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ABSTRACT: The design and development of well-defined, functional
nanostructures via self-assembly is one of the key objectives in current
nanotechnology. Block copolymer-based hybrid materials are attractive
candidates for the fabrication of multifunctional nanostructures, which provide
the building blocks for more complex nanoarchitectures and nanodevices.
However, one of the major challenges lies in controlling the structure formation
in these hybrid materials by guiding the self-assembly of the block copolymer.
Here, hierarchical nanoporous structures are fabricated via guided multistep self-
assembly of diblock copolymer micellar solutions onto hydrophilic solid
substrates. The core of polystyrene-block-poly[4-vinylpyridine] micelles serves
as a nanoreactor for the preparation of size-controlled gold nanoparticles.
Deposition of thin films of the micellar solution in combination with a
nonselective cosolvent (THF), on hydrophilic surfaces leads to the formation of

hierarchical nanoporous structures. The micellar films exhibit two different pore diameters and a total pore density of more than
10'° holes per cm® Control over the pore diameter is achieved by adapting the molecular weight of the polystyrene-block-poly[4-
vinylpyridine] diblock copolymer. Moreover, the porous morphology is used as a template for the fabrication of bimetallic
nanostructured thin films. The PS-b-P4VP template is subsequently removed by oxygen plasma etching, leaving behind binary
nanoparticle structures that mimic the original thin film morphology.

KEYWORDS: block copolymer, bimetallic, hybrid materials, micelle, nanofabrication, nanoparticle, self-assembly, thin films

B INTRODUCTION

Nanoporous inorganic films have attracted considerable interest
because of their wide range of different applications in
antireflective coatings,l’2 catalysis,3 membranes,*” sensors,”®
and electronic devices.”'® Typically, such films were prepared
by post-deposition treatment methods including UV-,® acid-""
and solvent-etching” as well as emulsion templating.">"* For
example, antireflective coatings have been realized by
combining hollow silica nanoparticles and mesoporous silica
nanosheets,™* creating double-nanotextured surfaces’® and self-
assembling moth eyes pattern.'® Such coatings will be useful for
devices such as solar cells or as screen coatings. Another
important type of application of nanoporous inorganic films is
catalysis, which typically requires metallic nanoparticles with a
very controlled size and size distribution.'’ ™ In this area,
especially bimetallic nanoparticles containing the metals gold,
platinum and cobalt are presented in literature.**>* For
example nanoporous Cu—Pt(Pd) core—shell structure for
application in electrocatalysis were synthesized by galvanic
replacement by Xu et al.**
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Recently, Russell and co-workers demonstrated that nano-
particles can be selectively incorporated within cylindrical
diblock copolymer nanodomains, which are formed via self-
assembly.>~*” A similar concept to generate nanostructures of
metal and metal-oxide in self-assembled block copolymer
matrix was developed by Gutmann et al.>® Such control on the
nanoscopic level represents a significant advance in directing
the order of nanoparticles into self-assembled matrices.
However, Méller et al*® provided a much simpler concept to
produce hexagonal arrays of gold nanodots on solid substrates
based on dip-coating of micelles containing ultrasmall gold
nanoparticles. This technique can also be used to fabricate
inorganic nanoporous compounds using a compact self-
assembled template of block copolymer micelles.*® Recently,
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Figure 1. Schematic illustration of the fabrication of bimetallic structures via directed self-assembly of nanoparticle loaded PS-b-P4VP block
copolymer micelles. First, micelles incorporating Au-nanoparticles in their core (P4VP) are prepared in toluene solution. The micelle’s core provides
a confined environment for the synthesis of inorganic nanoparticles with low polydispersity. Additionally, the block copolymer stabilizes the
nanoparticles in organic media. After adding a nonselective cosolvent (THF), nanoporous thin films are prepared by spin-coating micelles from
toluene-THEF solution onto hydrophilic substrates. Nanoporous assemblies of gold nanoparticles, which mimic the original thin film morphology, are
obtained after the copolymeric matrix is removed by oxygen plasma etching. Alternatively, large micelles of PS-b-P4VP incorporating a second type
of nanoparticles (e.g, Co) are deposited into the porous template. Hence, after the removal of the organic PS-b-P4VP matrix via oxygen plasma
etching, ordered bimetallic arrays of Au and Co nanoparticles are obtained.

