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Ordered two and three-dimensional arrays of uniformly
distributed nanoparticles are attractive for applications in
nanoelectronics,"! nanooptics,” and plasmonics.””! Bottom-up
fabrication techniques such as self-assembly and Langmuir—
Blodgett techniques have been extensively explored. More
recently, highly ordered nanoarrays have been successfully
fabricated by a template method that uses natural nano-
architectures such as DNA % bacterial surface layer pro-
teins,'*”! ferritin,® chaperonin,”! viruses,"*""! and bacterio-
phages.'” These methods provide attractive bottom-up
fabrication schemes to produce regular nanoscale patterns;
however, most natural templates require tedious handling and
preparation. In this respect, artificial nanoarchitectures such
as nanophase-separated block copolymers have distinctive
advantages. In particular, diblock copolymer films that
provide cylindrical nanodomains oriented perpendicular to
the substrate are attractive because they produce templates
and masks that are predicatable and controllable with nano-
scale order. Recently, Iyoda and co-workers prepared amphi-
philic diblock copolymers, PEO,,-b-PMA (Az),,! consisting
of hydrophilic polyethylene oxide (PEO) and hydrophobic
polymethacrylate with azobenzene-based liquid crystalline
side-chains (PMA(Az)), which readily self-assemble into
hexagonally packed PEO cylinders in a PMA(Az) matrix.
At the surface, each PEO domain is in the form of a circular
hollow surrounded by the PMA(Az) matrix. The periodic
structure of PEO domains arranged with hexagonal symmetry
is regularly tunable by changing the relative volume fractions
of the copolymer components. However, to use such PEO, -b-
PMA(Az), films as nanotemplates for the construction of
periodic nanoparticle arrays, it is necessary to elucidate
fundamental features of site-specific recognition processes on
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these nanophase-separated surfaces. Herein, we report the
self-assembly of gold nanoparticles on a nanophase-separated
PEO,,-b-PMA(Az), film. The effects of the surface proper-
ties, concentration of gold nanoparticles, dipping time, and
the composition of the dispersion medium on-site coverage
and selectivity were investigated by a dip-coating method.

Amphiphilic block copolymers (PEO,,-b-PMA(Az),)
were prepared by a well-controlled living polymerization of
11-[4-(4-butylphenylazo)phenoxyJundecyl methacrylate by
using PEO macroinitiators.'® The nanophase-separated
PEO,,-b-PMA(Az), films were cast on a silicon wafer from
3 wt % toluene solution, followed by annealing at 110-140°C
for 24h under vacuum. The AFM topography images
obtained with the light tapping mode demonstrate that
PEO,,4-b-PMA(Az),3, PEO,;,-b-PMA(Az);5, and PEO,s,-b-
PMA(Az),s5, provided a hexagonally packed cylinder mor-
phology (Figure 1). Histograms show cylinder periods of
(25.3+1.9) nm for PEO,,,-b-PMA(Az),5, (40.6 £2.0) nm for
PEO,;,-b-PMA(Az);s, and (452+2.5)nm for PEO,s-b-
PMA(AZ),s.

To investigate site-specific recognition of PEO and
PMA(Az) domains on the film surface, two kind of gold
nanoparticles with hydrophilic'¥ (1) and hydrophobic!
surfaces (2) were prepared (Scheme 1). When films of the
nanophase-separated PEO,,,-b-PMA(Az),s were dipped into
a 0.1-0.25 wt % solution of 1 (d = (2.35 £0.35) nm, where d =
mean diameter) in EtOH and of 2 (d =(2.17 £ 0.40) nm) in
Et,0 for 10-60s, the hydrophilic and hydrophobic gold
nanoparticles 1 and 2 selectively assembled on the PEO and
PMA(Az) domains, respectively (Figure 2a and b). The site
selectivity (Speo) of gold nanoparticles assembled on the
nanophase-separated surface was 100 % over a selected area
of 400 x 400 nm* when the film was dipped in a 0.1 wt%
solution of 1 in EtOH for 10 s. When this dipping time was
increased to 60 s, this site coverage (6ppp) increased from
15% to 25 %, whereas Spgo decreased from 100 % to 61 %.
Increasing the concentration of 1 to 0.25 wt % resulted in an
even higher 6pgg (32 %). Further increasing the nanoparticle
concentration to 0.5 wt%, however, resulted in significant
aggregation (Figure 2c). Concentrated nanoparticle solutions
completely suppressed the template effect of the PEO,,-b-
PMA(Az), film as the interparticle interactions were much
stronger than the van der Waals forces between the surface
ligands and the PEO domains."*!

