
Three-Dimensional Periodically Ordered Nanohetero Metallic
Materials from Self-Assembled Block Copolymer Composites
Hiroaki Wakayama,* Hirotaka Yonekura, and Yasuaki Kawai

Toyota Central R&D Laboratories, Inc., Nagakute, Aichi 480-1192, Japan

*S Supporting Information

ABSTRACT: We report a synthetic route to inorganic
nanoheterostructures with tunable size and morphology via
self-assembled block copolymer mesophase templates. Two Fe
precursors, tricarbonyl(cyclooctatetraene) iron and acetylaceto-
nate iron(III), and one Pt precursor, platinum dimethylcyclooc-
tadiene, were selectively introduced into separate polymer blocks
of a block copolymer, polystyrene-b-poly-4-vinylpyridine, and
then the block copolymer templates were removed by pyrolysis.
Self-assembled inorganic nanoheterostructures (spheres, hexag-
onal cylinders, and layers of hard magnetic phase FePt in a
matrix of soft magnetic phase α-Fe) were produced. The
morphology and domain size of the nanoheterostructures could
be tailored by controlling the molecular weight and relative block
lengths of the block copolymers. The controlled size and morphology of the inorganic nanoheterostructures demonstrate the
method’s utility for producing highly functional materials.

Inorganic nanoheterostructures offer great promise owing to
their unique electronic,1,2 ionic,3 magnetic,4−7 and pho-

tonic8,9 properties. For example, in permanent magnetic
applications, periodically ordered inorganic nanoheterostruc-
tures containing magnetically hard and soft phases with
controlled size and morphology are important owing to the
high magnetic performance of such structures.4−6 However, the
realization of practical applications of these structures will
require control of their size and morphology with periodicity
on a scale of <100 nm. Periodically ordered inorganic
nanoheterostructures have been prepared by layer-by-layer
adsorption,10 sputtering,11 and self-assembly methods.12

However, most of the structures fabricated to date have been
limited to layered materials. Phase separation (e.g., spinodal
decomposition) induced by heat treatment is commonly used
to control metal texture on the nanometer scale, but
periodically ordered nanoheterostructures are not formed in
the phase-separated materials produced by this method.
Metallosupramolecular polymers offer an interesting platform
for in situ formation of metal nanoparticles in polymer matrices
to yield uniformly sized, unagglomerated nanoparticles13 or
metallic nanolines by polymer nanoimprint lithography.14

Self-assembly processes are advantageous for nanostructure
fabrication because they consume less energy than conventional
nanotechnology processing does. The synthesis of nano-
structured inorganic materials from self-assembled block
copolymer (BCP) mesophases is a fascinating method that
allows control of size and shape.15−24 Mesoporous struc-
tures,15−17 inorganic nanoparticles of various shapes,18−20 and
arrays of cylinders21,22 can be produced from BCP mesophases
by selectively introducing precursors into one polymer block of

BCPs or by using covalent ligation into a polymer block23,24

and then removing the BCPs. The nanostructures produced by
these methods are replicates of only one polymer block.
Although nanoparticles decorated with organic ligands can be
introduced into specific polymer blocks or the interface
between polymer blocks,25 the introduction of many nano-
particles into phase-separated BCP structures results in
nanoparticle aggregation, which inhibits self-assembly.26

There has been only limited research on the fabrication of
inorganic nanoheterostructures by replication of two polymer
blocks into which precursors or nanoparticles have been
introduced separately,27 and the reported structures obtained
by this route consist of a single monolayer on a substrate. The
three-dimensional replication of ordered BCP morphologies by
selective introduction of inorganic precursors into two polymer
blocks remains a great challenge.
Herein, we present a simple method for producing three-