it was presented that the self-assembly of such micellar block- In the present work, we demonstrate the controlled
copoloymer hybrid materials can be guided by accurately fabrication of very thin porous films and bimetallic nanoparticle
controlling the polymer properties, such as molecular weight, structures via multistep guided self-assembly of block
volume fraction, and chemical composition, as well as copolymer based hybrid materials. Such controlled nano-
processin% condition as well as the composition of the casting structured surfaces and films will be highly interesting for
solution.”” > For instance, the interfacial energy of the core/ applications as outlined above. This study focuses on the
corona interface and entropy loss are due to the aggregation of fabrication of nanoporous thin films by combining self-
insoluble blocks into ordered microdomains.>* In thin film, assembly of hybrid materials,*” as shown in Figure 1, in
additional parameters, e.g., the balance of forces between combination with a templating approach to fabricate complex
coronal chains and substrate surface interactions, also play an bimetallic structure. Because of the nature of this process, no
important role.*® Indeed, fine-tuning the scale and morphology additional treatments are necessary to develop the pores, which
of self-assembled nanostructures requires control over chemical is one of the major limitations of conventional methods. The
composition and architecture of the copolymer as well as the application of block copolymer micelles to template inorganic
solution conditions (concentration, temperature, polarity nanoparticles (NPs) in their core is advantageous because of
etc.).>*™® This control scheme can also be exploited to the possibility to achieve control over the size and
fabricate well-defined nanostructures of inorganic materi- polydispersity of the nanoparticles. The basic function of the
als.*>*"* For example, recently Peinemann and co-workers block copolymers is to form steric- or ionic barriers around the
developed a versatile approach to fabricate ultrananoporous nanoparticles to prevent aggregation and precipitation.*
compounds with precisely controllable pore-size based on the Moreover, the possibility to self-assemble into a variety of
deposition of inverse block copolymer micelles, which are patterns adds another important function.

functionalized via the incorporation of inorganic nano- The novelty of this work resides in the combination of two
particles.*>*" outstanding factors. First, gold nanoparticles (<5 nm) were
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generated with a very narrow size distribution. The high control
of the size distribution will be extremely beneficial for
applications among catalysis. Second, the design and fabrication
of nanoporous structures was achieved via self-assembly of
organic—inorganic hybrid materials without the use of
postdeposition treatments such as annealing, substrate surface
modification or external fields. These nanoporous thin films can
be used as an effective host for other metals to generate
nanostructured surface alloys, which have numerous techno-

logical aﬁplications as well, e.g, in catalysts, optics, electronics,
et 2743

B EXPERIMENTAL SECTION

Materials. Polystyrene-block-polyvinylpyridine copolymers were
obtained from Polymer Source Inc. and used as received. Details are
listed in Table 1. Metal compounds (HAuCl,, and CoCl,,) used as

Table 1. Properties of PS-b-P4VP Polymers

PS P4PV M,/
sample (g/mol) (g/mol)  fP4VP M, Dy (nm)
PSy b-PAVP,, 41400 1900 004 107 24 +06
PSyq6-b- 400 000 38200 009 137 12821
P4VP,,
PS3s-b-PAVP,y, 21400 20700 049 113 36+ 15

precursors for the corresponding metals were purchased from Sigma-
Aldrich, Riedel-de Haén or Fluka and used as received and all organic
solvents were obtained from Fisher Scientific Ltd. and used without

further purification. Native oxidized silicon (Si) wafers ((111)) were
purchased from Siltronix; the wafers were cut using a high precision
abrasive cutoff machine (model 5085) equipped with a 40 ym wide
diamond blade (NBZ-Z 1050 51.2 X 0.045 X 40). After cutting, the Si
substrates were rinsed with distilled water and the protective resin was
removed with acetone. Subsequently the samples were cleaned using a
combination of piranha- H,SO4H,0,:H,0 = 2:1:1) at 80 °C for 20
min and RCA-1 cleaning procedure (H,0,:NH,OH:H,0 = 4:1:1) at
60 °C for another 20 min.*® After rinsing the surface with DI water,
the substrates were dried with nitrogen.