Figure 3 shows atomic force microscopy (AFM) images of
1 and 2 deposited from dispersions in EtOH/Et,O. From the
20% Et,0O/EtOH dispersion, the hydrophilic gold nano-
particles 1 self-assembled on the hydrophilic PEO domains
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Figure 1. AFM topography images of a nanophase-separated surface
on ultrathin PEO,,-b-PMA(AZ), films prepared by spin-coating onto a
silicon substrate and annealing at 140°C for 24 h. The Fourier trans-
formed patterns are shown on the right. The histograms were obtained
by measuring more than 100 distances between the PEO cylinder
centers.

Scheme 1. Hydrophilic (1) and hydrophobic (2) gold nanoparticles.

(Figure 3a), whereas from the 40% Et,O/EtOH dispersion,
they were predominantly deposited on the hydrophobic
PMA(Az) domains (Figure 3¢). The hydrophilic gold nano-
particles 1 preferred binding to the hydrophobic sites with
increasing Et,0 content. The hydrophobic gold nanoparticles
2 assembled on the hydrophobic PMA(Az) domains from the
20% EtOH/Et,O dispersion, whereas they mostly deposited
on the hydrophilic PEO domains from the 40 % EtOH/Et,O
dispersion (Figures 3d-f). The preferred binding site of 2
changed from the hydrophobic domain to the hydrophilic
domain with increasing EtOH content. Nanophase-separated
block copolymer films are often subjected to solvent-induced
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Figure 2. AFM topography images of hydrophilic and hydrophobic gold
nanoparticles (NPs) 1 and 2 selectively organized on the PEO and
PMA(Az) domains, respectively, of the nanophase-separated PEO,;,-b-
PMA(AZ);s film: a) [1]=0.1 wt% (EtOH), dipping time=10's;
b) [2]=0.1 wt% (Et,0); dipping time=10s. c) AFM topography image
of aggregated gold nanoparticles upon dipping the film into a
concentrated solution of gold nanoparticles 1 for a longer time:
[1]=0.5 wt% (EtOH), dipping time=60s.

topology changes.'"'¥ When free PEO,,-b-PMA(Az), films
were exposed to EtOH and Et,0O for 60 s, swelling PEO and
PMA (Az) domains, respectively, were observed by AFM. The
solvent-induced inversion of the domain selectivity is due to
domain-selective surface disorganization. EtOH disorders the
PEO domain rather than the PMA(Az) domain, whereas
Et,0 has the opposite effect. Gold nanoparticles preferen-
tially assemble on the disordered active domain without their
inherent selectivity.

Transfer of the gold nanoparticles from the template to a
substrate is crucial for nanostructure fabrication (Figure 4a).
Inexpensive and large-area vacuum ultraviolet (VUV) sour-
ces are highly desirable for industrial etching applications!**2"!
Dry etching of the PEO,,-b-PMA(Az), template was inves-
tigated by using VUV. The gold nanoparticles 1 that were
assembled on the PEO,,-b-PMA(Az), film were exposed to
VUV radiation (172 nm) in the presence of O, at 25°C for 1 h.
FTIR spectra showed the time evolution of the loss of the C—
H features at 2855 cm™ and 2927 cm™, indicating decom-
position of the PEO,,-b-PMA(Az), template. An AFM image
taken after this showed that spherical nanodots had been
transferred to the underlying substrate (Figure 4c). The
atomic composition of the nanodots was derived from X-ray
photoelectron spectroscopy (XPS) studies. The Au 4f;, peak
at 84.4eV was in the range expected for Au’ and was
substantially lower than that of Au' (85.1eV)?! and other
oxidized Au compounds (Figure 4b). The mean center-to-
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Figure 3. AFM topography images of hydrophilic (a—c) and hydrophobic gold
nanoparticles (d—f) dip-coated on the nanophase-separated PEO,;,-b-
PMA(AZ);s film from a EtOH/Et,O solution. Gold nanoparticles organized on
the hydrophilic PEO domain (2) and on the hydrophobic PMA(Az) domain

