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can provide controlled fabrication of nanometer-sized building g
blocks with unique and useful electronic, optical, and magnetic  «.&

# .% e il
properties:4 In general, ligand- or polymer-stabilized nanoparticles & L s M:{? 2 -F-;.ng,.

Directed self-assembly of nanoparticles into specific structures - -« ﬁ s
Lt

can self-assemble into two-dimensional arra§8®On structured ,,,;f 4 e et gt
templates, two- or one-dimensional arrays of nanoparticles can be }{,Eg;_ ?‘&Q g -.m;;,‘.%
directed with particular arrangemenits2 For example, hexagonal N ,;’.%_\ﬁ""‘f“'! “',ﬂ» - _&-‘
arrays of nanoparticles on a monolayer of diblock copolymer . s & ‘% ”-*‘;%*"%:_,.5’ &

micelle§ and one-dimensional chains of nanoparticles on ridge- &, ,g_wg“
and-valley structured carb8twere demonstrated. Short-range self- ; E .
assembled alloys of nanoparticles in two-dimensional arrays were .z 4 M,*-q- A @ i

also demonstrated. In most cases of directed self-assembly,  5onm _“-:"w_:gf-'.'éb h_,é‘" "'3.., @ 50nm

however, a single kind of nanoparticles was employé#. ) : . ) . .
In this Communication. we report a self-assemblv of two kinds Figure 1. TEM images: (a) gold ne_anopamcles Io_cated ground the micelles;
' p y (b) array of iron oxide nanoparticles synthesized with oxygen plasma

of nanoparticles simultaneously directed on a monolayer film of treatment. The inset is a selected-area electron diffraction pattern of iron
diblock copolymer micelles via physical and chemical arrangements. oxide nanoparticles.

According to our knowledge, this work is the first attempt to direct
two different types of nanoparticles on a structured template, as
compared to all previous works that have focused on directing a
single type of nanopatrticle. Diblock copolymers composed of two

was transferred to a copper grid for transmission electron micros-
copy (TEM). As shown in Figure la, gold nanoparticles were
decorated around the micelles having a short-range hexagonal order,
. - . g which were indirectly visualized as the region surrounded by gold
different polymers form nanometer-sized micelles consisting of a . " .

nanoparticles. In addition, gold nanoparticles themselves were

soluble corona and an insoluble core in a selective solvent for one . . . .
. organized with a regular spacing due to dodecanethiol groups on
of the blocks® These micelles can be coated onto substrates by . L : .
the particle surface, resulting in a hierarchical self-assembly of

spin coating to form a self-assembleq nanostrugturg, which can SerVenanoparticles in copolymer micelles. In the TEM image of the PVP
as a structured template of nanopartiéieés'?We first incorporated

Id nanoparticl hvsically around hexadonally ordered micell core loaded with FeGI(Supporting Information Figure S1), the
gold nanoparticies pnysically arou exagonally ordere celles bright PS gap was visible between the gray PVP core and gold
of the monolayer film. Iron oxide nanoparticles were then synthe-

. . . ) .~ nanoparticles, implying that gold nanoparticles were not located
_5|z_ed chemlcally n the. core area of the ordered mlcelles,_resultlng in the entire PS coronas. Alkylthiol-protected gold nanoparticles
in iron oxide nanop_artlcles_ surrounded by go_ld nanoparticles. cannot be miscible with either polar PVP blocks or aromatic PS

For a monolayer film of diblock copolymer micelles, polystyrene- blocks. Moreover, gold nanoparticles were much smaller than PS-
a Vi idi - PS — PVP ) !
TO% ‘;Ollz/(f' V|r|1ylpylr|g!ne), PtS E\QPM” 1 1321'4 kgémol,ll\/ln dqi PVP micelles. Thus, they could be physically arrested between the
t_l ) ?;8%' pt()jy |slp%rst| y In e?: ) )twast |§s|c:jve0 I5nwt micelles with possible overlapping with PS coronas, presumably
oluene a and cooled o room temperature to yield a u. due to capillary force generated between the micelles during the
% micellar solution. Because toluene is a selective solvent for the