Nanoparticle Synthesis. First, noble metal nanoparticles (Au,
Co/Co0Q) are selectively incorporated into the P4VP block of
polystyrene-block-polyvinylpyridine (PS-b-P4VP) micelles in toluene
via chemical reduction of an inorganic precursor (HAuCl,, CoCL,).
Micelles are prepared in toluene stock solution at a polymer
concentration of S mg/mL, which is diluted in subsequent processing
steps. The inorganic precursor is added to the polymer solution in
equimolar amounts with respect to the number of pyridine units and
stirred vigorously on a hot plate at a temperature of 50 °C for 24 h.
The inorganic precursor is then reduced to metallic nanoparticles by
adding a reduction agent (e.g, sodium boron-hydride (NaBH,,
Aldrich, 95% purity) to the micellar solution. The formation of
metallic nanoparticles is indicated by a color change of the solution. X-
ray diffractometry (not shown), XPS and TEM analysis are performed
to evaluate the particle size, crystal structure and chemical
composition. In the case of Au nanoparticles the reduction yields
small, crystalline nanoparticles with fcc crystal structure (space group
Fm3m) and a lattice spacing of djg= 4.08 A. The formation of
crystalline Co/CoO nanoparticles is achieved using super hydride
reduction*®*” in lithium boron-hydride (LiBH,) at elevated temper-
atures (80 °C). In contrast to the gold precursor (HAuCl,), which is

PS;95-b-P[4VP(Au)],

=

absorbance, a.u.

=

565nm

absorbance, a.u.

PS,06-0-P[4VP(Au)] g,

Figure 2. (a) TEM micrographs of gold nanoparticles stabilized in the core of PS;p5-b-P4VP ¢ micelles; the inset shows a HR-TEM micrograph of
the particles. (b) Histogram of the particle size distribution as determined from TEM micrographs. (c) UV—vis absorption spectra of PS;45-b-P4VP 4
micelles incorporating Au nanoparticles in their core; the inset is an optical photograph of the nanoparticles in toluene solution. (d) TEM
micrographs of gold nanoparticles stabilized in the core of PS,s-b-P4VP,y; micelles; the inset shows a HR-TEM micrograph of the particles; the
spacing of the fringes estimated in HR-TEM is 2.8 A. (e) Histogram of the particle size distribution as determined from TEM micrographs. (f) UV—
vis absorption spectra of PS,ys-b-P4VP o, micelles incorporating Au nanoparticles in their core; the inset is an optical photograph of the
nanoparticles in toluene solution. (g) TEM micrographs show Co nanoparticles incorporated in the micelle’s core of PSygs-b-P[4VP(Co)]364

micelles. (h) Histogram of the particle corresponding size distribution.
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Figure 3. AFM topographies of (a) hexagonally ordered and (b, ¢) nanoporous films obtained via directed self-assembly of PS;4,-b-P[4VP(Au)] 4
micelles. (d) The color-coded Voronoi diagram of the nanoporous film reveals (e) a preferred 6-fold coordination of the pores and (f) an average

spacing of 73 nm.

easily reduced, the complete reduction of CoCl, requires a high excess
of reducing agent. Such high excess concentrations also lead to
morphological changes in the micelle solution as well as the deposited
films. Therefore, here we use only a 3-fold excess of LiBH, with
respect to Co ions, which yields an incomplete reduction. The
formation of Co NPs is indicated by a color change of the solution to
dark gray upon the addition of the reducing agent. However, residual
precursor is left in the micelle core and can be completely reduced
after film deposition. In this case, as an alternative to chemical
reduction in solution, which involves the addition of a reducing agent,
the inorganic precursors is reduced by exposing nanostructured hybrid
materials in thin film to UV irradiation for Au or a reactive plasma
(O*, H*) as confirmed via XPS measurements. In Table 1, details on
the polymers and nanoparticle synthesis used herein are summarized.