dimensional periodically ordered inorganic nanoheterostruc-
tures with controlled shape and size by replicating two polymer
blocks of self-assembled BCPs containing metal precursors.
Two Fe precursors and one Pt precursor were dissolved with
BCPs in a solvent. Upon evaporation of the solvent, each
precursor was selectively introduced into a separate polymer
block. Subsequent pyrolytic removal of the BCPs produced
periodically ordered nanoheterostructures that were structural
replicates of the precursor−BCP composites.
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The two Fe precursors, tricarbonyl(cyclooctatetraene) iron
[CtFe(CO)3] and acetylacetonate iron(III) [Fe(acac)3], were
dissolved, along with the Pt precursor, platinum dimethylcy-
clooctadiene [PtMe2COD], in a toluene solution containing
the BCP polystyrene-b-poly-4-vinylpyridine (PS-P4VP, where
the PS/P4VP molecular weight ratio was 22k/22k or 40k/
5.5k), and the solution was transferred to a Petri dish (Figure
1a). BCP−precursor composites were produced at PS/P4VP =

22k/22k and 40k/5.5k to generate two different mesophases
(Figure 1b,c). Specifically, upon evaporation of the solvent, the
Fe precursors (brown and blue spheres) were introduced into
both the PS block and the P4VP block, whereas the Pt
precursor (red spheres) was introduced preferentially into the
P4VP block. The PS-P4VP BCPs and the three precursors
coassembled into either lamellae or spheres in a matrix,
depending on the PS/P4VP molecular weight ratio. The
formation of the latter morphology was driven by the selective
dissolution of the PS block in toluene,28 which resulted in the
dissolution of the Pt and Fe precursors (red and yellow
spheres) in P4VP spheres (larger pink spheres) embedded in a
PS matrix (green) containing additional Fe precursors (blue
spheres; Figure 1c). Application of an external magnetic field
(10 T) to the PS-P4VP (40k/5.5k)−precursor composites at
453 K resulted in a phase transition of the P4VP block from
spheres to hexagonal cylinders (Figure 1d). After the removal
of the BCPs by pyrolysis, periodically ordered inorganic
nanoheterostructures, templated by the self-assembled pre-
cursor−BCP composites, were obtained (Figure 1e−g). The
lamellar, spherical, and hexagonal cylindrical structures of the
precursor−BCP composites were preserved in the periodically
ordered nanoheterostructures as inorganic layers, spheres, and
cylinders (purple), respectively, embedded in an inorganic
matrix (light blue).

Analysis of small-angle X-ray scattering (SAXS) patterns
revealed that the relative positions of the 1:2:3, 1:√2:√3:√4,
and 1:√3:√4:√7 peaks confirmed lamellar (Figure 2a,b),

spherical (Figure 2c,d), and hexagonal cylindrical (Figure 2e,f)
structures, respectively. Pyrolysis of the BCP−precursor
composites was accompanied by decreases in the (1, 0) d-
spacings from 31.5, 39.1, and 33.5 nm to 18.1, 21.5, and 19.1
nm for the lamellar, spherical, and hexagonal cylindrical
samples, respectively. These results show that the nanostruc-
tures of the self-assembled BCP−precursor composites were
retained in the samples after BCP removal.
The energy-dispersive spectrometry (EDS) map of a BCP−

precursor composite sample produced from the three
precursors (Figure S1b,c, Supporting Information) suggests
that the Fe precursors were introduced into both the PS block
and the P4VP block, whereas the Pt precursor was introduced
preferentially into the P4VP block. In comparison, in a sample
produced with only one Fe precursor [Fe(acac)3] and the Pt
precursor, the Fe precursor was introduced preferentially into
the P4VP block (Figure S2b, Supporting Information). These
results suggest that Fe(acac)3 and CtFe(CO)3 were introduced
preferentially into the P4VP and PS blocks, respectively. The
SAXS profile of the PS/P4VP (40k/5.5k) sample exposed to an
external magnetic field of 10 T at 453 K shows that application
of the field transformed the P4VP spheres to hexagonal
cylinders (Figure 2c,e). It is suggest that the interaction
between the interface of the two polymer blocks and the
magnetic field induced the phase transition from spheres to
cylinders and the preferential orientation of cylinder micro-
domains.29 Metal precursors would enhance this effect.

