembled onion-type nanostructures based on block copolymers as templating
materials are reported. Polystyrene-poly(ethylene oxide) diblock copolymer containing CoFe,O,4
and Pb, ;(Zrys3Tig47)O;5 precursors segregated to the two microdomains forms well-ordered
templated lamellar structures. Onion-type nanostructures have been induced by room temperature
solvent annealing for 64 h in a magnetic field of 0.8 T oriented perpendicularly to the plane of film.
The recorded images suggest that the Lorentz force acting on charges in the paraelectric precursor
induces a circular component of the diffusion flux that leads to the onion formation. This templating
process opens a route for nanometer-scale patterning of magnetic toroids. © 2009 American

Institute of Physics. [DOI: 10.1063/1.3101373]

Block copolymers have attracted much attention as
prominent systems for nanotechnological applications be-
cause of their ability to spontaneously develop patterns on a
nanoscale based on self—assembly.lf4 Currently, a great deal
of attention is being paid to the synthesis of comoplex nano-
structured inorganic-organic hybrid materials.”'* A typical
approach is the use of organic structures formed through
self-assembly as structure directing agents. The final mor-
phology is then determined by the cooperative organization
of inorganic and organic molecular species into three-
dimensionally structured arratys.11 In thin films, in addition to
composition and molecular weight, the domain structure is
also dependent on the surface energies of the blocks and on
geometrical constraints introduced by the film. A recent ex-
ample of inorganic-organic hybrid templating is the fabrica-
tion of ultrahigh density ferromagnetic nanocylinders that are
embedded in a piezoelectric matrix by utilizing a precursor-
containing polystyrene-block-polyethylene oxide block
copolymer.12 The morphology and orientations of micro-
domains are the key factors controlling the properties of the
patterned materials. The limited control over order and ori-
entation of the microdomain in thin films poses restrictions
on possible usages of patterning innovative material configu-
rations via block copolymers.l‘

Recent work demonstrates the alignment of block co-
polymers by electromagnetic fields."*" Electric field in-
duced alignment has been shown to be especially useful in
thin film systems in which the two blocks have different
dielectric constants. It does, however, require special sample
geometries and surface preparation in the form of electrodes
and patterned surfaces. Ultimately, dielectric breakdown lim-
its the applicabilit%/ of electric fields to alter block copoly-
meric patterns.m_1 Magnetic fields should in principle also
lead to spatial reorientations of copolymer blocks. They are
attractive as no limitations to the field strength and sample
configuration exist. Magnetic field induced alignment was
reported in 1998;"Y a 2.4 T magnetic field was imposed on a
diblock copolymer comprising both block chains of liquid-
crystalline polymers, resulting in a weak orientation order.
Similar alignment has also been demonstrated for semicrys-
talline polymers in the presence of a strong magnetic field of
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30 T*** Due to the small interaction energies magnetic
reorientation requires immense fields that are technologically
unrealistic. Here we demonstrate that low magnetic field an-
nealing of a directed assembly of a homogeneous diblock
copolymer with multiferroic Pb; ;(Zry s3Tig47)O05 (PZT) and
CoFe,0, (CFO) precursors produces a well-developed self-
organized two-dimensional (2D) “onion” nanostructure. This
organization is accomplished by a Lorentz force acting on a
permanent charge present in the PZT portion.

Sol-gel PZT and CFO precursors were synthesized by
mixed metal organic polymerization. The PZT precursor was
prepared by adding acetylacetone to a mixture of titanium
isopropoxide and zirconium propoxide in a 1:1 molar ratio
with respect to the (Ti/Zr) alkoxides. To this mixture lead
acetate trihydrate, diluted with 1,3-propanediol at a 1:5 mo-
lar ratio, was added. The final solution was dissolved into
propylene glycol monomethyl ether. The CFO precursor con-
sisted of a solution containing cobalt 2-methoxyethoxide and
iron acetylacetonate metal alkoxide in 2-methoxyethanol.
The CFO and PZT precursors were subsequently added se-
quentially to a commercially available polystyrene-block-
poly(ethylene oxide) (PS-b-PEO) (molecular weight of
9500 g mol™'; polydispersity of 1.07) with a PEO volume
fraction of 0.6 (Polymer Sources, Inc.) copolymer dissolved
in tetrahydrofuran (THF, 10 mg ml™'). Films were spun
from this PZT/CFO precursor doped diblock copolymer so-
lution onto a SiO,/Si substrate at 3000 rpm for a period of
20 s and subsequently solvent (chloroform) annealed at room
temperature for different times in a magnetic field of differ-
ent strengths directed perpendicularly to the film surface.
Rings with up to 46 layers, a period of 15 nm and diameters
as large as 1.5 um, can be seen. A transmission electron
microscopy (TEM) image of the resulting domain structure
is shown in Fig. 1. Low magnification TEM plane-view im-
ages demonstrate that the onions are aperiodically arranged
and occupy approximately 85% of the surface area. Energy
dispersive x-ray spectrometer spectra obtained from the
bright and dark rings of the film confirm the chemical com-
position of the separated blocks. In this state and at room
temperature the domains are superparamagnetic and strongly
paraelectric, respectively.