Dynamic light scattering (DLS) (M802 DLS, Viscotek) measure-
ments confirmed the presence of uniform micelles with a hydro-
dynamic radius (Ry) in a selective solvent (toluene) for the PS block.
Transmission electron microscopy (TEM) measurements were
performed to investigate the microstructure of metallic nanocrystals,
synthesized within the micelle core. Both, the crystallinity and size
distribution, were evaluated. Figure 2a shows typical TEM micro-
graphs recorded in a TECNAI Biotwin (FEI Ltd.) of metal loaded PS-
b-P4VP micelles with different molecular weights and volume fraction,
where metal nanoparticles appear as dark spots in the image. The PS-
b-P4VP block copolymer provides excellent control over the size and
the polydispersity of the nanoparticles (NPs). As a result, nano-
particles with a narrow diameter distribution are formed within the
micelle core (P4VP), whereas the surrounding PS shell stabilizes the
particles and prevents coagulation.

The TEM micrographs in Figure 2a, d, g reveal that metal
nanoparticles with diameters in the range of 2—3 nm were synthesized
within the PS;g5-b-P4VP g micelle core and larger particles of 4—5 nm
and 10—15 nm were obtained for PS,ys-b-P4VP,y; and PSsgus-b-
P4VP;4,, respectively. Additionally, HR-TEM measurements were
performed on a JEOL JEM-2110F operated at 200 kV. The existence
of the fringes in HR-TEM micrograph (insets Figure 2a, d) signifies
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the existence of single crystalline Au particles. The analysis of the
fringe pattern in Figure 2d yields a lattice spacing of approximately 2.8
A, which corresponds to the (110) bulk lattice spacing of gold and
confirms the formation of crystalline metal nanoparticles within the
micelle core. The histograms of the particle size-distributions (Figure
2b, e) as determined from TEM measurements reveals a mean particle
diameter of 2.4 nm with a standard deviation of 0.6 nm for PS;o4-b-
P4VP,,, while larger particles Au of 3.6 &+ 1.5 nm are obtained for
PS,04-b-P4VP y;. Because of their low polydispersity, the Au
nanoparticles exhibit distinct optical absorption properties. Figure
2¢,f shows UV—vis absorption spectra of the nanoparticles stabilized in
the core of PS-b-P4VP micelles. The absorption band at 4 = 534 and
565 nm, because of the surface plasmon resonance effect, is
characteristic for small Au nanoparticles (<5 nm).*® The presence of
a single, narrow absorption band also signifies that uniform,
noninteracting Au nanoparticles are prepared within the core of PS-
b-P4VP micelles in toluene. The characteristic absorption behavior of
these nanoparticles in the visible spectrum leads to the typical ruby-red
color of colloidal gold (inset Figure 2c, f). The observation of a weak
absorption band at A= 320 in Figure 2f indicates the presence of small
amounts of residual HAuCl, precursor in the solution after chemical
reduction. Micelles of PS,s-b-P4VP o, with a large P4VP volume
fraction can coordinate a high quantity of precursor. Though a
complete chemical reduction can be achieved, the addition of large
excess of reducing agent (NaBH,) leads to structural changes due to
the high ion concentration of the solution. In Figure 2c this peak is
absent, because the relatively small concentration of inorganic
precursor can be completely reduced within the micelle core without
triggering morphological changes.

In the case of Co nanoparticles synthesized within the micelle’s
core, the high polydispersity of the PS;g45-b-P4VP 34, block copolymer
manifests itself in the broad size-distribution. The TEM micrographs
(Figure 2g) reveal Co nanoparticles that enrich at the interface
between the P4VP core and the PS shell of PS3g.4-b-P4VP34, micelles
in toluene; the corresponding histogram of the particle size-
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Figure 4. AFM topographies of (a) hexagonally ordered and (b, c) nanoporous films obtained via directed self-assembly of PS,,s-b-P[4VP(Au)] o,
micelles. (d) The color-coded Voronoi diagram of nanoporous films reveals (e) a preferential 6-fold coordination of the pores and (f) an average

pore diameter of 195 nm.

distribution (Figure 2h) yields a mean particle size of 12.8 nm with a
standard deviation of 2.1 nm