Figure 1. Preparation of periodically ordered inorganic nano-
heterostructures from self-assembled block copolymer composites.
(a) Dissolution of PS-P4VP block copolymers (PS, green; P4VP, pink)
and Fe (brown and blue spheres) and Pt (red spheres) precursors. (b)
Self-assembly of a lamellar structure from PS-P4VP (22k/22k) and
precursors. (c) Self-assembly of a spheres-in-a-matrix structure (P4VP
spheres, pink; PS matrix, green) from PS-P4VP (40k/5.5k) and
precursors. (d) Self-assembly of hexagonal cylinders upon application
of a magnetic field to sample shown in panel (c). Pyrolytic formation
of periodically ordered nanoheterostructures consisting of (e) layers,
(f) spheres, and (g) cylinders (purple) embedded in a matrix (light
blue).

Figure 2. SAXS profiles of (a) a BCP−precursor composite prepared
from PS-P4VP (22k/22k) and (b) the same sample after pyrolysis; (c)
a BCP−precursor composite prepared from PS-P4VP (40k/5.5k) and
(d) the same sample after pyrolysis; and (e) a BCP−precursor
composite prepared from PS-P4VP (40k/5.5k) and subjected to a
magnetic field and (f) the same sample after pyrolysis.
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Scanning transmission electron microscopy (STEM) images
of the pyrolyzed samples show that the self-assembled lamellar,
spherical, and hexagonal cylindrical structures were preserved
after removal of the BCPs (Figure 3a−c), confirming the SAXS

results. A dark-field STEM image of the local structure of a
pyrolyzed sample prepared at PS/P4VP = 22k/22k shows a
lamellar morphology, with the bright areas in the image
corresponding to more-electron-dense layers (Figure 3a). The
EDS map of the local structure clearly shows that Pt was
homogeneously distributed in the region of more-electron-
dense layers in the STEM image (Figure 3d). In contrast, Fe
was located in both the bright region and the dark region
(Figure 3e). These results indicate that the nanostructure of the
pyrolyzed sample prepared at PS/P4VP = 22k/22k was
composed of alternating Fe and Pt/Fe lamellae. There was a
small amount of residual carbon (6 wt%, as indicated by
inductively coupled plasma atomic emission spectrometry) in
the pyrolyzed sample.
The thermogravimetric analysis curve for the pyrolyzed

sample prepared at PS/P4VP = 22k/22k exhibited weight loss
up to 480 K (Figure S5a, Supporting Information), indicating
that the metal precursors decomposed in this temperature
range. Additional weight loss occurs from 640 to 730 K due to
decomposition of the BCP in the composite sample; this
temperature range corresponded to the temperature range for
the complete decomposition of BCP alone. The ceramic yield
calculated from the thermogravimetric analysis result was 33%.
We also used polystyrene-b-poly-2-vinylpyridine (PS-P2VP)

BCPs with various molecular weights to control the size of the
self-assembled nanoheterostructures. Dark-field STEM images
of BCP−precursor composite samples and corresponding EDS
Pt and Fe mapping images suggested that the Fe precursors
were introduced into both the PS and the P2VP blocks,
whereas the Pt precursor was introduced preferentially into the
P2VP block (Figure S3, Supporting Information). Formation of
lamellar BCP−precursor composite mesophases was confirmed.
As the molecular weight of PS-P2VP was increased from 80.5
to 265 kg/mol, the repeat distance of the lamellar structure
increased from 36 to 60 nm before pyrolysis and from 20 to 34
nm after pyrolysis (Figure 4). These results demonstrate that
the domain size of the self-assembled nanoheterostructures
before and after removal of the BCP templates could be
tailored by changing the molecular weight of the BCPs.

The wide-angle X-ray scattering profile of the pyrolyzed
sample prepared at PS/P4VP = 22k/22k confirmed the
existence of two crystalline phases (Figure S4, Supporting
Information). One phase was identified as the L10 tetragonal
hard magnetic phase, corresponding to isotropic FePt. The
other phase was the α-Fe phase, which is a soft magnetic phase
with a large saturation magnetization.
In summary, we have demonstrated a powerful wet self-

assembly process for preparing three-dimensional periodically
ordered inorganic nanoheterostructures with tunable sizes and
morphologies. This process may be applicable to other
chemical species, such as other metals, oxides, carbides,
nitrides, and sulfides, and can be expected to permit the mass
production of periodically ordered inorganic nanoheterostruc-
tures over large areas or in bulk molding. Furthermore, the
process requires minimal energy, involving simple mixing of the
precursors and BCPs in solution and subsequent pyrolysis. This
process provides a platform from which novel nanostructured
materials can be prepared.