The magnetic field induced morphological evolution of
the PS(PZT)-b-PEO(CFO) thin films was examined by
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FIG. 1. TEM cross section of the 2D onion domain structure created by
annealing a PS/PZT-b-PEO/CFO polymer for =3840 min (64 h) in a mag-
netic field of 0.8 T. The PZT and CFO precursors serve as contrasting
agents.

atomic force microscopy (AFM). Figure 2 shows a series of
AFM phase-contrast images taken after increasing times of
anneals in magnetic fields of increasing strengths. They re-
veal that onion-type morphologies form at magnetic fields of
0.8 T. Auxiliary experiments had established that this mor-
phology does not evolve if the PS block of the diblock co-
polymer was not doped with PZT. This fact will be the start-
ing point of the discussion below. Fast Fourier transforms
(FFTs) corresponding to the sequence of AFM images in Fig.
2, displayed in Fig. 3, demonstrate the conceptual evolution
of the 2D onion morphology: the known laminar pattern
evolves if the anneal is conducted without a magnetic field;
at small magnetic fields lamellar order predominates; at in-
termediate fields a modulated 2D lamellar structure appears,
while upon further increasing the magnetic field to 0.8 T the
2D onion structure develops.

The kinetics of the 2D onion evolution has been ana-
lyzed using GWYDDION software,”* which determines the av-
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FIG. 2. (Color online) AFM phase images of the nanostructures created by
room temperature annealing of a PS/PZT-b-PEO/CFO polymer for times as
long as ~3840 min (64 h) in magnetic fields as high as 0.8 T.
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FIG. 3. (Color online) FFTs corresponding to the sequence of AFM images
shown in Fig. 2.

erage curvature of the lines seen in the AFM nanostructures.
Figure 4 presents the raw and normalized data. The analysis
leading to the normalization is based on the observation that
the paraelectric precursor, likely an associated electric
charge, is required for the 2D onion-type formation, which
points to a Lorentz force driven organization mechanism.
This force is given by F=¢g[VA X v], where the three vari-
ables g, A, and v denote the charge(s) in the PZT precursor,
the magnetic vector potential due to the applied field, and the
thermodynamic diffusion velocity of the polymer. This driv-
ing force can be included with the Cahn—Hilliard equation
describing the evolution of the lamellar order”?° by adding
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FIG. 4. (Color online) Initial growth kinetics of the 2D onion evolution in a
PS/PZT-b-PEO/CFO polymer thin film in the presence of a magnetic field
B. Top: raw data; bottom: data normalized according to Eq. (2). Black
squares, B;=0.05 T; red triangles, B,=0.015 T: and blue diamonds, B;
=0.8 T.
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the Lorentz term that drives the curvature. The linearized
equation that can model the initial evolution of the observed
2D onion structure is then

D, = M[(gpp — gB)V*® - KV*®],  ggq <O. (1)

The symbols M, g¢qe, and K denote the polymer chain mo-
bility, second derivative of the free energy, and gradient en-
ergy, respectively. The maximal radial growth velocity with
the wave vector kimtqu/ K leads to the characteristic time
of the initial exponential evolution of the curvature 7, ,
«l/ kimD, D=MkT-diffusivity. The kinetic raw data shown
in Fig. 4 (top) can therefore be normalized as ¢’ =¢-B"/BY),
where the indices of the flux densities refer to the data sets
indicated in the caption of this figure. It can be seen from
Fig. 4 (bottom) that the initial exponential growth of the
curvature does normalize approximately in that fashion in
agreement with the assertion that the Lorentz force induces
the 2D onion structure. Further growth must be described by
the full nonlinear extension of the analysis. The FFTs indi-
cate that for small fields B, lamellar order predominates, but
an increasing Lorentz force modulates the emerging lamellae
as signaled by the FFT in Fig. 3, taken after an anneal of
3840 min at 0.05 T. For large magnetic fields the kinetics
will approach the overdamped steady state motion of a
charge in a magnetic field. Circular loops are formed, which,
in the presence of a persistent lamellar order, become con-
centric cylinders separated by the interlamellar distance. We
have observed similar diffusion enhanced dislocation free
self-organization of plane-parallel lamellae in electric fields.

The onion-type nanostructures presented here may be
technologically useful. Similar materials, termed mesoporous
multilamellar vesicles, have been the synthetic target of nu-
merous investigations because the structures could serve as
efficient catalyst supports, adsorbents, or controlled-release
materials for drug delivery.27—29 Warren et al.*® were able to
synthesize Au core/silica shell nanoparticles by tailoring
their size distributions. For most applications, it is desirable
that the vesicle core and shell have different compositions,
which is usually difficult to achieve. The present approach
opens a simple pathway to the design of such composition-
ally heterogeneous structures.

In this paper we introduced directional diffusion control
by external fields as a way to direct self-organization in pre-
cursor doped diblock polymers. The mechanism was demon-
strated by the spontaneous assembly of 2D onions from
PS/PZT-b-PEO/CFO polymer in a magnetic field. It is en-
abled by a charge in the PS/PZT block of this polymer. The
two components, magnetic field and charge, combine to a
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Lorentz force that creates the nanostructure. We have also
observed the equivalent electric field enhancement of plane-
parallel nanostructures synthesized from the same doped
diblock copolymer.
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