B RESULTS AND DISCUSSION

Spin-coating solutions of nanoparticles stabilized with PS-b-
P4VP block copolymers onto solid substrates can be used to
fabricate regular nanostructures in thin film. Usually, the
deposition of micellar aggregates of PS-b-P[4VP(Au)] leads to
hexagonally ordered patterns (Figure 3a) of close-packed
micelles. The structure formation is driven by the solvent
evaporation from the top of the fluid film during spin-coating,
but other factors have to be considered as well. Recently, it was
shown that the molecular parameters of the block copolymer,
in particular the initial polymer concentration, the type of
solvent, and the substrate, can be used as “tools” to control the
structure formation in thin film by balancing competing
interactions, such as wetting/dewetting, microphase separation,
and instabilities of the fluid film during solvent evaporation.***’
Hence, nonhexagonally ordered patterns can be obtained via
spin-coating of metal-loaded PS-b-P4VP micelles under
appropriate conditions.

1. Nanoporous Thin Films. Balancing the intermicellar
interactions as well as the wetting/dewetting competitions with
the substrate surface through the optimal combination of
influencing parameters holds the key for fabricating well-
ordered nanoporous structures with a specific pore diameter.
Preferential swelling of the PS and P4VP block with the
solvents (toluene and THF) can lead to heterogeneous
evaporation from the film surface. Additionally, THF swells
the micelle’s P4VP core and preferentially wets the substrate
surface, whereas PS and toluene dewet the substrate and enrich
at the free surface, because of the lower surface energy of
PS> As a result, dewetting of coronal PS chains on the
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hydrophilic substrate, swelling of the micelle’s P4VP core and
the complex interplay”’ " of interfacial interactions together
with successive solvent evaporation from the film surface are
tuned to engineer nanoporous morphologies of PS-b-P[4VP-
(Au)] hybrid materials.

As a consequence, nanoporous thin films are obtained via
evaporation-induced self-assembly after adding a second,
nonselective cosolvent (THF) to the toluene solution in a
ratio of THF:toluene =1:2, followed by the adsorption of
micelles on hydrophilic SiO, substrates (Figure 3b). No
additional treatment has to be applied to develop the porous
structure after the film deposition process. The film represents
an array of heterogeneous, nanoporous domains oriented
normally to the substrate (Figure 3c). Analysis of the cross-
sectional profile reveals the depth of the nanopores to be (28 +
4) nm, which corresponds to the film thickness. Therefore, it
can be assumed that the porous structure completely penetrates
the film to the substrate surface.

Different sizes of nanoporous morphologies are observed,
which can be classified into two different types. The Voronoi
diagram in Figure 3d reveals the presence of large holes (~120
nm), which are constantly surrounded by small pores (~2$
nm). Analysis of the nearest-neighbor distribution (Figure 3e)
shows that the pores tend to form hexagonally ordered
patterns. However, the existence of different pore diameters
perturbs the hexagonally ordered structure and results in local,
short-range order. The pore density is approximately 35% as
determined from AFM topography data. With the given
distribution of pore diameters, this translates into an order of
magnitude of 10'® pores/cm?; the average spacing of the pores
is approximately 73 nm (Figure 3f)
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Figure S. AFM topographies of PSyg,4-b-P[4VP(Co) ]3¢, micelles deposited on nanoporous templates of PS,,¢-b-P[4VP(Au)],,; at concentrations of
(a) 1, (b) 2, and (c) 4 mg/mL. The insets are AFM phase images signifying the increasing coverage of pores with micelles as the polymer

concentration of the coating solution increases.

The characteristic dimensions of hexagonally ordered arrays
of spherical PS-b-P[4VP(Au)] micelles are determined by the
molecular weight and volume fraction of the block copolymer.
This gives rise to the assumption that also the critical length
scale of nanoporous films fabricated via directed self-assembly
of PS-b-P[4VP(Au)] micelles also depends on the molecular
parameters of the block copolymer. Hence, changing the
molecular weight and volume fraction of the block copolymer
can provide control over the pore diameter, pore density, and
spacing between the pores. Moreover, since the nanoparticles
are synthesized in situ within the micelle’s core, the micellar
morphology effectively stabilizes the nanoparticles and allows
tuning the particle size. Therefore, substituting the diblock
copolymer PS;4-b-P[4VP(Au)],s with PS,os-b-P[4VP(Au)]e,
to fabricate nanoporous structures in spin-coated thin films not
only allows changing the pore diameter but also affects the
particle size.