. - formation of micellar monolayers. Although the number of gold
PS block, sp_herlcal mlcel_les ofaPsS corona and a PvP core Werenanoparticles encircling each micelle was fluctuated in the film,
formed at this concentration. In the solution of PS-PVP micelles

dded 1.2 wt % dod thiol tected old el 5’4the total amount around the micelles was controllable with their
we added L. o dodecanethiol-protected gold nanoparticles (5. concentration in the solution. Thus, we were able to direct gold

gm |n.bd|3m|eter)h W,;g',ﬁh werT Syntfr_1|e5|zfegsag(\j/slze_-ccl)lntrolI%c]i as nanoparticles around the micelles with a hierarchical order in self-
escribed elsewhe monofayer fiim o - miceties wi assemblies of nanoparticles and copolymer micelles.

gold nanoparticles was then fabr.icated si.mply by spin coating at Because a variety of metal salts can be selectively coordinated
2000 rpm from the toluene solution on silicon wafers or freshly to the PVP block, FeCk was dissolved in a 0.5 wt % toluene

cleaved mica (ca._1.5 cm 1.5 cm), as described in our PrEVIOUS 56| tion of PS-PVP micelles (molar ratio of Fe@Inylpyridine
report!? After residual solvents were evacuated, the film was _ 0.3) without gold nanoparticles. From this solution, we spin-

separated from the mica substrate by floating on w&t&he film coated a monolayer film of PS-PVP micelles containing FéCl
the core, which was confirmed by dark PVP cores, due to selectively

I?gg:,?%t”;ﬁigﬂn%ftiﬁfg?gggﬂ;egﬁzoﬁ%nology loaded FeG}, in the TEM image (Supporting Information Figure
§ Japan Science and Technology Corp. S2). To synthesize iron oxide nanoparticles, a film of hexagonally
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Figure 2. (a) TEM image of an array of iron oxide nanopatrticles surrounded
by gold nanoparticles; (b) EDX spectra on gold and iron nanoparticles
marked by circles and a cross in the enlarged TEM image, respectively.
ordered PS-PVP micelles containing Fe@éas treated with oxygen
plasma (110 W, 2.&x 1072 Torr) for 10 min}resulting in oxidation

of FeCk and removal of organic PS-PVP micelles. The plasma
treatment was performed with the film on silicon wafers or TEM-
grid-sized silicon substrates having a silicon nitride membrane
window for TEM analysi$:'> As shown in Figure 1b, an array of
iron oxide nanoparticles was fabricated with the preservation of a
short-range hexagonal order of the micelles, implying that metal
salts in each core were oxidized to a single nanoparticléhe
diameter of iron oxide nanoparticles (ca. 16 nm) was smaller than
that of the PVP core (ca. 23 nm), possibly because of densification
by removal of PVP blocks as well as a dose of Re@
vinylpyridine (0.3 molar ratio). In atomic force microscopy (AFM)
and field-emission scanning electron microscopy (FE-SEM) images
of iron oxide nanoparticles on silicon wafers, each iron oxide

nanoparticle appeared as a hemisphere ca. 12 nm in height

(Supporting Information Figure S3). The selected-area electron
diffraction pattern shown in the inset of Figure 1b verified the iron
oxide structure as/-Fe0s;, which is a magnetic material. In
addition, X-ray photoelectron spectroscopy (XPS) results confirmed

complete removal of PS-PVP copolymers by the disappearance of

carbon photoelectrons. Thus, we were able to fabricate iron oxide
nanoparticles with a specific arrangement by chemical synthesis
executed on a monolayer of PS-PVP micelles.

To construct a self-assembled structure of both gold and iron
oxide nanoparticles concurrently on a monolayer film of PS-PVP

micelles, dodecanethiol-protected gold nanoparticles were added

to the toluene solution of PS-PVP micelles containing Eedth

the same concentration as before. From this solution, we again spin-

coated a monolayer film of hexagonally ordered PS-PVP micelles
containing gold nanoparticles around the micelles and fieGhe
core, which was confirmed by TEM (Supporting Information Figure
S1). The monolayer film was then treated with oxygen plasma to

(EDX) spectra on gold and iron nanoparticles marked by circles
and a cross in the enlarged TEM image, respectively. The EDX
results of 9.7 keV (Au k), 11.4 keV (Au LB), 6.4 keV (Fe k),

and 7.0 keV (Fe R) also confirmed the location of gold and iron
atoms. In XPS spectra, no carbon photoelectrons were observed,
implying that not only PS-PVP copolymers but also dodecanethiol
on gold nanoparticles were completely removed by oxygen plasma.
Elimination of the protecting ligands induced the aggregation of
gold nanoparticles as shown in Figure 2a, which had been arranged
with an equal gap. At the condition of oxygen plasma that we used,
however, oxidation of gold nanopatrticles did not océaccording

to the XPS result, in which two characteristic spectra of Au-4f
photoelectrons of pure gold were observed at 84.0 and 87.7 eV.
Therefore, we were able to produce a directed self-assembly of
magnetic iron oxide nanoparticles in a short-range hexagonal array,
which were encircled by metallic gold nanoparticles.