In conclusion, we have demonstrated template-
directed assembly of gold nanoparticles and the sub-
sequent transfer of the arrayed nanoparticles to a
substrate. The surface properties of the gold nano-
particles were the critical factor in this nanofabrication.
Furthermore, solvent effects were significant enough
to reverse the site selectivities of the particles. To
further extend site coverage with high selectivity, gold
nanoparticles should be modified by additional func-
tional ligands providing electrostatic and hydrogen-
bond interaction. VUV irradiation was effective in
removing the PEO,,-b-PMA(Az), template without
destroying the regularity of the assembled nanoparti-
cles. Such facile transfer is characteristic of soft
(organic) templates but not of hard (inorganic) tem-
plates.

Experimental Section
Template-directed self-assembly of gold nanoparticles: A
3 wt % solution of PEO,,-b-PMA(Az), in toluene was used for
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Figure 4. The gold nanoparticles 1 transferred to a silicon substrate by
excimer VUV irradiation. a) Schematic illustration of transfer of gold
nanoparticles from the template to a substrate. b) XPS spectrum of
gold. c) AFM topography images. The block copolymers used as
templates: PEO;,4-b-PMA(AZ) ;5 (top), PEO,;,-b-PMA(Az) ;5 (middle),
and PEO,s,-b-PMA(Az),5, (bottom). Open triangles show the lateral
position of the gold nanodots. d) Plots of the nearest-neighbor
distance between gold nanodots versus the PEO cylinder period of
PEO,,-b-PMA(Az), used as templates. More than 100 interdot distan-
ces in AFM images were averaged to determine the mean center-to-
center distance between adjacent particles. The solid line represents a
linear least-squares fit to the data. d =interdot distance.

center distances between the transferred gold nanodots
correlated well with the PEO cylinder period of the PEO,,-
b-PMA(Az), used as the templates (Figure 4d).
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spin coating on a 1x 1 cm? silicon substrate at 2000 rpm for
10 s. The spin-coated films were annealed at 110-140°C for
24h under vacuum to provide the nanophase-separated
copolymer templates. The template-directed self-assembly of gold
nanoparticles was performed by dipping the nanophase-separated
copolymer templates into a 0.1-1.0 wt % suspension of gold nano-
particles in 0-100 % EtOH/Et,O for 10-60 s at ambient temperature.

AFM measurements: AFM was performed in the tapping mode
with a SPI3800N probe station and a SPA400 unit (Seiko Instruments
Inc., Japan). Commercial silicon cantilever probes coated with Al,
each with a nominal tip radius of less than 10 nm and a spring constant
in the range of 2.5-10 Nm™, were oscillated at their fundamental
frequencies (between 100 and 200 kHz). Topographic (height) and
phase images were recorded simultaneously at ambient conditions by
using light tapping with a set-point ratio (A,,/A,) of 0.8-0.88, where A,
and Ay, are the free oscillation and set-point amplitude, respectively.
The scan field of view was set to 800 x 800 nm?, 400 x 400 nm?, and
200 nm x 200 nm* with a scan rate of 0.5-0.8 Hz and 512 scanning
lines.

VUYV irradiation: The nanoparticle-assembled film was placed in
a vacuum chamber evacuated to 1.0 x 10° Pa by a rotary pump. The
film was exposed to 172-nm VUYV light generated from an excimer
lamp (Ushio Inc., UER20-172 V, A=172 nm and 10 mWcm™?) for
60 min.

XPS measurements: XPS was performed on an AXIS-HS
spectrometer with a Mg anode unmonochromated X-ray source
operated at a power of 60 W and 12 kV excitation voltage. The energy
of the Mgy, line was taken to be 1253.6 eV. The 180° hemispherical
energy analyzer was operated in fixed-analyzer-transmission (FAT)
mode. The pressure in the analysis chamber was approximately
10~® Torr. Core level S 2p and Au 4f spectra were monitored. To
compensate for surface charging effects, all binding energies were
referenced to the C 1s neutral carbon peak at 284.3 eV.
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