Adsorbing micelles of PS,o-b-P[4VP(Au)]y; from toluene
solution onto solid substrates yields the typical hexagonally
ordered patterns of densely packed micelles (Figure 4a).
However, nanoporous thin films (Figure 4b, c) can be prepared
in exactly the same way as demonstrated previously for PS;g4-b-
P[4VP(Au)];3 by adding a nonselective cosolvent (THF) to
the solutions prior to film deposition. The difference is that the
characteristic dimensions of the porous nanostructures change,
due to the higher volume fraction of P4VP in the case of PS,y,-
b-P[4VP(Au)] o7 The pores are again continuous through the
film having a depth of 33 nm. Moreover, the presence of a ring
in the corresponding 2D-FFT image (inset I Figure 4b, c)
signifies an isotropic structure with a dominant length scale of
260 nm compared to 73 nm in the case of PS;pe-b-
P[4VP(Au)];s. In analogy to previous observations, the porous
structure is formed though directed self-assembly of PS,n4-b-
P[4VP(Au)],y; micelles, which act as building blocks, via
controlled dewetting of PS coronal chains on the hydrophilic
SiO, substrates. The corresponding TEM micrograph (inset II
Figure 4c) shows the spatial distribution of Au nanoparticles in
the porous film.

The regularity of nanoporous films on Si substrates is again
evaluated by means of Voronoi tessellation; a typical Voronoi
diagram is shown in Figure 4d. The results indicate a good

short-range order with a 6-fold coordination of the pores
(Figure 4e). However, the patterns are isotropic on a
macroscopic length scale because of the low degree of long-
range order. In particular, the coordination number (n) varies
between 4 and 8 for nanoporous films fabricated using PS,o4-b-
P[4VP(Au)],y, micelles. The average pore diameter is 195 nm
(Figure 4f) and the total pore density is approximately 8 X 10°
pores/ cm?. Hence, changing the molecular weight and volume
fraction of the block copolymer provides control over the pore
diameter.

2. Binary Nanoparticle Superlattices. Nanostructured
hybrid materials are promising candidates for the fabrication of
functional devices with unique optical, electronic or catalytic
properties. The range of potential applications of these
materials can be greatly expanded if truly functional
nanostructures based on multiple components can be
fabricated. Thus, the self-assembly of two different types of
nanoparticles into ordered binary nanoparticle superlattices can
provide a generic path to a large variety of functional materials
with precisely controlled chemical composition and well-
defined spatial arrangement of the components.**** The self-
assembly of particle superlattices is usually determined by
noncovalent interactions, such as hydrogen bonding, dipole—
dipole, electrostatic, van der Waals, and hydrophobic
interactions among the nanoparticle building blocks. In the
past, these interactions were tuned to produce well-defined
particle assemblies via electric-field- and template-assisted self-
assembly.>*™? Recently, Shevchenko et al.** demonstrated the
fabrication of a number of long-range ordered binary
nanoparticle superlattices by tuning the steric- and electrostatic
interactions among different types of nanoparticles. Despite its
underlying success, the fabrication of multifunctional materials
via assembly of colloidal particles faces numerous challenges in
terms of scalability, diversity and control over the structure
formation.*' An alternative way to overcome these issues is to
use different types of polymer templated nanoparticles to create
ordered, binary particle arrays by tuning the self-assembly of the
organic components.**** Herein, we explore this possibility to
fabricate bimetallic particle assemblies via directed self-assembly
of metal-loaded PS-b-P4VP block copolymer micelles. The
general concept is illustrated in Figure lc. First, block
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Figure 6. AFM topographies of (a) porous templates PS,,s-b-P[4VP(Au)] o, after oxygen plasma etching and (b) binary superlattices of Au and Co
nanoparticles after loading the templates with PSsg,4-b-P[4VP(Co)];¢, followed by oxygen plasma etching. The insets are magnified AFM height
images of the nanoparticle structures. (c) XPS spectra of binary Au and Co particle assemblies on SiO, substrates; (d) high-resolution XPS spectra of

the Au-4f and Co-2p regions.