In conclusion, we successfully demonstrated a directed self-
assembly of two different kinds of nanoparticles on a block
copolymer micellar template. Controlling more than a single type
of nanopatrticles in specific positions can provide an opportunity
to utilize unique properties of each type of nanoparticle. Thus, the
methodology demonstrated in this study can be a good example of
how different types of functional nanometer-sized building blocks
can be organized in specific arrangements by physical and chemical
self-assembling procedures on structured templates.

Acknowledgment. This work was supported by Korea Research
Foundation Grant (KRF-2002-003-D00097). This work was also
supported in part by PRESTO, JST and by a Grant-in-Aid for
Scientific Research on Encouragement Research (A) (No. 13740392)
from the Ministry of Education, Culture, Sports, Science, and
Technology, Japan (T.T.).

Supporting Information Available: Figures S+S3 (PDF). This
material is available free of charge via the Internet at http://pubs.acs.org.

References

(1) Alivisatos, A. P.Sciencel996 271, 933.
(2) Murray, C. B.; Kagan, C. R.; Bawendi, M. @nnu. Re. Mater. Sci.
200Q 30, 545.
(3) Sun, S.; Murray, C. B.; Weller, D.; Folks, L.; Moser, &cience200Q
287, 1989.
(4) Lin, Y.; Skaff, H.; Emrick, T.; Dinsmore, A. D.; Russell, T. Bcience
2003 299 226.
(5) Teranishi, T.; Haga, M.; Shiozawa, Y.; Miyake, NIl. Am. Chem. Soc.
200Q 122 4237.
(6) Foster, S.; Antonietti, MAdv. Mater. 1998 10, 195.
(7) Cox, J. K.; Eisenberg, A.; Lennox, R. Burr. Opin. Colloid Interface
Sci. 1999 4, 52.
(8) Lopes, W. A.; Jaeger, H. MNature2001, 414, 735.
(9) Spatz, J. P.; Roescher, A."N&r, M. Adv. Mater. 1996 8, 337.
(10) Teranishi, T.; Sugawara, A.; Shimizu, T.; Miyake, M Am. Chem. Soc.
2002 124, 4210.
(11) Kiely, C. J.; Fink, J.; Zheng, J. G.; Brust, M.; Bethell, D.; Schiffrin, D. J.
Adv. Mater.200Q 12, 640.
(12) Sohn, B. H.; Yoo, S. |.; Seo, B. W.; Yun, S. H.; Park, S.]MAm. Chem.
Soc.2001, 123 12734.

generate iron oxide nanoparticles. Figure 2a shows a TEM image (13) Ter?ggsgi, T.; Hasegawa, S.; Shimizu, T.; Miyake,Adv. Mater. 2001,

of hexagonally ordered iron oxide nanoparticles that were sur-
rounded by gold nanoparticles, that is, a combined image of Figure
la and b. Gold nanoparticles did not directly contact with iron oxide

nanoparticles because of the gap between gold nanoparticles and

the PVP core containing Feghnd the size reduction of core areas

after plasma treatment. Figure 2b shows energy-dispersive X-ray

(14) Spatz, J. P.; Mesmer, S.; Hartmann, C.; Mer, M.; Herzog, T.; Krieger,
M.; Boyen, H.-G.; Ziemann, P.; Kabius, Bangmuir200Q 16, 407.

(15) Boontongkong, Y.; Cohen, R. Blacromolecule2002 35, 3647.

(16) Boyen, H.-G.; Katle, G.; Weigl, F.; Koslowski, B.; Dietrich, C.; Ziemann,
P.; Spatz, J. P.; Riethitler, S.; Hartmann, C.; Mieer, M.; Schmid, G.;
Garnier, M. G.; Oelhafen, FScience2002 297, 1533.

JA035069W

J. AM. CHEM. SOC. = VOL. 125, NO. 21, 2003 6369