■ EXPERIMENTAL SECTION
In a typical preparation procedure, tricarbonyl (cyclooctatetraene) iron
(CtFe(CO)3, Tokyo Chemical Industry, >96%), dimethyl(1,5-cyclo-
octadiene) platinum(II) (PtMe2COD, Wako Pure Chemical Indus-
tries, 99%), and acetylacetonate iron(III) (Fe(acac)3, Wako, 99%)
were dissolved in a 0.5 wt % solution of polystyrene-b-poly(4-
vinylpyridine) (PS-P4VP, Polymer Source,Mn

PS = 22 kg mol−1,Mn
P4VP

= 22 kg mol−1, polydispersity index =1.09) in toluene (Wako,
>99.5%). The CtFe(CO)3/styrene, PtMe2COD/vinylpyridine (VP),
and Fe(acac)3/VP molar ratios were 1.0, 0.5, 0.5, respectively. After
stirring, the solution was transferred to a Petri dish. The samples were
pyrolyzed at 823 K for 6 h under a flow of H2 in Ar. In some of the
experiments, PS-P4VP (40k/5.5k; Polymer Source, Mn

PS = 40 kg
mol−1, Mn

P4VP = 5.5 kg mol−1, polydispersity index = 1.09) was used in
place of the PS-P4VP (22k/22k). We also used PS-P2VP (Polymer
Source, Mn

PS = 40.5 kg mol−1, Mn
P2VP = 40 kg mol−1, polydispersity

index = 1.10), PS-P2VP (Polymer Source, Mn
PS = 57 kg mol−1, Mn

P2VP

= 57 kg mol−1, polydispersity index =1.10), PS-P2VP (Polymer
Source, Mn

PS = 102 kg mol−1, Mn
P2VP = 97 kg mol−1, polydispersity

index = 1.12), and PS-P2VP (Polymer Source, Mn
PS = 130 kg mol−1,

Mn
P2VP = 135 kg mol−1, polydispersity index = 1.30) in place of the PS-

P4VP.
STEM and EDS images were obtained with a JEOL JEM-

2010FEF(HR) transmission electron microscope operating at 200
keV. The untilted samples were observed after being embedded in
epoxy and microtomed with diamond knife into 50 nm thick slices.

Figure 3. Dark-field STEM images of pyrolyzed samples prepared at
(a) PS/P4VP = 22k/22k and (b) PS/P4VP = 40k/5.5k; (c) STEM
image of the sample in panel (b) after a magnetic field was applied;
EDS mapping images for (d, blue) Pt and (e, green) Fe after pyrolysis
of the sample in panel (a).

Figure 4. BCP-molecular-weight dependence of the repeat distance of
the lamellar structure of a BCP−precursor composite sample produced
from PS-P2VP.

ACS Macro Letters Letter

dx.doi.org/10.1021/mz300634p | ACS Macro Lett. 2013, 2, 284−287286



SAXS measurements were performed at the BL33XU beamline of
SPring-8. Wide-angle X-ray scattering patterns were collected on a
Rigaku RINT-TTR (Cu Kα) operated at 40 kV and 50 mA. Thermal
decomposition of the samples up to 1273 K was measured by a
thermogravimetric analysis instrument (Rigaku, Thermo Plus) under a
nitrogen atmosphere. The elemental analysis was carried out by
inductively coupled plasma atomic emission spectrometry (Rigaku,
CIROS-120 EOP).

■ ASSOCIATED CONTENT
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Experimental details, STEM images, EDS images, X-ray
diffraction, and thermogravimetric analysis results. This ma-
terial is available free of charge via the Internet at http://pubs.
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