copolymer micelles incorporating Au nanoparticles in their
P4VP core are used to generate well-defined nanoporous
structures in self-assembled thin films as described above.
These patterns are then used as topographic templates for the
deposition of PSsgs-b-P[4VP(Co)]ss, micelles (Figure S)
incorporating a different type of nanoparticle, e.g. cobalt
(Co). The average intermicellar spacing in these films is 297
nm with a micellar bump height of 83 nm. Micellar films of
PS;546-b-P[4VP(Co) ]3¢, show relatively poor long-range order
and micelles with significantly different sizes can be found. The
reason is the unusually high polydispersity of the PSsgu4-b-
P4VP,q, block copolymer of M, /M, = 1.37. Only polymer
chains with comparable molecular weight can self-assemble into
micelles, which leads to a broad distribution of micelle
diameters. Irregular structures are obtained upon deposition
of these polydisperse micelles onto solid substrates, since space-
filling arguments prevent the formation of long-range ordered
hexagonal assemblies. If the critical dimensions (pore diameter)
of the porous templates are compatible to the hydrodynamic
radius of the cobalt-loaded micelles, they can be deposited in
the center of each pore. Besides the necessity to control the
dimension of the porous template, the degree of filling of the
porous template can be controlled through the number of
micelles deposited into the template, e.g., the solution
concentration, see Figure (Figure Sa—c). As a result, the
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cobalt-loaded micelles are located preferentially within the
pores of the templating layer.

The degree of occupation depends on the polymer
concentration in the casting solution of PS;g¢-b-P[4VP-
(Co)]s64 At low initial concentrations the template is only
partially filled (Figure S a, b). Complete filling of the porous
template can be achieved once a certain concentration
threshold is reached (Figure Sc), which is below the
concentration to form micellar monolayers on plain substrates,
but the exact value depends on the pore size and -density of the
template. Hence, the polymer concentration can be controlled
to adjust the surface coverage of the micellar film to match the
pore density of the porous templates. In the case of PSsgu4-b-
P[4VP(Co)];¢,; micelles deposited into porous templates of
PS,6-b-P[4VP(Au)] g, the threshold concentration is approx-
imately 3.5 mg/mL. At higher initial polymer concentrations,
the templating layer is increasingly overloaded and a larger
fraction of the micelles is located on top of the porous template
rather than within the pores. The insets in Figure Sa—c are
AFM phase images of the films signifying the increasing degree
of filling and the location of micelles within the porous
structure at different concentrations of the casting solution. It
can be noted that a large fraction of micelles is located at the
edge of the pores (arrow A), whereas the center position
(arrow B) is occupied only if the size of the micelle matches the
particular pore diameter. Moreover, the edges sites are the
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preferentially occupied to minimize the contact area of
hydrophobic PS chains with the hydrophilic SiO, substrate,
while maximizing the number of PS contacts among coronal PS
chains of the templating layer and the micelles within the pores.

In the last step, the organic components can be extracted via
calcination at high temperatures or oxygen plasma etching. The
plasma cleaner (FEMTO, Diener Electronic, Nagold, Ger-
many) was operated at 0.3mbar pressure and 18 sccm flow of
pure oxygen (BOC, Nottingham, UK) for 120s at a power of 65
W to completely strip the PS-b-P4VP copolymer matrix. As a
result, bimetallic assemblies of inorganic Au and Co nano-
particles are obtained, which mimic the morphology of the self-
assembled block copolymer structures (Figure 6). The Au
particles represent the order of the porous template (Figure
6a). The cross-sectional height profile obtained from AFM
measurements suggests that the particles are below 3 nm in
diameter, which is smaller than the size determined by TEM
prior to the etching process. These results may indicate that the
plasma etching process is not completely selective for the
organic components, e.g. the diblock copolymer, but partially
removes the inorganic components as well. A slow etching of
the inorganic components can be observed under mild etching
conditions, where the material removal is dominated by
chemical etching with oxygen radicals (O*) and physical
etching (sputtering) is comparably weak.

Removing the organic matrix via oxygen plasma etching from
porous templates of PS,y-b-P[4VP(Au)],y, after depositing
micelles of PS;g,5-b-P[4VP(Co)]s4, within the pores leads to
bimetallic surface structures of Au and Co nanoparticles
(Figure 6b).

Again the Au nanoparticles mimic the structure of the porous
template, whereas the Co particles are located in the pores,
surrounded by smaller Au particles. In fact, each pore contains
at least one Co nanoparticle; these are, however, not necessarily
found in the center of the pores. Because of the larger size of
the PSyy4-b-P[4VP(Au)],9; and PS;g46-b-P[4VP(Co) ;44 struc-
tures, i.e.,, the micellar bump height, longer etching times are
required to remove block copolymer form the Co loaded
PSs446-b-P[4VP]5¢, micelles. As a result, the patterns of
inorganic Au nanoparticles are increasingly influenced by the
etching process. Additionally, during the etching process a
thicker SiO, layer may grow due to oxidation of the Si substrate
beneath the natural oxide. The growing oxide layer can be
noted as brighter patches around the cobalt nanoparticles in the
porous structure in Figure 6b, whereas the Au nanoparticles
appear darker signifying a lower height. Additional XPS
measurements (Figure 6c, d) reveal that both Au and Co
nanoparticles are present on the SiO, substrate, while no trace
of Cl atoms are detected that would indicate residual inorganic
precursor incorporated in the micelle’s core. The C 1s signal
decreases during the etching process, indicating the extraction
of the organic matrix. However, the presence of a remaining C
Is signal after plasma etching the samples under mild
conditions (60s @ 18 sccm O,, 40W) signifies the presence
of residual polymer layer on the substrates. The high resolution
XPS scans of both the Au-4f and the Co-2p region are shown in
Figure 6d. Component analysis of these spectra indicates that
indeed metallic Au nanoparticles are present on the substrate,
although the signal is weak because of the low volume fraction
of the nanoparticles, partial removal of Au during the etching
process, and Au particles buried beneath a growing SiO, layer.
Furthermore, the Co-2p signal carries the typical signature of
cobalt-oxide nanoparticles (CoO).** In order to obtain metallic

Co nanoparticles one has to find a way to protect the particles
from oxidation, either by etching with hydrogen plasma, UV
degradation of the polymer, or using the polymer film as a
protective layer.

In principle, our simple multistep self-assembly approach can
be applied to fabricate well-ordered nanostructures based on a
wide range of inorganic components, including metals,
semiconductors, and magnetic nanoparticles, provided that
they can be stabilized in the core of block copolymer micelles.

B CONCLUSIONS

In the present study, a versatile method is demonstrated to
fabricate hierarchical nanoporous films and bimetallic nano-
structures via directed self-assembly of block copolymer/
nanoparticle hybrid materials. First, gold nanoparticles
stabilized within the core of polystyrene-block-polyvinylpyridine
(PS-b-P4VP) micelles are prepared using a templating approach
in toluene solution. Different molecular weight of the PS-b-
P4VP block copolymers and a nonselective cosolvent are used
to generate hierarchical nanoporous structures with controlled
pore diameter via spin-casting of micellar solutions onto
hydrophilic substrates. The porous films can be used to
template the deposition of a second type of micelles, whose
core is loaded with another metal, e.g. cobalt (Co). The critical
factor is matching the hydrodynamic radius of the micelles with
the pore radius. If this condition is not fulfilled, the micelles are
preferentially located at the edge of the pores. Purely inorganic,
bimetallic nanostructures containing Au and Co/CoO nano-
particles are obtained after extraction of the block copolymer
via calcination or oxygen plasma treatment. The resulting
metallic structures mimic the original film morphology, where
Co/CoO nanoparticles are located at the center of the pores
surrounded by a large number of small Au particles. It is
important to note that this concept can then be applied in a
generic way to fabricate ordered nanostructures with different
combinations of inorganic materials in binary particle
assemblies. Therefore, these ordered nanoporous structures
based on block copolymers and different types of inorganic
nanoparticles possess great potential in many applications
including membranes, catalysis, optical coatings, and elec-
tronics, among many other examples.
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